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Pulmonary hypertension (PH) is a life-threatening, multi-
factorial disorder characterized by increased pulmonary 

vascular resistance and remodeling of the small pulmonary 
arteries, which precipitate right ventricular hypertrophy 
(RVH) and failure.1,2 Despite therapeutic innovation, including 
the introduction of prostacyclin (PGI

2
) analogues,3 endothe-

lin receptor antagonists,4 and phosphodiesterase 5 inhibitors 
(PDE5i),5 mortality remains unacceptably high.6,7 As such, 
there is a clear unmet medical need for improved drug efficacy 
in this disorder.
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Loss of endothelial nitric oxide (NO)– and PGI
2
-driven 

cGMP and cAMP signaling is a hallmark of PH, particularly 
the pulmonary arterial hypertension (PAH) subgroup (World 
Health Organization Group 1).1 Within the pulmonary cir-
culation, cyclic nucleotides are responsible for mediating 

endothelium-dependent dilation, thereby maintaining pulmo-
nary vascular homeostasis, but they also have salutary actions 
on pulmonary vascular remodeling, fibrosis, and right ventric-
ular (RV) function.8,9 Thus, augmenting cyclic nucleotide sig-
naling represents an appealing, proven strategy for improving 
therapy and underpins the efficacy of PDEi, PGI

2
 analogues, 

and soluble guanylate cyclase (sGC) stimulators.9 Moreover, 
combinations of cGMP (eg, PDE5i) and cAMP-elevating 
agents (eg, iloprost or epoprostenol) exert an additive, if not 
synergistic, beneficial effect in PH patients.10

Cyclic nucleotide phosphodiesterases (PDEs) are homolo-
gous enzymes that facilitate the breakdown of cAMP and/
or cGMP.11 Within the lung, cGMP-hydrolyzing PDE5 is the 
most abundant isoform,12 and enzyme expression and activity 
are upregulated in preclinical models of PH and patients with 
the disease.13,14 The expression and activity of additional PDE 
isoforms, including PDE1, PDE3, PDE4, and PDE10, are 

Background—Pulmonary hypertension (PH) is a life-threatening disorder characterized by increased pulmonary artery 
pressure, remodeling of the pulmonary vasculature, and right ventricular failure. Loss of endothelium-derived nitric 
oxide (NO) and prostacyclin contributes to PH pathogenesis, and current therapies are targeted to restore these pathways. 
Phosphodiesterases (PDEs) are a family of enzymes that break down cGMP and cAMP, which underpin the bioactivity 
of NO and prostacyclin. PDE5 inhibitors (eg, sildenafil) are licensed for PH, but a role for PDE2 in lung physiology 
and disease has yet to be established. Herein, we investigated whether PDE2 inhibition modulates pulmonary cyclic 
nucleotide signaling and ameliorates experimental PH.

Methods and Results—The selective PDE2 inhibitor BAY 60-7550 augmented atrial natriuretic peptide– and treprostinil-
evoked pulmonary vascular relaxation in isolated arteries from chronically hypoxic rats. BAY 60-7550 prevented the 
onset of both hypoxia- and bleomycin-induced PH and produced a significantly greater reduction in disease severity 
when given in combination with a neutral endopeptidase inhibitor (enhances endogenous natriuretic peptides), trepostinil, 
inorganic nitrate (NO donor), or a PDE5 inhibitor. Proliferation of pulmonary artery smooth muscle cells from patients 
with pulmonary arterial hypertension was reduced by BAY 60-7550, an effect further enhanced in the presence of atrial 
natriuretic peptide, NO, and treprostinil.

Conclusions—PDE2 inhibition elicits pulmonary dilation, prevents pulmonary vascular remodeling, and reduces the right 
ventricular hypertrophy characteristic of PH. This favorable pharmacodynamic profile is dependent on natriuretic peptide 
bioactivity and is additive with prostacyclin analogues, PDE5 inhibitor, and NO. PDE2 inhibition represents a viable, 
orally active therapy for PH.   (Circulation. 2014;130:496-507.)

Key Words: cyclic nucleotide ◼ natriuretic peptide ◼ nitric oxide ◼ phosphodiesterase inhibitor  
◼ pulmonary hypertension 

© 2014 American Heart Association, Inc.

Circulation is available at http://circ.ahajournals.org DOI: 10.1161/CIRCULATIONAHA.114.009751

Received November 6, 2013; accepted May 22, 2014.
From the William Harvey Research Institute, Barts and The London School of Medicine and Dentistry, Queen Mary University of London (K.J.B., 

S.L.T., R.S.B., A.J.H.); and Centre for Clinical Pharmacology, University College London (J.P., L.H.C., R.J.M.), London, United Kingdom.
The online-only Data Supplement is available with this article at http://circ.ahajournals.org/lookup/suppl/doi:10.1161/CIRCULATIONAHA. 

114.009751/-/DC1.
Correspondence to Adrian J. Hobbs, PhD, Barts and The London School of Medicine, Queen Mary University of London, William Harvey Research 

Institute, Charterhouse Square, London, WC1E 6BT, UK. E-mail a.j.hobbs@qmul.ac.uk

Inhibition of Phosphodiesterase 2 Augments cGMP and 
cAMP Signaling to Ameliorate Pulmonary Hypertension

Kristen J. Bubb, PhD; Sarah L. Trinder, PhD; Reshma S. Baliga, PhD; Jigisha Patel, BSc;  
Lucie H. Clapp, PhD; Raymond J. MacAllister, MBBS, PhD; Adrian J. Hobbs, PhD

Vascular Medicine

D
ow

nloaded from
 http://ahajournals.org by on January 19, 2020



Bubb et al  PDE2 Inhibition in Pulmonary Hypertension  497

also altered in the pulmonary vasculature of PH patients,15,16 
and isoform-selective inhibitors are effective in preclinical 
models of PH.17–20 One PDE isozyme that has received little 
or no attention in the setting of PH is PDE2. This “cGMP-
stimulated” PDE metabolizes cAMP and cGMP and, akin to 
PDE5, possesses a GAF domain21 within its N-terminus11 that 
acts as a positive feedback loop to expedite cyclic nucleotide 
hydrolysis in the presence of cGMP. PDE2 (and splice vari-
ants thereof) is expressed in a wide variety of cells and tis-
sues in the cardiovascular system (eg, myocardium, platelets, 
endothelium)11 and is also found in the lung, including pul-
monary artery smooth muscle cells from patients with PH.15,16 
Indeed, the enzyme is functionally active in the pulmonary 
circulation because inhibition of this isoform has been shown 
to modulate microvascular permeability22,23 and acute hypoxic 
vasoconstriction in vitro.24

We therefore hypothesized that in PH, pulmonary PDE2 
activity curtails cytoprotective cGMP and cAMP signaling 
(because it metabolizes both cyclic nucleotides)11 and exac-
erbates pathology. In accord, we investigated the effects of 
the selective PDE2i BAY 60-7550 (in vitro IC

50
=4.7 nmol/L; 

>50-fold selectivity over PDE1 and >100-fold selectivity over 
other PDE isozymes)25 on pulmonary vascular dynamics and 
pulmonary vascular smooth muscle proliferation in vitro, and 
etiologically distinct preclinical models of PH, to identify 
beneficial activity of the molecule per se, interactions with 
endogenous pulmonary protective mediators, and additive 
effects with existing therapies.

Methods
All studies conformed to the UK Animals (Scientific Procedures) Act 
of 1986 and had approval from a local ethics committee within Barts 
and The London School of Medicine. Treatment groups, doses, and 
route of administration for in vivo studies are outlined in Table I in 
the online-only Data Supplement. Mice were randomly assigned to 
each drug treatment.

Hypoxia-Induced PH
Male mice (C57BLK/6J; Charles River, UK), or wild-type (WT) 
and natriuretic peptide receptor (NPR)-A knockout (KO) littermates 
(male, 20–25 g; C57BLK/6J background) were placed inside a nor-
mobaric chamber26 with 10% oxygen for either 3 weeks with drug 
treatment from day 1 (groups 1–6; Table I in the online-only Data 
Supplement) or 5 weeks of hypoxia with drug treatment from day 14 
(ie, after onset of overt PH to assess the potential of drugs to reverse 
established pathology; groups 1–4 and 7–14; Table I in the online-
only Data Supplement). Age-matched normoxic control mice were 
housed in room air.

Bleomycin-Induced PH
A second, etiologically distinct model of PH was used to validate 
the efficacy of BAY 60-7550 in reducing disease severity. Male mice 
(C57BLK/6J; Charles River, UK) were exposed to bleomycin (2 mg/kg, 
1 mL/kg volume) once by oropharyngeal instillation26 under light isoflu-
rane-induced anesthesia (1.5% isoflurane, 0.2 mL/min oxygen). Controls 
were similarly instilled with sterile saline (1 mL/kg). Drug treatments 
were administered daily over a 3-week period, starting on the day of bleo-
mycin administration.

Mouse Hemodynamics
Mice were anesthetized with isoflurane (1.5%, 0.2 mL/min oxygen) 
and maintained at 37°C. The RV systolic pressure (RVSP) and mean 

arterial blood pressure (MABP) were measured with the use of a 
Mikrotip pressure catheter (size 1F; SPR-1000, Millar Instruments, 
Houston, TX), and RVH was calculated by weight of RV to left 
ventricle+septum ratio [RV/(LV+S)].26 Plasma was obtained from 
centrifugation of whole blood (10 000g, 2 minutes) and assayed for 
cGMP (cGMP Direct Biotrak EIA, GE Healthcare, Buckinghamshire, 
UK) and cAMP (cAMP enzyme-linked immunosorbent assay, Enzo 
Life Sciences, Exeter, UK).

Immunohistochemistry
Serial sections (4 μm) were used for trichrome blue staining and 
α-smooth muscle actin immunohistochemistry. For the latter, sec-
tions were stained with mouse monoclonal anti-α-smooth muscle 
actin antibody (DAKO, UK; 1:1000 dilution), followed by biotinyl-
ated anti-mouse secondary antibody. Immunoreactivity was detected 
with the use of the ABC-peroxide–based system (DAKO, UK). 
Stained slides were imaged by Nanozoomer Virtual Microscopy 
(Hamamatsu, Welwyn Garden City, UK).

Morphological Analysis
Transverse formalin-fixed lung sections were stained with the van 
Gieson elastic method. Pulmonary arterial muscularization was then 
assessed as we have described previously27,28 (see Methods in the 
online-only Data Supplement).

Vascular Function
Aortic and pulmonary artery (third-order) rings, isolated from hypoxic 
(2 weeks, 10% O

2
) or normoxic (control) rats (male, Sprague-Dawley, 

225–275 g), were set up for isometric tension measurement, as we 
have described previously.26 For this set of experiments, rat vessels 
were used to permit concomitant analysis of aorta and pulmonary 
arteries from the same animals. Vessels were precontracted with an 
EC

80
 concentration of U46619, and endothelial function determined 

by relaxation responses to acetylcholine (10 μmol/L). Relaxation 
curves were then constructed for either atrial natriuretic peptide (ANP; 
0.01 nmol/L to 0.3 μmol/L), the NO donor spermine NONOate (1 
nmol/L to 30 μmol/L), or the PGI

2
 analogue treprostinil (1 nmol/L to 

3 μmol/L) in the presence or absence of the PDE1i vinpocetine (30 
μmol/L), PDE2i BAY 60-7550 (0.1 μmol/L), PDE3i milrinone (10 
μmol/L), or PDE5i sildenafil (3 μmol/L). Relaxation in response to 
BAY 60-7550 (1 nmol/L to 3 μmol/L) per se was also assessed.

Cell Proliferation
Growth of human distal pulmonary artery smooth muscle cells iso-
lated from patients with idiopathic pulmonary arterial hypertension 
(IPAH) or control cells from adults undergoing transplantation or 
lung resection for suspected malignancy were monitored as we have 
described previously29 after treatment with BAY 60-7550 (1 μmol/L), 
ANP (1 μmol/L), DETA-NONOate (10 μmol/L), or treprostinil (1 
μmol/L), alone or in combination.

Reverse Transcription Polymerase Chain Reaction 
and Immunoblotting
cDNA was prepared from pulmonary arteries from normoxic and 
hypoxic rats and pulmonary artery smooth muscle cells isolated 
from patients with IPAH and control cells (as above) and analyzed 
for PDE2A expression with the use of quantitative real-time poly-
merase chain reaction over 40 cycles (see Methods in the online-
only Data Supplement for primer sequence and polymerase chain 
reaction conditions). PDE2A protein expression was determined by 
immunoblot with the use of primary anti-PDE2A antibody (Santa 
Cruz Biotechnology, CA; 1:500) and secondary horseradish peroxi-
dase conjugated anti-goat IgG antibody (Santa Cruz Biotechnology; 
1:10 000). Bands were quantified by densitometry with the use of 
ImageJ and normalized to the loading control (anti-actin, 1:20 000, 
Millipore, Watford, UK; secondary antibody horseradish peroxidase 
conjugated anti-mouse IgG, Dako, Cambridge, UK).
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PDE2 Activity and NO Production
PDE2 activity in cytosolic extracts from rat pulmonary arteries and 
human pulmonary artery smooth muscle cells was determined by 
the production of 5′-GMP with the use of a commercially available 
kit (Enzo Life Sciences, Exeter, UK). Total PDE activity was deter-
mined with the nonselective PDEi 3-isobutyl-1-methylxanthine (300 
μmol/L), and specific PDE2 activity was calculated as the reduction 
in 5′-GMP formation in the presence of BAY 60-7550 (1 μmol/L).

Plasma nitrite (NO
2
−) levels, as an index of vascular endothelial 

nitric oxide synthase activity,30 were determined by ozone chemilu-
minescence as we have described previously.28

Data Analysis
Results are expressed as mean±SEM, and P<0.05 denotes signifi-
cance. The n value denotes the number of animals used in each group. 
Statistical analyses were performed with the use of GraphPad Prism 
version 5, as described in each figure legend.

Results
PDE2 Plays a Key Role in Regulating the 
Vasoreactivity of Pulmonary Arteries
Rats exposed to 2 weeks of hypoxia exhibited substantial RVH 
(Figure IA in the online-only Data Supplement) and pulmo-
nary artery (Figure IB in the online-only Data Supplement), 
but not aortic (Figure IC in the online-only Data Supplement), 
endothelial dysfunction compared with normoxic animals, 
confirming the induction of a PH phenotype. Incubation 
with BAY 60-7550 sensitized pulmonary arteries from both 
normoxic (Figure 1A) and hypoxic (Figure 1B) rats to ANP. 

Spermine-NONOate–evoked responses were also increased 
in the presence of BAY 60-7550 (Figure 1C), yet this effect 
was abolished in hypoxic animals (Figure 1D). PDE2 inhibi-
tion increased the potency of treprostinil in pulmonary vessels 
from hypoxic (Figure 1F) but not normoxic (Figure 1E) rats.

In the presence of BAY 60-7550, there were no differences 
in ANP-evoked relaxation (Figure 2A and 2B) in aortas from 
normoxic or hypoxic rats. However, in aortas from normoxic 
rats, BAY 60-7550 enhanced relaxation by spermine-NONO-
ate (Figure 2C), an effect absent in arteries of hypoxic rats. 
Interestingly, treprostinil did not induce relaxation in the aorta 
of normoxic rats in the absence or presence of BAY 60-7550 
(Figure 2E). In hypoxic rat aorta, treprostinil had little or 
no relaxant activity per se, but its vasorelaxant potency was 
markedly enhanced by BAY 60-7550 (Figure 2F).

In contrast to PDE2i (Figure 1A through 1D), inhibition of 
PDE1 or PDE3 did not alter ANP- or spermine-NONOate–
induced relaxation (Table II in the online-only Data Supplement).

PDE2 Inhibition Decreases RV Pressure and 
Hypertrophy in 2 Murine Models of PH
Hypoxic vehicle-treated mice developed augmented RVSP 
(Figure 3A) and increased RV/(LV+S) (Figure 3C) compared 
with normoxic animals. Hypoxic mice treated with BAY 
60-7550 had significantly reduced RVSP and RV/(LV+S) 
(Figure 3A and 3C), both of which remained commensurate 
with control values. Hypoxic mice had more than twice the 
number of muscularized small pulmonary arteries compared 
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Figure 1. Concentration–response curves to atrial 
natriuretic peptide (ANP), spermine-NONOate 
(S-NO), and treprostinil in pulmonary arteries in the 
absence or presence of BAY 60-7550 (0.1 μmol/L) 
isolated from normoxic (A, C, E; n=4–6) and hypoxic 
(B, D, F; 2 weeks of 10% O2; n=3–8) rats. Data are 
presented as mean±SEM. Curves are compared 
with 2-way ANOVA with repeated measures. 
*P<0.05, ***P<0.001, BAY 60-7550 vs control.
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with normoxic controls; PDE2 inhibition prevented this mor-
phological pathology (Figure 3G and 3H).

Bleomycin-treated mice had increased RVSP (Figure 3B) 
and RV/(LV+S) ratio (Figure 3D) compared with saline-
treated animals. Akin to the hypoxia model, both RVSP 
(Figure 3B) and RV/(LV+S) ratio (Figure 3D) were lower 
in BAY 60-7550–treated mice. Importantly, in both models, 
MABP was similar in hypoxic mice in the absence and pres-
ence of BAY 60-7550 (Figure 3E and 3F), suggesting that 
this drug exhibits a degree of pulmonary selectivity.

Obligatory Role of Natriuretic Peptide Bioactivity 
in the Beneficial Effects of PDE2 Inhibition in PH
In WT mice, the RVSP was lower in BAY 60-7550–treated 
hypoxic mice compared with vehicle-treated WT animals 
(Figure 4A), but this effect was abolished in natriuretic pep-
tide receptor A (NPR-A) KO mice (Figure 4A). Likewise, the 
ability of BAY 60-7550 to prevent the RVH in hypoxic WT 
mice was lost in NPR-A KO animals (Figure 4C), suggest-
ing that natriuretic peptide–generated cGMP is regulated by 
PDE2. Vehicle-treated NPR-A KO mice had elevated MABP 
compared with vehicle-treated WT animals (Figure 4E), but 
PDE2 inhibition per se did not alter MABP.

To assess the effect of the NO pathway on the beneficial 
activity of BAY 60-7550, WT mice were treated with the NO 
synthase inhibitor Nω-nitro-l-arginine methyl ester (l-NAME) 
for the duration of hypoxia. The ability of BAY 60-7550 to pre-
vent the increased RVSP was maintained in L-NAME–treated 
animals (Figure 4B), suggesting that an intact NO pathway 
is not necessary for PDE2 inhibition to be effective. BAY 

60-7550 also caused a similar reduction in RVH in L-NAME–
treated mice, although the NO synthase inhibitor per se caused 
an apparent reduction in the RV/(LV+S) ratio, at least in part 
because of a modest LV hypertrophy resulting from blockade 
of systemic NO production31 (Figure 4D). L-NAME treat-
ment caused elevated MABP and a significant reduction in the 
plasma nitrite (NO

2
−) concentrations (index of vascular NO pro-

duction30; control=1.04±0.06 μmol/L, L-NAME=0.66±0.04 
μmol/L; P<0.001; n=8), confirming effective inhibition of 
endothelial NO synthase activity, but BAY 60-7550 treatment 
did not alter MABP in these mice (Figure 4F).

Interaction Between PDE2 Inhibition and 
Natriuretic Peptides in PH
The preceding experiments ascertained a pivotal role for natri-
uretic peptides in the beneficial activity of PDE2i in experi-
mental models of PH. We recently reported that augmentation 
of endogenous natriuretic peptide levels with the use of the 
neutral endopeptidase (an enzyme that hydrolyses and termi-
nates the biological activity of endogenous natriuretic pep-
tides)32 inhibitor ecadotril synergistically interacts with the 
PDE5i sildenafil to ameliorate PH.26 Therefore, we investi-
gated whether increasing endogenous natriuretic peptides with 
ecadotril would also increase the efficacy of BAY 60-7550.

Mice treated with ecadotril alone had RVSP (Figure 5A) 
and RV/(LV+S) (Figure 5C) similar to those of hypoxic 
vehicle-treated mice. In combination with BAY 60-7550, the 
hypoxia-induced increases in RVSP and RVH were attenu-
ated, essentially back to control levels (Figure 5A and 5C). 
MABP was not altered by ecadotril or the ecadotril/BAY 

Figure 2. Concentration–response curves to atrial 
natriuretic peptide (ANP), spermine-NONOate 
(S-NO), and treprostinil in aorta in the absence or 
presence of BAY 60-7550 (0.1 μmol/L) isolated from 
normoxic (A, C, E; n=5–13) and hypoxic (B, D, F; 2 
weeks of 10% O2; n=5–8) rats. Data are presented 
as mean±SEM. Curves are compared with 2-way 
ANOVA with repeated measures. ***P<0.001, BAY 
60-7550 vs control.
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60-7550 combination (Figure 5E). When administered alone, 
the effect of BAY 60-7550 on established PH was smaller than 
that achieved when given prophylactically (Figure 5B and 5H), 
with a significantly reduced RVSP only achieved at a dose of 
100 mg/kg per day (Figure 5H), 10-fold higher than that nec-
essary to prevent the onset of PH (Figure 3A). However, in 
the presence of ecadotril, BAY 60-7550 reversed the RVSP 
(Figure 5B) and RVH (Figure 5D) to a greater extent than either 
drug alone. This dual therapy did not alter MABP (Figure 5F). 
The beneficial effect of PDE2i/neutral endopeptidase inhibi-
tor combination therapy appeared to be underpinned by cGMP 
production because only dual treatment was able to signifi-
cantly enhance plasma cGMP levels (Figure 5G).

PDE2 Inhibition Promotes the Salutary Effects of 
NO and PGI2 in PH
Experiments in l-NAME–treated mice suggested that the 
attenuation of RVSP with PDE2 inhibition is not dependent 

on endogenous NO. However, we investigated the possibility 
that a pharmacological interaction between PDE2 inhibition 
and NO bioactivity may be evident in reversing hypoxia-
induced PH. In support of this concept, treatment with inor-
ganic nitrate (which we have shown previously to ameliorate 
hypoxia-induced PH28), at a dose that was ineffective per se, 
significantly attenuated the RVSP in combination with PDE2 
inhibition (Figure 6A). However, this treatment effect was less 
pronounced against the corresponding RVH (Figure 6C).

In parallel experiments, because PDE2 hydrolyzes both 
cGMP and cAMP, and PDE2i augmented the vasorelaxant activ-
ity of treprostinil in vitro, we explored whether BAY 60-7550 
could potentiate the pharmacodynamic effect of treprostinil and 
reverse established PH. A very similar pattern of activity was 
observed such that in combination, BAY 60-7550 and treprosti-
nil were able to reverse the hypoxia-induced increase in RVSP, 
whereas neither intervention as monotherapy produced a sig-
nificant effect (Figure 6B). Again, the benefit of dual therapy 

Figure 3. Right ventricular systolic pressure (RVSP;  
A and B), right ventricle/left ventricle+septum ratio 
[RV/(LV+S)] (C and D), and mean arterial blood 
pressure (MABP; E and F) in normoxic (Nx; n=6–18), 
vehicle-treated hypoxic (3 weeks of 10% O2; n=10–
11), or BAY-60-7550–treated (n=11–14) hypoxic mice 
(A, C, E) and saline- (n=15), vehicle- (Veh; n=21), 
or BAY-60-7550–treated (n=15) mice exposed to 
bleomycin (1 mg/kg; B, D, F). Muscularization of 
pulmonary small arteries (G) and representative 
images showing pulmonary vessel muscularization 
with anti-α-smooth muscle actin staining (H; bar, 20 
μm; red stain) are shown. All mice were treated with 
either vehicle (0.5% carboxymethyl cellulose+10% 
polyethylene glycol) or BAY 60-7550 (BAY; 10 mg/
kg per day) by oral gavage for 3 weeks. Data are 
presented as mean±SEM. Statistical analysis by 
1-way ANOVA. *P<0.05, **P<0.01 vs vehicle; #P<0.05, 
##P<0.01, ###P<0.001 vs normoxia or saline as 
determined by Bonferroni post hoc comparisons (2 in 
total: normoxia/saline vs vehicle and vehicle vs BAY 
60-7550).
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was less evident against RVH (Figure 6D). Neither combination 
resulted in a significant decrease in MABP (Figure 6E and 6F). 
The efficacy of the PDE2i/treprostinil combination appeared 
to be linked to cAMP accumulation because the dual therapy 
resulted in a doubling in plasma cAMP levels that was greater 
than either drug alone (Figure 6G).

PDE2 Expression and Activity in Rodent and 
Human PH
PDE2 mRNA and protein expression were significantly 
reduced in the pulmonary arteries of hypoxic animals com-
pared with normoxic controls (Figure 7A and 7B). Enzyme 
activity trended toward a lower level but was not significantly 
different between normoxic and hypoxic arteries (Figure 7C). 
Expression of PDE2 mRNA was also downregulated in cells 
from patients with IPAH compared with cells from nor-
mal controls (Figure 7D). PDE2 activity in cells from IPAH 
patients was commensurate with that seen in the pulmonary 
arteries of animals with hypoxia-induced PH (Figure 7E); 
however, the PDE2 activity observed in pulmonary vascular 
smooth muscle cells from normal individuals was markedly 
lower than that in the pulmonary arteries from normoxic con-
trol animals, entailing that overall there is little or no reduc-
tion in PDE2 activity in PH patients. At the concentration 
used for in vitro evaluation, BAY 60-7550 caused a significant 
reduction in PDE activity in both rat pulmonary arteries and 

pulmonary vascular smooth muscle cells, confirming effective 
inhibition of PDE2 (Figure 7C and 7E).

PDE2 Inhibition Regulates the Proliferation of 
Pulmonary Artery Smooth Muscle Cells From 
Patients With IPAH
Because PH is characterized by dysregulated proliferation of 
pulmonary artery smooth muscle cells29 and to provide proof of 
concept in the human disease, we assessed the effect of PDE2 
inhibition on growth of pulmonary artery smooth muscle cells 
from patients with IPAH. Compared with untreated control cells, 
proliferation of pulmonary artery smooth muscle cells from IPAH 
patients was significantly reduced by BAY 60-7550 (Figure 7F 
through 7H). This antiproliferative effect was enhanced by com-
bination with ANP (Figure 7F), DETA-NONOate (Figure 7G), 
and treprostinil (Figure 7H). The effect of dual therapy was addi-
tive, if not synergistic, because treatment of cells with PDE2i/
ANP or PDE2i/treprostinil caused a greater reduction in cell 
growth than PDE2 inhibition alone (Figure 7F and 7H).

Additive Beneficial Effect of PDE2i and  
PDE5i in PH
Because PDE5i are first-line therapy for PH, we investigated 
whether PDE2 inhibition sustains a therapeutic effect in the 
presence of PDE5i. In established PH, sildenafil alone did 
not cause a significant reduction in RVSP (Figure 8A), RVH 

Figure 4. Right ventricular systolic pressure (RVSP; 
A and B), right ventricle/left ventricle+septum ratio 
[RV/(LV+S)] (C and D), and mean arterial blood 
pressure (MABP; (E and F) in wild-type (WT) and 
natriuretic peptide receptor A (NPR-A) knockout 
(KO) mice and WT animals receiving Nω-nitro-l-
arginine methyl ester (l-NAME; 100 mg/kg per 
day in drinking water) in hypoxia-induced (3 weeks 
of 10% O2) pulmonary hypertension. Mice were 
administrated vehicle (Veh; n=10 WT, n=8 KO, n=15 
WT+L-NAME) or BAY 60-7550 (BAY; 10 mg/kg per 
day; n=10 WT, n=7 KO, n=10 WT+L-NAME). Data 
are presented as mean±SEM. Statistical analysis 
by 1-way ANOVA. #P<0.05, vehicle-treated KO/l-
NAME vs vehicle-treated WT; *P<0.05, **P<0.01, 
***P<0.001 vs vehicle, as determined by Bonferroni 
post hoc comparisons (3 in total: WT vehicle vs KO 
vehicle, and vehicle vs BAY 60-7550 in both WT and 
KO groups).
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(Figure 8B), or MABP (Figure 8C). However, treatment with 
sildenafil plus BAY 60-7550 attenuated the rise in RVSP and 
RVH compared with both vehicle- and PDE2i-treated mice 
(Figure 8A and 8B). MABP was not reduced by any of these 
treatments, alone or in combination (Figure 8C). The beneficial 
effect of the PDE2i/PDE5i combination on RVSP was mirrored 
in isolated pulmonary arteries from hypoxic rats. In this setting, 
BAY 60-7550 alone caused concentration-dependent relax-
ation, which was substantially enhanced after incubation with 
sildenafil (Figure 8D). Incubation with both BAY 60-7550 and 
sildenafil also substantially increased the sensitivity of pulmo-
nary arteries to ANP, an effect that was greater than that elicited 
by either drug alone (Figure 8E). Finally, the combination of 
sildenafil plus BAY 60-7550 decreased IPAH patient pulmo-
nary artery smooth muscle cell proliferation to a greater extent 
than either drug administrated independently (Figure 8F).

Discussion
The strategy of promoting pulmonary cyclic nucleotide signal-
ing, by both cGMP (eg, PDE5 inhibition,5 sGC stimulation)33 

and cAMP (PGI
2
 analogues),3 is clinically effective in PH. 

Moreover, drug combinations that target both cyclic nucleo-
tide systems have additive or synergistic effects to diminish 
disease severity.10 In addition to the clinical efficacy of PDE5i, 
blockade of additional PDEs has shown promise in experi-
mental models of PH, including PDE1,17 PDE3,18 PDE4,19 and 
PDE10.20 In distinct contrast, there is a paucity of information 
regarding a role for PDE2 in pulmonary physiology and PH. 
As a therapeutic target in PH, PDE2 is particularly attractive 
because it metabolizes both cGMP and cAMP,11 implying that 
blockade of this enzyme will concomitantly promote signal-
ing by both cyclic nucleotides. In accord with this hypoth-
esis, herein we demonstrate that the selective PDE2 inhibitor 
BAY 60-7550 produces a prophylactic salutary activity in 2 
preclinical models of PH and reverses multiple aspects of 
pathology in hypoxia-induced PH, affecting pulmonary vaso-
constriction, remodeling, and RVH. These positive outcomes 
were augmented in the presence of interventions, including 
approved therapies for PH, that bolster cGMP (ie, sildenafil, 
inorganic nitrate) and cAMP signaling (ie, treprostinil). 

Figure 5. Right ventricular systolic 
pressure (RVSP; A, B, H), right ventricle/left 
ventricle+septum ratio [RV/(LV+S)] (C and D), 
and mean arterial blood pressure (MABP; E and 
F) in hypoxia-induced pulmonary hypertension. 
In A, C, and E, mice were exposed to normoxia 
(Nx; n=6) or 3 weeks of hypoxia (10% O2) with 
drug treatment from day 1. In B, D, F, G, and H, 
animals were exposed to normoxia (n=15) or 5 
weeks of hypoxia (10% O2) with drug treatment 
at day 14. Hypoxic mice received 1 of vehicle 
(Veh; n=6–15), BAY 60-7550 (BAY; 10 mg/kg per 
day, n=8–12; 30 mg/kg per day, n=10; or 100 mg/
kg per day, n=9), ecadotril (E; 60 mg/kg per day; 
n=6–10), or a combination of both (at the same 
doses; n=8–9). Plasma cGMP concentrations 
are from animals exposed to 5 weeks of hypoxia 
(10% O2; G). Data are presented as mean±SEM. 
Statistical analysis by 1-way ANOVA. *P<0.05, 
**P<0.01 vs vehicle; ##P<0.01, ###P<0.001 vs 
normoxia as determined by Bonferroni post hoc 
comparisons (4 in total: normoxia vs vehicle, and 
vehicle vs each treatment group).
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Finally, inhibition of PDE2 prevents the hyperproliferative 
phenotype of pulmonary artery smooth muscle cells from 
patients with PAH.

Previous work exploring the contribution of PDE isozymes 
to pulmonary vascular physiology and PH-centric pathology 
has not advocated a major role for PDE2 based on expression 
levels and cyclic nucleotide turnover.13,15,19 This study took 
a functional approach to evaluate the capacity of “classic” 
cGMP-hydrolyzing PDEs (ie, PDEs 1–3 and PDE5) to modu-
late the reactivity of aorta and pulmonary arteries from healthy 
(normoxic) animals and littermates with hypoxia-induced PH. 
As established in preclinical models, PDE5 inhibition aug-
mented responses to NO and ANP in the pulmonary artery, 
a capacity that plays a role in the therapeutic efficacy of this 

drug class in PH. Notably, neither PDE1 nor PDE3 inhibition 
was able to recapitulate the vasodilator capacity of sildenafil, 
indicating that these PDEs do not play a functional role in 
regulating vascular cGMP turnover (at least in this model sys-
tem). However, evidence to support our hypothesis that PDE2 
plays an active role in pulmonary physiology and PH was 
provided by the observation that BAY 60-7550 enhanced the 
vasorelaxant responses to ANP in pulmonary vessels in tis-
sues from both normoxic and hypoxic animals and increased 
responses to NO in tissues from normoxic rats. These data 
raise the possibility that in the hypoxic environment of PH, 
PDE2i increases pulmonary sensitivity to natriuretic peptides 
without promoting the vasorelaxant activity of cGMP in the 
systemic circulation, thereby bringing about a pulmonary-
specific vasodilator activity. This observation dovetails well 
with previous reports intimating a role for PDE2 in acute 
hypoxic vasoconstriction24 but not in regulating peripheral 
vascular tone.34 Vascular reactivity studies also demonstrated 
that pulmonary PDE2 is involved in modulating cAMP sig-
naling mechanisms, as we hypothesized on the basis of the 
dual substrate utilization of this enzyme. Augmentation of 
the vasorelaxant activity of treprostinil by BAY 60-7550 was 
only apparent under hypoxic conditions, implying that akin to 
cGMP signaling, PDE2i will selectively promote cAMP sig-
naling (in the lung) in PH.

Having determined that PDE2i produced a pulmonary-
selective effect of vascular function, we examined whether 
BAY 60-7550 is effective in 2 well-validated experimental 
models: hypoxia- and bleomycin-induced PH. Prophylactic 
administration of BAY 60-7550 resulted in a significantly less 
severe phenotype, with lower RVSP, reduced RVH, and fewer 
muscularized pulmonary arteries. Indeed, treatment with BAY 
60-7550 returned these indices of disease severity to near nor-
mal values. Importantly, the MABP in animals receiving BAY 
60-7550 was not altered, mirroring the pulmonary-selective 
profile of PDE2 inhibition in isolated arteries. Notably, BAY 
60-7550 alone produced a less pronounced effect on the altered 
pulmonary hemodynamics and RVH in established PH, with 
a dose-response relationship shifted ≥10-fold. This reduced 
efficacy matches that of sildenafil in preclinical models of PH 
(shown herein and in Reference 26) and is commensurate with 
the small reduction in pulmonary artery pressure that sildenafil 
produces in PH patients.5 Only with the use of combined thera-
pies, most effectively BAY 60-7550 plus ecadotril but also BAY 
60-7550 plus sildenafil, inorganic nitrate, or treprostinil, was 
a significant salutary effect on RVSP and RVH evident. This 
advocates the use of such dual approaches in PH to optimize 
cyclic nucleotide signaling as a treatment strategy and improve 
on existing therapeutics on the basis of these mechanisms.

We determined that the efficacy of BAY 60-7550 was 
dependent on intact natriuretic peptide bioactivity, but not 
on NO-dependent signaling, because the salutary effects of 
PDE2 inhibition were absent in mice lacking NPR-A (the 
cognate receptor for ANP and B-type natriuretic peptide) but 
maintained in animals treated chronically with L-NAME. As 
a logical extension, we also established that pharmacological 
augmentation of natriuretic peptide levels, using the neutral 
endopeptidase inhibitor ecadotril, in combination with BAY 
60-7550 caused an additive if not synergistic effect on both 

Figure 6. Right ventricular systolic pressure (RVSP; A and B), 
right ventricle/left ventricle+septum ratio [RV/(LV+S)] (C and D), 
mean arterial blood pressure (MABP, E and F), and plasma cAMP 
concentration (G) in mice exposed to normoxia (Nx) or 5 weeks 
of hypoxia (10% O2) with drug treatment from day 14. Animals 
received vehicle (Veh; n=15), sham surgery plus vehicle (sham; 
n=4), BAY 60-7550 (BAY; 10 mg/kg per day; n=8), inorganic 
nitrate (N; 150 mg/kg per day; n=7), treprostinil (T; 20 mg/kg per 
day; n=8), or a combination of BAY 60-7550 plus nitrate or BAY 
60-7550 plus treprostinil (at the same doses). Data are presented 
as mean±SEM. Statistical analysis by 1-way ANOVA. *P<0.05 vs 
vehicle; ###P<0.001 vs normoxia as determined by Bonferroni 
post hoc comparisons (4 in total: normoxia vs vehicle/sham, and 
vehicle/sham vs each treatment group).
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the prevention and reversal of hypoxia-induced PH. The effi-
cacy of the combination was dependent on cGMP production 
and was pulmonary selective, providing further evidence that 
PDE2 inhibition has its most pronounced effect on natriuretic 
peptide–driven cGMP signaling in PH. These observations par-
allel recent data derived from studies in models of LV hyper-
trophy and heart failure in which compartmentalized cGMP 
pools, generated by sGC and particulate guanylate cyclases 
(triggered by NO and natriuretic peptides, respectively), 
produce distinct effects on myocardial structure and func-
tion. These spatially restricted signaling mechanisms are also 
regulated by distinct PDE isozymes; sGC-generated cGMP 
is metabolized predominantly by PDE5, whereas particulate 
guanylate cyclase–synthesized cGMP is hydrolyzed primarily 
by PDE2.35,36 It appears that a similar mechanism is active in 
the RV and pulmonary circulation; PDE2 inhibition promotes 
the cytoprotective functions of endogenous natriuretic pep-
tides, whereas it is necessary to drive the NO-dependent path-
way pharmacologically before any effect of PDE2 blockade is 
observed. This latter phenomenon may result from spillover 
of cGMP that would ordinarily be hydrolyzed by PDE5 into 

a PDE2-regulated pool. This also brings into the spotlight the 
additive activity between BAY 60-7550 and sildenafil revealed 
in the present study. This cooperative action was apparent at 
many different levels: pulmonary artery vasodilatation, RVH, 
and the proliferation of pulmonary vascular smooth muscle 
cells from PAH patients. However, a compounded effect 
was not observed in the periphery because MABP remained 
unchanged in the presence of both inhibitors. This cross talk 
between PDE2 and PDE5 therefore appears to be specific to the 
heart and pulmonary circulation. We conclude that increasing 
cellular cGMP levels by pharmacological blockade of either 
PDE2 or PDE5 results in activation of the alternate isozyme 
as a result of cGMP binding to the analogous N-terminal GAF 
domains both enzymes possess.11 Only with combined block-
ade of both PDE2 and PDE5 is it possible to optimize the ben-
eficial effects of cGMP signaling. This finding is important 
from a therapeutic standpoint because sildenafil is a first-line 
treatment for PAH, and drug efficacy is likely to be limited by 
activation of PDE2. Thus, evidence that PDE2 inhibition can 
produce additional activity above and beyond PDE5 inhibi-
tion alone is encouraging and might explain why a significant 

Figure 7. Phosphodiesterase 2A (PDE2A) 
mRNA (A and D) and protein (B) expression 
and activity (defined as 5′-GMP formation 
inhibitable by BAY 60-7550 [1 μmol/L]; C 
and E) in isolated pulmonary arteries from 
normoxic (Nx) and hypoxic (Hx) rats (2 
weeks of 10% O2; n=3–8; A through C) and 
pulmonary vascular smooth muscle cells 
from normal individuals and patients with 
pulmonary arterial hypertension (n=5; D 
and E). Proliferation of human pulmonary 
artery smooth muscle cells from patients 
with pulmonary arterial hypertension in the 
absence (control; n=9) or presence of BAY 
60-7550 (BAY; 1 μmol/L; n=9), atrial natriuretic 
peptide (ANP; 1 μmol/L; n=4), DETA-NONOate 
(DETA-NO; 10 μmol/L; n=5), treprostinil (T; 3 
μmol/L; n=4), or combinations thereof (at the 
same concentrations; F through H). Data are 
shown as mean±SEM. Statistical analysis by 
unpaired Student t test (A through E) or 2-way 
ANOVA (F through H). *P<0.05, **P<0.01, 
***P<0.001 vs control/normoxia/normal; 
#P<0.05, ##P<0.01 vs BAY 60-7550; ≠P<0.05 
vs treprostinil. +ve indicates positive control.
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cohort of PAH patients do not respond well to sildenafil or 
experience a diminution of efficacy over time37; coadministra-
tion of a PDE2 inhibitor to this population may be superior.

Despite similarities between the RV and LV with respect to 
spatially constrained cGMP signaling, an interesting dichot-
omy exists in terms of the pharmacodynamic effect of PDE2 
inhibition. Recent work has revealed PDE2 to change its sub-
strate profile in the LV on the basis of the dynamic levels of 
cGMP and cAMP. Thus, under physiological circumstances, 
PDE2 hydrolyzes natriuretic peptide–generated cGMP almost 
exclusively, whereas in the presence of β-adrenergic activa-
tion, PDE2 metabolizes predominantly cAMP, thereby aug-
menting adrenergic signaling.35,36,38 In the failing heart, PDE2 
expression and activity are upregulated, and enzyme inhibition 
appears to be detrimental because the inotropic and chrono-
tropic activity driven by cAMP is exacerbated.39 This is in dis-
tinct contrast to the present study, in which PDE2 inhibition is 
clearly beneficial in RVH associated with PH. The mechanisms 
underlying this RV-LV difference remain to be determined 
but might reside with the bioactivity of cAMP. Long-term 
potentiation of sympathetic, cAMP-dependent pathways (eg, 
β-agonists, PDE3 inhibitors) increases mortality in patients 
with left heart failure,40,41 whereas pharmacologically target-
ing cAMP signaling via the use of PGI

2
 analogues offers a 

survival advantage in PAH patients.3 Therefore, it is possible 
that PDE2 inhibition is beneficial in PH because it slows the 
breakdown of natriuretic peptide–driven cytoprotective cGMP 
first and foremost but additionally reverses the cAMP signal-
ing deficit (resulting from endothelial dysfunction and loss of 

PGI
2
 functionality) to reduce pulmonary vascular resistance 

and remodeling, thereby exerting an indirect, beneficial effect 
on the RV.42 In addition, the RV possesses an inherently greater 
capacity, compared with the LV, to recover structure and func-
tion in the face of substantially reduced afterload (eg, pulmo-
nary thromboendarterectomy in chronic thromboembolic PH 
patients versus valve replacement in individuals with aortic 
stenosis). Thus, despite the fact that β-blockers slow RV dete-
rioration in PH,43,44 the clinical outcome of augmenting cAMP 
likely depends on the relative impact of the pharmacologi-
cal intervention on the pulmonary circulation versus the RV. 
Interestingly, the effects of BAY 60-7550 in combination with 
treprostinil were more pronounced on RVSP compared with 
RVH in the preclinical model used herein, supporting a greater 
impact of cAMP elevation on the pulmonary circulation. This 
thesis also dovetails well with beneficial activity of inhibitors 
of PDE4, a cAMP-specific PDE, in preclinical models of PH 
and on the proliferation of pulmonary vascular smooth muscle 
cells from PH patients.19,29 Finally, the reported involvement of 
PDE2 in maintaining endothelial barrier function22,23 intimates 
that PDE2i may possess an additional advantage by preserv-
ing pulmonary endothelial integrity and thereby decreasing 
pulmonary capillary permeability and edema.

This study also gleaned proof-of-concept data in human 
disease by establishing a potent antiproliferative effect of 
BAY 60-7550 in pulmonary vascular smooth muscle cells 
from patients with IPAH. In agreement with the in vitro vessel 
studies and experimental models of PH, the favorable activity 
of BAY 60-7550 was additive, if not synergistic, with NO, 

Figure 8. Right ventricular systolic pressure 
(RVSP; A), right ventricle/left ventricle+septum 
ratio [RV/(LV+S)] (B), and mean arterial 
blood pressure (MABP; C) in normoxic mice 
(Nx; n=6) or hypoxic (5 weeks of 10% O2) 
animals treated with vehicle (Veh; n=13), 
BAY 60-7550 (BAY; 10 mg/kg per day; n=9), 
sildenafil (S; 30 mg/kg per day; n=9), or a 
combination of sildenafil plus BAY (S+BAY; 
at the same doses; n=10). Concentration-
responses curves to BAY 60-7550 (D) and 
atrial natriuretic peptide (ANP; E) in isolated 
pulmonary arteries from hypoxic (2 weeks of 
10% O2) rats. Proliferation of human pulmonary 
artery smooth muscle cells from patients with 
idiopathic pulmonary arterial hypertension in 
the absence (control; n=9) and presence of 
BAY 60-7550 (1 μmol/L; n=9), sildenafil (Sild; 3 
μmol/L; n=3), or a combination thereof (at the 
same concentrations; n=3; F). Data are shown 
as mean±SEM. Statistical analysis by 1-way 
ANOVA with Bonferroni post hoc comparisons 
(4 in total: normoxia vs vehicle, and vehicle vs 
each treatment group; A through C) or 2-way 
ANOVA (D through F). *P<0.05, ***P<0.001 
vs vehicle control; ≠P<0.05 vs BAY 60-7550; 
#P<0.05, ###P<0.001 vs sildenafil+BAY 
60-7550.
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natriuretic peptides, and treprostinil. Furthermore, we demon-
strate that PDE2A mRNA and protein expression are reduced 
in pulmonary artery smooth muscle cells from PAH patients 
and pulmonary arteries from rats with hypoxia-induced PH. 
Importantly, however, a commensurate drop in PDE2 activ-
ity was not apparent. We conclude that this is indicative of 
an innate defense mechanism that helps to preserve cytopro-
tective cyclic nucleotide signaling in PH by reducing PDE2-
mediated hydrolysis of cGMP (and cAMP) and maximizing 
the beneficial activity of NO, natriuretic peptides, and PGI

2
. 

The sharp reduction in mRNA and protein expression only 
results in a subtle drop in enzyme activity, probably the result 
of the higher tissue cGMP background (resulting from the 
increased natriuretic peptide expression and bioactivity asso-
ciated with PH) that activates PDE2 via interaction with its 
GAF-B domain. Regardless, this is in marked contrast to other 
PDE isozymes (eg, PDE1, PDE3, PDE5, PDE10),15–17,20 which 
have been reported to be upregulated in PH.

In sum, this study provides convincing evidence in vitro 
and in vivo of the therapeutic potential of PDE2 inhibition 
in PH. The beneficial effect of PDE2i is dependent on endog-
enous natriuretic peptide bioactivity but also produces addi-
tive effects with existing therapies, including PDE5i, PGI

2
 

analogues, and NO. The double-pronged mechanism of action 
inherent to PDE2 inhibition (ie, promoting cGMP and cAMP 
signaling) is unique in terms of existing therapy for PH, which 
targets one or another cyclic nucleotide transduction system 
(ie, PGI

2
 analogues, PDE5i) and therefore holds a theoretical 

advantage in treating the disease.
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CLINICAL PERSPECTIVE
The cyclic nucleotide second messengers cGMP and cAMP play key roles in maintaining cardiopulmonary hemodynamics 
and integrity. A family of phosphodiesterase (PDE) enzymes inactivates cGMP and/or cAMP, thereby dynamically regulat-
ing signaling in a temporal and spatial manner. Pulmonary hypertension (PH) is characterized by a deficit in cyclic nucleotide 
signaling, in part caused by loss of the endothelium-derived, cytoprotective mediators nitric oxide and prostacyclin, which 
utilize cGMP and cAMP, respectively, to preserve pulmonary vascular structure and function. One mechanism underpinning 
loss of cGMP signaling, in particular, is thought to be dysregulated PDE activity. This is best illustrated by the upregulation 
of PDE5 expression and activity in PH and the beneficial effects of PDE5 inhibitors (eg, sildenafil) in treating the disease. 
Herein, we provide evidence that another PDE isozyme, PDE2, is critical to cardiopulmonary homeostasis and that selective 
pharmacological inhibition of this enzyme reverses the development of PH in preclinical models and dampens the hyperp-
roliferative phenotype of pulmonary vascular smooth muscle cells from PH patients. These data identify PDE2 as a novel 
target to treat PH that appears to possess the advantage (in comparison with PDE5 inhibitors) of augmenting both cGMP and 
cAMP signaling. Furthermore, inhibition of PDE2 provides additional benefit in conjunction with existing medicines that 
bolster pulmonary cyclic nucleotide bioactivity (eg, sildenafil, treprostinil), implying that further therapeutic gain is possible 
by optimizing current medicines enhancing cGMP or cAMP bioactivity.
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