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Abstract Pulmonary hypertension (PH) is a fatal disorder characterized by pulmonary vascular remo-

deling and obstruction. The phosphodiesterase 4 (PDE4) family hydrolyzes cyclic AMP (cAMP) and is

comprised of four subtypes (PDE4AeD). Previous studies have shown the beneficial effects of pan-PDE4

inhibitors in rodent PH; however, this class of drugs is associated with side effects owing to the broad

inhibition of all four PDE4 isozymes. Here, we demonstrate that PDE4B is the predominant PDE isozyme

in lungs and that it was upregulated in rodent and human PH lung tissues. We also confirmed that PDE4B
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Protein kinase A;

Bone morphogenetic
protein receptor II;

Side effects;

Lineage tracing;

Vascular remodeling
is mainly expressed in the lung endothelial cells (ECs). Evaluation of PH in Pde4b wild type and

knockout mice confirmed that Pde4b is important for the vascular remodeling associated with PH.

In vivo EC lineage tracing demonstrated that Pde4b induces PH development by driving endothelial-

to-mesenchymal transition (EndMT), and mechanistic studies showed that Pde4b regulates EndMT by

antagonizing the cAMP-dependent PKAeCREBeBMPRII axis. Finally, treating PH rats with a

PDE4B-specific inhibitor validated that PDE4B inhibition has a significant pharmacological effect in

the alleviation of PH. Collectively, our findings indicate a critical role for PDE4B in EndMT and PH,

prompting further studies of PDE4B-specific inhibitors as a therapeutic strategy for PH.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of

Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Pulmonary hypertension (PH) is a progressive disease character-
ized by increased pulmonary vascular resistance and persistently
elevated pulmonary arterial pressure, ultimately leading to right
heart failure and death1. PH is associated with pulmonary vascular
remodeling, which causes pulmonary vascular obstruction and
stiffness. Most treatments currently prescribed for patients with
PH rely on reducing vascular resistance by stimulating pulmonary
vascular dilation in pulmonary smooth muscle cells. However,
what is urgently needed are therapeutic strategies to alleviate or
delay vascular remodeling.

Cyclic adenosine monophosphate (cAMP) and cyclic guano-
sine monophosphate (cGMP) act as second messengers in a va-
riety of signaling pathways involved in cardiovascular diseases2.
Regarding PH, cAMP and cGMP signaling are downstream of
nitric oxide and PGI2, and impaired cAMP and cGMP signaling is
a hallmark of PH3. Phosphodiesterases (PDEs) are a superfamily
of enzymes that hydrolyze cAMP and/or cGMP, and the 11
families of PDEs (PDE1ePDE11)4 are characterized by differ-
ences in enzymatic properties, regulatory control, and cellular/
subcellular expression. Thus, the different PDE families modulate
distinct cyclic nucleotide signaling molecules and elicit different
biological responses5.

PDE4 and PDE5, which hydrolyze cAMP and cGMP6,
respectively, are the main PDEs in lung tissues7,8. PDE5 in-
hibitors, such as sildenafil and tadalafil, are used clinically to
treat PH. On the other hand, pan-PDE4 inhibitors, such as
roflumilast, are prescribed for the treatment of several inflam-
matory diseases, including chronic obstructive pulmonary dis-
ease (COPD), asthma, psoriasis, and atopic dermatitis9e13.
Although studies have shown that roflumilast attenuates PH in
rats14,15, it is not currently used in the treatment of PH. This is
owing to, in part, side effects associated with pan-PDE4 in-
hibitors that make them poorly tolerated, such as nausea and
vomiting. The PDE4 family is encoded by four different genes,
PDE4A, PDE4B, PDE4C, and PDE4D, and the encoded iso-
zymes have distinct tissue/cell expression patterns and func-
tional roles. Their broad functions and distribution are likely to
contribute to the side effects associated with pan-PDE4 inhibitor
drugs; for example, the emetic side effects of pan-PDE4 in-
hibitors have been linked to PDE4D expression in the nervous
system16,17. Therefore, identifying the PDE4 isozyme(s) that are
most biologically relevant to the pathology of PH could guide
the development of PDE4 isozyme-specific inhibitors.
In this study, we identified PDE4B as a driver of PH devel-
opment. We found that PDE4B expression was profoundly
upregulated in lung tissues from patients with PH as well as in
rodent models of PH. Treatment of a Pde4b-knockout mouse
model of PH with roflumilast demonstrated that Pde4b is the
primary target through which roflumilast impacts PH develop-
ment. Further, we determined that PDE4B expression in the lung
is primarily within the endothelial cells (ECs). Using Pde4b-
knockout mice engineered to enable EC-specific lineage tracing,
we showed that Pde4b is required for endothelial-to-
mesenchymal transition (EndMT), which contributes to PH
development. Mechanistically, we determined that Pde4b
regulates EndMT by antagonizing signaling through the protein
kinase A-cAMP-response element binding protein-bone
morphogenetic protein receptor II (PKAeCREBeBMPRII)
axis. More directly, treating PH rats with newly discovered
PDE4B-specific inhibitor validated that PDE4B inhibition can
exert a significant therapeutical effect on the PH. Our findings
identify a specific PDE isozyme, PDE4B, as a driver of PH
development that induces PH-related vascular remodeling. These
data suggest that development of inhibitor drugs targeting
PDE4B may effectively treat patients with PH by alleviating
vascular remodeling and potentially with improved tolerability
compared to pan-PDE4 inhibitors.

2. Materials and methods
2.1. Human lung collection

Human specimens were obtained from patients who gave
informed consent under protocols approved by the Institutional
Committee of Peking Union Medical College (Project Number:
2018043) and the ChinaeJapan Friendship Hospital Lung Trans-
plantation Center (Project Number: 2019-164-K113). Human
pulmonary hypertension (PH) lung tissues were obtained from
patients with PH who received lung transplantation. The diagnosis
of PH was based on the 2015 ESC/ERS guidelines18. Specimens
from patients with lung infection, autoimmune diseases and
complicated pulmonary disease (tumor, fibrosis, etc.) were
excluded. Non-PH lung tissues were collected from donors during
lung transplantation. Lung tissues were immediately fixed in 10%
formaldehyde and embedded in paraffin for histological analysis,
or frozen at �80 �C for further use after surgery or dissection. The
investigation conformed to the principles outlined in the Declar
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ation of Helsinki. Clinical information associated with the samples
is shown in Supporting Information Table S1.

2.2. Animal models

Pde4bWT mice (C57BL/6 J) were obtained from The Jackson
Laboratory. Pde4bKO mice, Pde4bflox/flox, and Tek-Cre mice were
generated and obtained by Shanghai Model Organisms Center,
Inc. using CRISPR/Cas9 technology. Double-transgenic mice with
endothelial genetic lineage markings were generated by crossing
Tek-Cre mice with mTomato/mGFP-floxed dual-fluorescent Cre
reporter mice (mTmG mice) (Shanghai Model Organisms Center,
Inc.). SpragueeDawley (SD) rats were provided by the Beijing
HFK Bioscience. The researchers were blinded to animal geno-
type and grouping information.

The animals were randomized into different experimental
groups. All animal experiments conformed to the Guide for the
Care and Use of Laboratory Animals published by the US Na-
tional Institutes of Health and were approved by the Animal Care
and Use Committee of Peking Union Medical College (Accredi-
tation Number: ACUC-A01-2017-007). Additional details are
described in Supporting Information.

2.3. Echocardiography

Echocardiography was performed using the Vevo 2100 High-
Resolution Imaging System (FUJIFILM VisualSonics) equipped
with a 30-MHz scan head, as described19,20. Mice or rats were
anesthetized with isoflurane inhalation using a vaporizer at 0.5%e
1.5% and placed on the homeothermic plate in supine position
after thoracic and abdominal depilation. Transthoracic echocar-
diography from the parasternal short axis view at the aortic valve
level was performed to measure pulmonary artery acceleration
time (PA AT) and pulmonary artery ejection time (PA ET).

2.4. Hemodynamic measurement

For mice, the right ventricular systolic pressure (RVSP) was
measured directly by closed-chest right ventricular puncture as
described21,22. The mice were anesthetized with pentobarbital
sodium (50 mg/kg, intraperitoneally). Heparin sodium (10 mg/mL)
was infused into the intravenous infusion needle and the three-way
pipe connected to a pressure transducer (Xinhangxingye). After
incision of the skin starting from the sternum and extending to
the ribs, the intravenous needle was inserted into the right ventricle
from the infrastructural angle.

For rats, the RVSP was measured by a pulmonary embolism
catheter which inserted through the right jugular vein into the right
ventricle as described23. The rats were anesthetized with 12%
urethane (1.2 g/kg, intraperitoneally). Heparin sodium (10 mg/mL)
was infused into the catheter and the three-way pipe connected to the
pressure transducer.

RVSP was transmitted to the Bridge Amp (AD Instruments)
through the pressure transducer. Data were collected and analysed
using the PowerLab data acquisition system (AD Instruments) and
LabChart 7.2 software (AD Instruments).

2.5. Histological analysis

After measuring RVSP, the pulmonary circulation was flushed
with phosphate buffered saline (PBS) from the right ventricle, then
the heart and lungs were removed. The right ventricle was
carefully separated from the heart and weighed. Right ventricular
hypertrophy was assessed by calculating the ratio of the weight of
right ventricle (RV) to the weight of the left ventricle (LV) and
septum (S) [RV/(LV þ S)].

The left lungs were fixed for 24 h in 10% neutral formalin
solution, and the right lungs were placed in liquid nitrogen for
protein and RNA extraction. After paraffin embedding, the slides
(6 mm thickness) were sectioned using Leica RM2255 Fully
Automated Rotary Microtome (Leica) and were stained for
morphological analysis.

H&E and immunohistochemical staining was performed ac-
cording to the manufacturer’s instructions. Additional details are
described in Supporting Information.

2.6. Cell culture, siRNA treatment and lentiviral transfection

Mouse pulmonary artery endothelial cells (PAECs) were pur-
chased from American Type Culture Collection and cultured in
ECM (ScienCell) containing 5% fetal bovine serum, 100 U/mL
penicillin, and 100 g/mL streptomycin. PAECs between passage 5
to 12 were used in all experiments. To simulate the pathological
state of PH in vitro, PAECs were cultured in 6-well plates and
were placed in a hermetic cell incubator containing 1% oxygen
concentration for 24 h before harvest. To knockdown or over-
express Pde4b in PAECs, siRNA treatment and lentiviral trans-
fection were performed respectively. Additional details are
described in Supporting Information.

2.7. Immunofluorescence analysis

Paraffin sections were deparaffinized and rehydrated before anti-
gen retrieval as described above. PAECs were fixed with 4%
paraformaldehyde for 15 min. Images were photographed using
NIKON DS-Ri2 Microscope Digital Camera System (NIKON).
We obtained similar results from at least 3 independent experi-
ments. Additional details are described in Supporting Information.

2.8. Western blot analysis

Protein was extracted from lung tissues or PAECs in lysis buffer
according to the manufacturer’s instructions. Protein expression
was measured by analyzing the intensities of the protein bands
with Image-Pro Plus 6.0 software. Additional details are described
in Supporting Information.

2.9. Real-time polymerase chain reaction (RT-PCR)

Total RNA was extracted from lung tissues or PAECs using
TRIzol Reagent (Invitrogen) according to the manufacturer’s
protocol. Target gene mRNA expression fold change compared
with control group was calculated using the 2eDDCt method.
Additional details are described in Supporting Information. The
RT-PCR primers are shown in Supporting Information Table S2.

2.10. Cell counting kit-8 (CCK8) assay

The proliferation of PAECs with different treatments was deter-
mined using the CCK-8 Assay Kit (Beyotime, Cat#: C0038)
according to the manufacturer’s instructions and previous
studies21,24. Cell proliferation was detected using BioTek Synergy
HTX Multimode Reader (BioTek Instrument, Inc.) to measure
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absorbance at 450 nm. Additional details are described in Sup-
porting Information.

2.11. 5-Ethynyl-20-deoxyuridine (EdU) labeling assay

PAEC proliferation was also detected using an EdU Cell Prolif-
eration Kit (Beyotime) according to the manufacturer’s in-
structions and previous studies21,25. The degree of proliferation
was expressed as the proportion of EdU-positive cells in total cells
from 3 random fields for each individual experiment. Additional
details are described in Supporting Information.

2.12. Scratch wound assay

The migration of PAECs with different treatments was detected via
scratchwound assay according to previous studies26,27. The degree of
cell migration was expressed by wound closure, which was the
proportion of reduced area size post-wounding relative to the original
area size from 3 random fields for each individual experiment.
Additional details are described in Supporting Information.

2.13. Transwell migration assay

PAEC migration was evaluated via Transwell migration assay
according to the manufacturer’s instructions and previous
studies26,28. The degree of migration was quantified by the number
of cells migrating through the pore filters from 3 random fields for
each individual experiment. Additional details are described in
Supporting Information.

2.14. Statistical analysis

All in vitro experiments were performed independently at least three
times. Data were analyzed using GraphPad Prism 9 (GraphPad
Software Inc.). ShapiroeWilk test was used to test for normal dis-
tribution. BrowneForsythe test or F test was used to test for equality
of variances. Normally distributed data with equal variance was
analyzed using the parametric unpaired Student’s t test for 2 inde-
pendent groups and the parametric one-way ANOVA or two-way
ANOVA followed by the Holm-Sidak’s post hoc test for experi-
ments with �3 groups. Normally distributed data with reject equal
variance were analyzed using parametric Welch’s t test for 2 inde-
pendent groups and the parametricWelchANOVAwithDunnett’s T3
post hoc test for experiments with �3 groups. Where a normal dis-
tribution could not be confirmed, the nonparametric ManneWhitney
test was used for 2 independent groups or nonparametric ANOVA
KruskaleWallis test with post Dunn’s multiple comparisons test
was used for experiments with �3 groups. Data are expressed as
mean � standard error of the mean (SEM) for normally distributed
datasets, and data are expressed as median � interquartile range for
nonnormally distributed datasets. P< 0.05 is considered statistically
significant. *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001.

3. Results

3.1. PDE4B expression is upregulated in PH patients and
animal models

To characterize the expression profile of PDE4 isozymes in lung
tissues, we measured the mRNA levels of Pde4a, Pde4b, Pde4c
and Pde4d in lung tissues from the SU5416/hypoxia (SuHx)-
induced PH mouse model. We found that Pde4b was the most
highly expressed in the lungs of non-induced animals (normoxia),
and that its expression was significantly upregulated in lung tissue
after SuHx induction to establish PH. No significant changes in
expression were observed between non-induced and induced lung
tissues for Pde4a, Pde4c and Pde4d (Fig. 1A). Similar results
were observed in a hypoxia-induced PH mouse model (Fig. 1B) as
well as in monocrotaline (MCT)-induced and SuHx-induced rat
models of PH (Fig. 1C and D). Consistent with our rodent data, in
human lung samples (Table S1), PDE4B was the most highly
expressed PDE4 isozyme in normal lung tissue, and PDE4B was
robustly upregulated in tissue from patients with PH (Fig. 1E).
Western blot analysis confirmed that the PDE4B protein was also
upregulated in pathological lung tissues in all of the rodent models
as well as in the PH tissue samples from patients (Fig. 1F and J).
These results indicate that PDE4B may be associated with PH
development, and it was prioritized for further characterization.

3.2. Pde4b knockout attenuates PH development

To investigate the role of PDE4B in PH development, we gener-
ated global Pde4b knockout mice (Pde4bKO) and confirmed loss
of PDE4B protein in lung tissues (Supporting Information Fig.
S1AeS1C). PH was established by SuHx induction for 3 weeks
in 8-week-old mice (Fig. 2A). Compared to SuHx-induced wild
type mice (Pde4bWT), SuHx-induced Pde4bKO mice exhibited
lower right ventricular systolic pressure (RVSP) (Fig. 2B) as well
as a reduced ratio of right ventricle (RV) to left ventricle (LV) plus
septum (S) weight [RV/(LV þ S)] (Fig. 2C), indicating that
Pde4bKO mice had improved ventricular hypertrophy. The pul-
monary artery acceleration time/ejection time (PA AT/ET) ratio
was also attenuated in Pde4bKO mice compared to Pde4bWT mice,
suggesting Pde4b loss reduced pulmonary artery back-pressure
and could potentially restore diastolic function (Fig. 2D). In
addition, hematoxylin and eosin (H&E) and a-SMA immuno-
staining revealed that the medial wall thickness of distal pulmo-
nary arteries with diameter <100 mm was reduced in Pde4bKO

mice compared to Pde4bWT mice (Fig. 2EeH). Together, these
data strongly indicate that PDE4B plays an important role in the
detrimental vascular remodeling associated with PH.

3.3. Roflumilast inhibits PDE4B and attenuates the SuHx-
induced PH phenotype

The pan-PDE4 inhibitor roflumilast has been used in clinical
treatment of COPD, and it has also been shown to attenuate PH
development in rat models14,15. We therefore examined the ther-
apeutic effect of roflumilast in mice with established PH. Pde4bWT

mice at 8 weeks of age were subjected to SuHx for 3 weeks to
establish PH, and then mice were randomized to receive the pan-
PDE4 inhibitor roflumilast (2 mg/kg$day) or vehicle control by
oral gavage for an additional 2 weeks (Supporting Information
Fig. S2A). We observed that RVSP was reduced in the SuHx-
induced mice treated with roflumilast compared with the SuHx-
induced mice treated with vehicle (Fig. S2B). Roflumilast treat-
ment also significantly decreased the ratio of RV/(LV þ S) and
improved PA AT/ET ratio (Fig. S2C and S2D). The average
medial wall of distal pulmonary arteries was lower in SuHx-
induced mice treated with roflumilast than in SuHx-induced
mice treated with vehicle (Fig. S2EeS2H). Thus, our results
further demonstrate that roflumilast has a significant pharmaco-
logical impact in the alleviation of PH in mice.



Figure 1 PH development changes PDE4 isoform expression. (A) Real-time polymerase chain reaction (RT-PCR) quantification of Pde4a,

Pde4b, Pde4c and Pde4d mRNA levels (fold change normalized to controls) in lung tissues of control (n Z 5) and SuHx-induced PH mice

(n Z 5). (B) RT-PCR quantification of Pde4a, Pde4b, Pde4c and Pde4d mRNA levels (fold change versus controls) in the lung tissues of control

(n Z 5) and hypoxia (Hx)-induced PH mice (n Z 5). (C) RT-PCR quantification of Pde4a, Pde4b, Pde4c and Pde4d mRNA levels (fold change

versus control) in the lung tissues of control (n Z 6) and monocrotaline (MCT)-induced PH rats (n Z 6). (D) RT-PCR quantification of Pde4a,

Pde4b, Pde4c and Pde4d mRNA levels (fold change versus controls) in the lung tissues of control (nZ 6) and SuHx-induced PH rats (nZ 6). (E)

RT-PCR quantification of PDE4A, PDE4B, PDE4C and PDE4D mRNA levels (fold change versus donor subjects) in the lung tissues from donors

(n Z 4) and patients with PH (n Z 4). (F) Representative Western blots and quantification of PDE4B protein levels in lung tissues of control

(n Z 5) and SuHx-induced PH mice (n Z 5), normalized to b-actin (fold change versus controls). (G) Representative Western blots and

quantification of PDE4B protein levels in lung tissues of control (n Z 5) and Hx-induced PH mice (n Z 5), normalized to b-actin (fold change

versus controls). (H) Representative Western blots and quantification of PDE4B protein levels in lung tissues of control (nZ 6) and MCT-induced

PH rats (n Z 6), normalized to b-actin (fold change versus controls). (I) Representative Western blots and quantification of PDE4B protein levels

in lung tissues of control (n Z 6) and SuHx-induced PH rats (n Z 6), normalized to b-actin (fold change versus controls). (J) Representative

1730 Yanjiang Xing et al.
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To determine whether the effect of roflumilast on PH is the result
of inhibiting PDE4B, we applied roflumilast to PH mice with or
without Pde4b knockout (Fig. 2I). Interestingly, as shown by
decreased RVSP and the ratio of RV/(LV þ S) (Fig. 2J and K),
increased PA AT/ET ratio (Fig. 2L), and reduced medial wall thick-
ness of the distal pulmonary arteries (diameter <100 mm;
Fig. 2MeP), the extent to which PH development was inhibited by
roflumilast inPde4bWTanimalswas similar to the inhibition observed
in Pde4bKO animals, strongly implicating Pde4b as the major PDE4
isozyme through which roflumilast exerts its anti-PH effects.

3.4. Pde4b deficiency in ECs alleviates SuHx-induced PH

To study the underlying mechanism of PDE4B in PH develop-
ment, we analyzed the single-cell sequencing data of lung tissues
from control and SuHx-induced mice. Single-cell sequencing data
showed that Pde4b is expressed most prominently in ECs, and is
solely and significantly elevated in ECs during PH (Supporting
Information Fig. S3A and S3B). Histological analysis of PDE4B
and CD31 (an EC marker) expression confirmed that PDE4B was
largely detected in the CD31-positive area (intima layer) of blood
vessels in the lung tissues of PH patients (Fig. 3A) as well as in
PH mouse models (Fig. 3B). Based on these finding, we evaluated
Pde4b expression in mouse pulmonary artery endothelial cells
(PAECs) under normoxic and hypoxic (1% O2) conditions, which
showed increased Pde4b mRNA (Fig. 3C) and protein (Fig. 3D)
levels in PAECs grown in hypoxic conditions compared to nor-
moxic conditions (Fig. 3C and D). As ECs play an essential role in
vascular remodeling associated with PH29, we hypothesized the
PDE4B expressed in ECs may contribute to PH development.

To test our hypothesis, we engineered SuHx-induced PH mice
with Pde4b knockout specifically in ECs (Pde4bEC�/�). To
accomplish this, we first generated mice in which exon 7 of Pde4b
was floxed (Pde4bflox/flox) to allow homologous recombination
using CRISPR/Cas9 technology. We then crossed Pde4bflox/flox

mice with Tek-Cre mice to obtain Pde4bEC�/� mice (Pde4bflox/flox,
Tek-creþ/�) (Fig. S3C). Pde4bflox/flox mice were used as controls.
Immunoblotting (Fig. S3D) and immunostaining (Fig. S3E)
confirmed significant depletion of PDE4B in Pde4bEC�/� mice,
particularly in ECs of lung tissues, compared to controls. Analysis
of PH pathology in SuHx-induced mice revealed that RVSP was
attenuated and the ratio of RV/(LV þ S) was decreased in
Pde4bEC�/� mice compared to Pde4bflox/flox mice (Fig. 3EeG).
Consistently, compared to Pde4bflox/flox mice, PA AT/ET was
mitigated and medial wall thickness of distal pulmonary arteries
<100 mm in diameter was reduced in Pde4bEC�/� mice
(Fig. 3HeL). These results indicate that PDE4B in ECs promotes
pulmonary vascular remodeling and PH development. Notably,
EC-specific Pde4b knockout improved PH parameters similarly to
global Pde4b knockout, which suggests that PDE4B in ECs may
be the major contributor to PH versus PDE4B in other cell types.

3.5. Pde4b knockout in ECs prevents EndMT in vivo

In injured vessels, ECs undergo a phenotypic transformation to
mesenchymal cells, a process referred to as EndMT. During this
Western blots and quantification of PDE4B protein levels in lung tissues fro

(fold change versus controls). a.u.: arbitrary unit; Nox, Normoxia. Data are

groups were determined using the ManneWhitney test. For (C)e(E), the d

test. For (F)e(J), the differences between groups were determined using p
process, endothelial cells lose endothelial characteristics, such as
endothelial morphology and EC-specific gene expression, and
gain mesenchymal characteristics. The mesenchymal phenotype
has been shown to contribute to vascular remodeling and stiff-
ness30, and EndMT has been observed in lung tissues from pa-
tients with pulmonary arterial hypertension (PAH) and from
experimental models of PH, including models induced by MCT or
hypoxia combined with SU541631. To determine whether PDE4B
is involved in EndMT in vivo during PH development, we quali-
tatively assessed colocalization of CD31 and a mesenchymal
marker, a-SMA, in lung tissue from a SuHx-induced mouse model
(Fig. 4A). Colocalization of CD31 and a-SMA was significantly
higher in SuHx-induced Pde4bflox/flox mice compared to normoxic
controls (Fig. 4A), confirming that EndMT occurred in the SuHx-
induced PH model. Importantly, colocalization of CD31 and
a-SMA was reduced in SuHx-induced Pde4bEC�/� mice
compared to SuHx-induced Pde4bflox/flox mice (Fig. 4A).
Furthermore, mRNA and protein expression levels of endothelial
markers (vWF, CD31, and VE-cadherin) were reduced, while
expression levels of mesenchymal markers (a-SMA, Sm22a, and
Vimentin) were increased in SuHx-induced Pde4bflox/flox mice
compared to normoxic Pde4bflox/flox mice (Fig. 4BeN). Consis-
tently, changes in EndMT markers were significantly attenuated in
SuHx-induced PDE4BEC�/� mice compared to SuHx-induced
Pde4bflox/flox mice (Fig. 4BeN). Similarly, EndMT was signifi-
cantly reduced in SuHx-induced Pde4bKO mice compared to
SuHx-induced Pde4bWT mice (Supporting Information Fig. S4),
and the effects of global and EC-specific Pde4b knockout on
attenuation of EndMT were similar (Fig. 4BeN, Fig. S4BeS4N).
These results further support a dominant role of PDE4B in ECs in
EndMT during PH development.

To further confirm the role of PDE4B in EndMT, we generated
a mouse strain with combined EC-specific lineage tracing and
Pde4b deficiency in ECs. We crossed Tek Cre/mTomato/mGreen
(mTmG) mice with Pde4bEC�/� mice to obtain Pde4bEC�/�/
mTmG mice in which the EC lineages could be followed using the
mGreen reporter (Fig. 4O). We then used Tek Cre/mTmG mice
and PDE4BEC�/�/mTmG mice to establish a SuHx-induced PH
model. Similar to the Pde4bEC�/� mice, Pde4bEC�/�/mTmG mice
were protected from PH (Supporting Information Fig. S5AeS5H).
To evaluate EndMT, we performed immunofluorescence staining
of lung tissue to detect GFP and a-SMA, where GFP and a-SMA
double-positive cells represented ECs undergoing EndMT. We
found that ECs with EndMT markers were significantly increased
in SuHx-induced Tek Cre/mTmG mice compared to uninduced
controls, but were significantly reduced in SuHx-induced
Pde4bEC�/�/mTmG mice compared to SuHx-induced Tek
Cre/mTmG mice (Fig. 4P). These data support that EndMT occurs
during PH development and that PDE4B contributes to EndMT
in vivo.

3.6. PDE4B promotes hypoxia-induced EndMT in PAECs

Next, we characterized the effects of Pde4b knockout in PAECs
in vitro. Hypoxia-induced morphological changes from
cobblestone-shaped to spindle-shaped cells were significantly
m donors (nZ 4) and patients with PH (nZ 4), normalized to b-actin

expressed as mean � SEM. For (A) and (B), the differences between

ifferences between groups were determined using unpaired Student’s t

arametric Welch’s t test. *P < 0.05, **P < 0.01.



Figure 2 PDE4B is the most important isozyme driving PH development. (A) Pde4bWT mice were subjected to Nox (n Z 5) or SuHx (n Z 9),

and Pde4bKO mice were subjected to Nox (n Z 5) or SuHx (n Z 9) for 3 weeks. (B)e(D) Right ventricular systolic pressure (RVSP) (B), left

ventricle (LV) and septum (S) [RV/(LV þ S)] (C), and cardiac echo analysis of pulmonary artery acceleration time/ejection time (PA AT/ET) ratio

(D) in Pde4bWT or Pde4bKO mice subjected to Nox or SuHx in (A). (E) Representative hematoxylin and eosin (H&E) staining images of pulmonary

arteries under the indicated experimental conditions; scale bar Z 50 mm. (F) Pulmonary arterial wall thickness of mice in (E). (G) Representative

images showing immunostaining of a-SMA in lung tissues; scale barZ 50 mm. (H) Pulmonary arterial wall thickness of mice in (G). (I) Pde4bWT or

Pde4bKO mice subjected to SuHx were treated with vehicle or 2 mg/kg$day roflumilast (Roflu) by oral gavage for 3 weeks. Pde4bWT SuHx mice

treated with vehicle (n Z 10) or Roflu (n Z 10); Pde4bKO SuHx mice treated with vehicle (n Z 6) or Roflu (n Z 10). (J)e(L) RVSP (J), ratio of

RV/(LV þ S) (K), cardiac echo analysis of PA AT/ET ratio (L) of indicated groups of mice in (I). (M) Representative H&E staining images of

pulmonary arteries under the indicated experimental conditions; scale bar Z 50 mm. (N) Pulmonary arterial wall thickness of mice in (M).

(O) Representative immunostaining of a-SMA in lung tissues; scale bar Z 50 mm. (P) Pulmonary arterial wall thickness of mice in (O). Data are

expressed as mean � SEM. For (B)e(D), (F), (H), (J)e(K), (N), (P), the differences between groups were determined using two-way ANOVA

followed by the Holm-Sidak’s post hoc test. For (L), the differences between groups were determined using nonparametric ANOVA

KruskaleWallis test with post Dunn’s multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, no significance.
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Figure 3 Pde4b knockout in ECs alleviates SuHx-induced PH. (A) Representative immunofluorescence staining of PDE4B and CD31 in lung

tissues from donors and patients with PH; scale bar Z 50 mm. (B) Representative immunofluorescence staining of PDE4B and CD31 in lung

tissues of control and SuHx-induced PH mice; scale bar Z 50 mm. Similar results were obtained from at least 3 independent experiments in

(A) and (B). (C) RT-PCR analysis of Pde4b expression in mouse PAECs exposed to hypoxia (Hx). (D) Representative Western blots and

quantification of PDE4B protein levels in PAECs exposed to Hx normalized to b-actin protein (fold change versus control). (E) Pde4bflox/flox or

Pde4bEC�/� mice were subjected to normoxia (Nox) or SuHx for 3 weeks. Pde4bflox/flox mice subjected to Nox (n Z 5) or SuHx (n Z 8);

Pde4bEC�/� mice subjected to Nox (n Z 5) or SuHx (n Z 8). (F)e(H) RVSP (F), ratio of RV/(LV þ S) (G), and cardiac echo analysis of PA

AT/ET ratio (H) in Pde4bflox/flox or Pde4bEC�/� mice subjected to Nox or SuHx in (E). (I) Representative H&E staining images of pulmonary

arteries under indicated experimental conditions; scale bar Z 50 mm. (J) Pulmonary arterial wall thickness of mice in (I). (K) Representative

images showing immunohistochemistry staining of a-SMA in lung tissues; scale bar Z 50 mm. (L) Pulmonary arterial wall thickness of mice in

(K). Data are expressed as mean � SEM. For (C) and (D), the differences between groups were determined using unpaired Student’s t test. For

(F)e(H), (J), (L), the differences between groups were determined using two-way ANOVA followed by the Holm-Sidak’s post hoc test.

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 4 Pde4b knockout prevents EndMT in PH in vivo. (A) Representative immunofluorescence staining of CD31 and a-SMA in lung tissues

of Pde4bflox/flox or Pde4bEC�/� mice subjected to normoxia (Nox) or SuHx; scale bar Z 50 mm. Similar results were obtained from at least 3

independent experiments. (B)e(G) RT-PCR analysis of Vwf (B), Cd31 (C), VE-Cadherin (D), Vimentin (E), a-SMA (F) and Smooth muscle 22a

(Sm22a) (G) mRNA expression in Pde4bflox/flox or Pde4bEC�/� mice subjected to Nox or SuHx. (H) Representative immunoblot analysis of

endothelial markers (Vwf; CD31; VE-Cadherin) and mesenchymal markers (Vimentin; a-SMA; Sm22a) in Pde4bflox/flox or Pde4bEC�/� mice
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reversed in Pde4b-knockdown PAECs compared to controls
(Supporting Information Fig. S6AeS6C, Fig. 5A). Immunofluo-
rescence staining showed similar increases in colocalization of
CD31 and a-SMA in PAECs that were either cultured in hypoxic
conditions or treated with transforming growth factor TGF-b1, a
well-known stimulator of EndMT32, compared to cells cultured in
normoxia or not and treated with TGF-b1, respectively (Fig. 5B,
Fig. S6D and S6E). Consistent with our other results, the coloc-
alization of EndMT markers induced by hypoxia was abrogated in
Pde4b-knockdown PAECs (Fig. 5B). Also, mRNA and protein
levels of endothelial markers (Vwf, CD31, VE-Cadherin) were
higher and mRNA and protein levels of mesenchymal markers
(Vimentin, a-SMA, Sm22a) were lower in Pde4b-knockdown
PAECs compared to controls (Fig. 5CeG, Supporting Information
Fig. S8AeS8I). These results suggest that Pde4b knockdown
decreased EndMT in PAECs.

Moreover, we also detected the effects of Pde4b over-
expression in PAEC EndMT in vitro. The results showed that
hypoxia-induced spindle-shaped changes of PAECs were aggra-
vated when Pde4b was overexpressed in ECs (Supporting Infor-
mation Fig. S7, Fig. 5H). And the colocalization of EndMT
markers induced by hypoxia was increased in Pde4b-overex-
pressed PAECs (Fig. 5I). Furthermore, mRNA and protein levels
of endothelial markers (Vwf, CD31, VE-Cadherin) were lower,
whereas mRNA and protein levels of mesenchymal markers
(Vimentin, a-SMA, Sm22a) were higher in Pde4b-overexpressed
PAECs compared to control PAECs (Fig. 5JeN, Fig. S8JeS8R).
These results further suggest that Pde4b promotes hypoxia-
induced EndMT in PAECs.

After EndMT, ECs gain proliferative capacity and the ability to
migrate, and these factors contribute to vascular remodeling33,34.
We therefore assessed cell proliferation and migration in PAECs.
We found that hypoxia-induced PAEC proliferation, as assessed
by PCNA immunoblot analysis, CCK8 assay, and EdU labeling
assay, was reduced by Pde4b knockdown (Supporting Information
Fig. S9AeS9D). Moreover, in scratch wound and Transwell
migration assays, hypoxia-induced PAEC migration was effec-
tively attenuated by Pde4b knockdown (Fig. S9EeS9H).

3.7. PDE4B promotes PAEC EndMT via the
PKAeCREBeBMPRII axis

PDE4 family members hydrolyze cAMP only, and the canonical
cAMP effector molecules include cAMP-dependent PKA and
exchange protein directly activated by cAMP (Epac)35. We thus
investigated the effects of PKA- or Epac-specific inhibitors on
PDE4B-mediated regulation of EndMT in PAECs. We found that
culturing cells with a PKA inhibitor, PKI, rescued the Pde4b-
knockdown phenotype (Fig. 6AeE), but the Epac inhibitor, ESI-
09, did not change the effect of Pde4b knockdown on EndMT
markers (Supporting Information Fig. S10AeS10E).

It is known that cAMP response element-binding protein
(CREB), a downstream target of the cAMPePKA pathway, can be
subjected to Nox or SuHx. (I)e(N) Quantification of Vwf (I), CD31 (J),

expression in (H) normalized to b-actin (fold change versus control). (O)

floxed dual-fluorescent Cre reporter (mTmG) mice. (P) Representative im

Cre/mTmG or Pde4bEC�/�/mTmG mice subjected to Nox or SuHx; scale b

experiments. Data are expressed as mean � SEM. For (B)e(G), (I)e(K),

ANOVA followed by the Holm-Sidak’s post hoc test. For (L) and (M), the

ANOVA with Dunnett’s T3 post hoc test. *P < 0.05, **P < 0.01, ***P <
activated by hypoxia36. To examine whether PDE4B regulates
EndMT through CREB signaling, we transfected PAECs with
Creb siRNA (Fig. S10F) or Pde4b siRNA or both Creb and Pde4b
siRNA, which showed that Creb knockdown prevented the Pde4b-
knockdown-induced inhibition of hypoxia-induced EndMT
(Fig. 6FeJ).

The critical role of bone morphogenetic protein receptor II
(BMPRII) in PH has been demonstrated in numerous clinical and
experimental studies. Bmpr2 deficiency promotes EndMT and PH
in mice37, and, interestingly, BMPRII expression has been shown
to be increased by stimulating the cAMP/PKA/CREB signaling
pathway in osteoblasts38. Thus, we examined whether PDE4B
promotes EndMT by antagonizing cAMP/PKA/CREB signaling
and subsequently downregulating BMPRII in PAECs. As antici-
pated, we found that Pde4b knockdown increased BMPRII
expression in hypoxic PAECs, and that the effect of Pde4b
knockdown on BMPRII expression was blocked by a PKA in-
hibitor (Fig. 6KeM). In addition, the effect of Pde4b knockdown
to increase BMPRII expression was also blocked by genetic Creb
knockdown (Fig. 6NeP). In sum, these findings suggest that
PDE4B promotes EndMT of PAECs by antagonizing the
cAMPePKAeCREBeBMPRII signaling axis.

3.8. PDE4B-specific inhibitor ameliorates the SuHx-induced rat
PH phenotype

Since we found that the PDE4B isozyme among the PDE4 family
plays a major role in PH development, specific inhibition of
PDE4B is an ideal therapeutic strategy for treating PH while
avoiding side effects caused by PDE4D inhibition. Recently, a
new PDE4B-specific inhibitor (BI 1015550) has been developed
and tested in phase III clinical trials39,40. We thus explored the
therapeutic effect of BI 1015550 (the synthesis proceeded as
published in a United States patent US8609670B2) in a rat PH
model. SD rats at 6 weeks of age were injected with SU 5416 and
placed under hypoxia (10% O2) for 3 weeks, followed by two
weeks under normoxic conditions (21% O2) to establish PH.
Subsequently, rats were randomly assigned to receive either the BI
1015550 (3.24 mg/kg$day, dissolved in 0.5% hydroxyethyl cel-
lulose solution) or vehicle treatment via drinking water for an
additional 2 weeks (Fig. 7A). The dose of BI 1015550 was
determined from the dose used for treating human idiopathic
pulmonary fibrosis39 based on body surface area. We found that
RVSP was reduced in the PH rats treated with BI 1015550
compared with the PH rats treated with vehicle (Fig. 7B). BI
1015550 treatment also significantly decreased the ratio of
RV/(LV þ S) (Fig. 7C) and improved PA AT/ET ratio (Fig. 7D).
The average medial wall of distal pulmonary arteries was lower in
PH rats treated with BI 1015550 than in PH rats treated with
vehicle (Fig. 7EeH). Our findings indicate that BI 1015550 has a
significant therapeutic effect in rat PH, and suggest that the PDE4-
sepecific inhibitor may represent a novel and supreme therapeutic
agent for PH compared to the pan-PDE4 inhibitor such as
VE-Cadherin (K), Vimentin (L), a-SMA (M) and Sm22a (N) protein

Construction of the EC lineage tracing Pde4bEC�/�/mTomato/mGFP-

munofluorescence staining of GFP and a-SMA in lung tissues of Tek

ar Z 50 mm. Similar results were obtained from at least 3 independent

(N), the differences between groups were determined using two-way

differences between groups were determined using parametric Welch

0.001, ****P < 0.0001.



Figure 5 PDE4B promotes hypoxia-induced EndMT in mouse PAECs. (A) and (B) Representative micrographs (A) and immunostaining of

CD31 and a-SMA (B) of PAECs exposed to hypoxia (Hx) and transfected with Pde4b-targeting siRNA or scramble control. Similar results were

obtained from at least 3 independent experiments; scale bar Z 25 mm. (C) and (D) RT-PCR analysis of Cd31 (C), a-SMA (D) mRNA expression

under indicated conditions. (E) Representative immunoblot analysis of CD31 and a-SMA under indicated conditions. (F)e(G) Quantification of

CD31 (F) a-SMA (G) protein expression in (E) normalized to b-actin (fold change versus control). (H) Representative micrographs of PAECs

1736 Yanjiang Xing et al.



Phosphodiesterase 4B in pulmonary hypertension 1737
roflumilast with severe gastrointestinal side effects due to PDE4D
inhibition.

4. Discussion

In this study, we identified PDE4B as the predominant PDE4
isoform contributing to PH development. Specifically, we illus-
trated that mRNA and protein levels of PDE4B were upregulated
in the lung tissues of mouse, rat, and human with PH, and that the
efficacy of the pan-PDE4 inhibitor, roflumilast, to alleviate PH in
mice was primarily dependent on its inhibition of PDE4B. We
further showed that PDE4B expression in ECs promotes EndMT
during PH development by antagonizing the cAMP/PKA/CREB/
BMPRII signaling pathway. Finally, we demonstrated that inhib-
iting PDE4B selectively using PDE4B-specific inhibitor (BI
1015550) can also significantly ameliorate PH in rats. The sig-
nificance of our findings is highlighted by the fact that the
PDE4B-specific inhibitor is entering phase III clinical trials for
idiopathic pulmonary fibrosis. Thus, PDE4B-specific inhibition in
human PH warrants further investigations.

Roflumilast is currently used in the clinical treatment of COPD
owing to its inhibitory effect on airway inflammation41. A few
studies have also reported that roflumilast improved MCT-induced
PH in rats by inhibiting SMC proliferation and inflammation14,15.
However, the specific PDE4 isozyme(s) responsible for the effect
of roflumilast on PH were not defined in these previous studies.
Our current study examines various genetically engineered rodent
models to demonstrate a major role for PDE4B expressed in ECs
in PH development and show that the roflumilast-mediated im-
provements in PH result from its inhibition of PDE4B. Roflumilast
is associated with side effects that can limit patient compliance,
including gastrointestinal side effects such as nausea and vomit-
ing, and previous studies showed that PDE4D expressed in the
area postrema and nucleus of the solitary tract is responsible for
emetic symptoms16,17. Also, Pde4dKO mice are resistant to
xylazine/ketamine-induced anesthesia, a behavior correlated with
emesis in rodents42. Thus, a more specific strategy targeting of
PDE4B may alleviate PH while avoiding adverse reactions asso-
ciated with PDE4D inhibition.

ECs play an important role during PH development43, as
damaged ECs secrete inflammatory factors and cytokines, and
may undergo apoptosis, phenotypic transformation, proliferation,
and migration. The functions of medium SMCs and outer mem-
brane fibroblasts may also be altered44. Interestingly, the contri-
bution of EndMT to PH development is still controversial. For
example, using EC lineage tracing mice, Qiao et al.45 reported the
expression of mesenchymal cell markers, proliferation, and
migration of EC-originated SMC-like cells during PH develop-
ment, thus supporting a role for EndMT in PH. In contrast, a
recent study using both SMC-lineage-tracing and EC-lineage-
tracing mice did not find evidence of EndMT during PH devel-
opment46. The discrepancy between these two studies may be
owing to differences in mouse strains and/or models of PH. In the
exposed to Hx and/or Pde4b-expressing lentiviral vectors (Lv-Pde4b); sca

pendent experiments. (I) Representative immunofluorescence staining of

bar Z 25 mm. Similar results were obtained from at least 3 independent e

expression under indicated conditions. (L) Representative immunoblot a

Quantification of CD31 (M) a-SMA (N) protein expression in (L) norma

periments. Data are expressed as mean � SEM. For (C), (D), (F), (G), (J),

two-way ANOVA followed by the Holm-Sidak’s post hoc test. *P < 0.05
former study, PH was induced in C57BL/6 J mice by a left
pneumonectomy combined with monocrotaline pyrrole. In the
latter study, PH was induced in BALB/c mice by house dust mite
combined with hypoxia and SuHx. In our study, PH was induced
by SuHx in C57BL/6 J mice with EC lineage tracing, and our
results confirm that EndMT contributes to the pathogenesis of PH,
specifically identifying a role for PDE4B expression in ECs to
promote EndMT and vascular remodeling. In addition, our in vitro
studies demonstrated the ability of PAECs to transform into
mesenchymal cells, as well as to proliferate and migrate, and that
the development of these phenotypes were PDE4B dependent.
Further studies are required to clarify the contribution of EndMT
to PH with different etiologies.

In human and rodent lung PH tissues, we found that PDE4B
upregulation primarily occurred in ECs. To determine the role of
PDE4B expression in ECs in PH, we compared the effects of global
Pde4b and EC-specific Pde4b knockout on EndMT and on PH
development. Interestingly, both conditions resulted in very similar
protective effects against EndMT and PH, suggesting EC-specific
PDE4B may play a dominant role in disease development.
Although our results primarily point to PDE4B expression in ECs as
the driver of PH in the models studied, we do not exclude contribu-
tions of other PDE4 isozymes in other cell types47 and the possibility
that PDE4B may also regulate the EC-secreted factors (such as
PDGFB48,49, CXCL1250, FGF251, and endothelin-152) that subse-
quently promote SMC proliferation. SMC proliferation and immune
cell-mediated inflammation have beenwell documented in PH44. For
example, pan-PDE4 inhibitors elicited anti-proliferative effects in
human pulmonary artery smooth muscle cells (PASMCs)53, and they
also reduced interleukin-6 and monocyte chemotactic protein-1
mRNA levels in MCT-induced PH lung tissues14. The precise roles
of specific PDE4 isozyme(s) in SMCs and inflammatory cells during
PH development warrant further investigation.

The clinical trials with PDE4B-selective inhibitor BI 1015550
in treating idiopathic pulmonary fibrosis (IPF) have made prom-
ising progress39. Mechanistically, BI 1015550 was found to inhibit
the LPS-induced release of inflammatory cytokines, such as TNF-
a and IL-2, by mononuclear cells in peripheral blood and to
inhibit macrophage and neutrophil influx into the bronchoalveo-
lar40. Since the uncontrolled activation of fibroblasts and extra-
cellular matrix deposition in lung fibrosis are associated with the
involvement of inflammatory cells and cytokines, the effect of BI
1015550 on IPF is mainly through suppressing inflammation54. In
the current study, we demonstrated a significant effect of BI
1015550 on treating PH in pre-clinical animal models. We focused
on the role of PDE4B in EC EndMT and the subsequent myofi-
broblast proliferation and migration. In addition, the role of
PDE4B in SMC proliferation may also be one of the pharmaco-
logical mechanisms of BI 101555047. These results suggest that BI
1015550 may treat IPF and PH through different mechanisms.
However, the proinflammatory function of PDE4B may also
contribute to pulmonary vascular remodeling in PH, which needs
further investigation.
le bar Z 25 mm. Similar results were obtained from at least 3 inde-

CD31 and a-SMA in PAECs exposed to Hx and/or Lv-Pde4b; scale

xperiments. (J)e(K) RT-PCR analysis of Cd31 (J) a-SMA (K) mRNA
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Figure 6 PDE4B promotes EndMT by attenuating the PKAeCREBeBMPRII axis. (A, B) RT-PCR analysis of Cd31 (A) and a-SMA

(B) mRNA expression under indicated conditions. (C) Representative immunoblot analysis of CD31 and a-SMA in PAECs exposed to hypoxia

(Hx) transfected with Pde4b siRNA or scramble control and with or without PKI, as indicated. (D, E) Quantification of CD31 (D) and a-SMA

(E) protein expression in (C) normalized to b-actin (fold change versus control). (F, G) RT-PCR analysis of Cd31 (F) and a-SMA (G) mRNA

expression under indicated conditions. (H) Representative immunoblot analysis of CD31 and a-SMA in PAECs exposed to Hx and/or si-Pde4b or

si-Control and/or si-Creb or si-Control, as indicated. (I, J) Quantification of CD31 (I) and a-SMA (J) protein expression in (H) normalized to b-

actin (fold change versus control). (K) RT-PCR analysis of Bmpr2 mRNA expression under indicated conditions. (L) Representative immunoblot

analysis of BMPRII in PAECs as indicated. (M) Quantification of BMPRII protein expression in (l) normalized to b-actin (fold change versus

control). (N) RT-PCR analysis of Bmpr2 mRNA expression under indicated conditions. (O) Representative immunoblot analysis of BMPRII in

PAECs treated as indicated in (H). (P) Quantification of BMPRII protein expression in (O) normalized to b-actin (fold change versus control).

Data are expressed as mean � SEM. For (A), (B), (D)e(G), (I)e(K), (M), (N), (P), the differences between groups were determined using

parametric one-way ANOVA followed by the Holm-Sidak’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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PDE5 inhibitors, such as sildenafil and tadalafil, are approved
for the treatment of PH55,56. The PDE5A isozyme in the pulmo-
nary arterial SMCs causes pulmonary artery constriction by spe-
cific hydrolysis of cGMP, an important second messenger in
vascular relaxation8. Thus, PDE5 inhibition elicits a beneficial
effect on hemodynamics, which improves pulmonary artery
vasoconstriction, RV hypertrophy, and cardiovascular function57.
In this study, we reported a critical role of a different PDE



Figure 7 PDE4B-specific inhibitor ameliorates the SuHx-induced rat PH phenotype. (A) SD rats subjected to Nox or SuHx were treated with

vehicle or PDE4B inhibitor via drinking water for 2 weeks. Healthy rats treated with vehicle (n Z 7) or PDE4B inhibitor (n Z 8); PH rats treated

with vehicle (n Z 9) or PDE4B inhibitor (n Z 10). (B)e(D) RVSP (B), ratio of RV/(LV þ S) (C), cardiac echo analysis of PA AT/ET ratio (D) of

indicated groups of rats in (A). (E) Representative H&E staining images of pulmonary arteries under the indicated experimental conditions; scale

bar Z 50 mm. (F) Pulmonary arterial wall thickness of rats in (E). (G) Representative immunostaining of a-SMA in lung tissues under the

indicated experimental conditions; scale bar Z 50 mm. (H) Pulmonary arterial wall thickness of rats in (G). Data are expressed as mean � SEM.

For (B), (D), (F), (H), the differences between groups were determined using two-way ANOVA followed by the Holm-Sidak’s post hoc test. For

(C), the differences between groups were determined using parametric Welch ANOVA with Dunnett’s T3 post hoc test. *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001.
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member, PDE4B, in PH and show that PDE4B contributes to PH
primarily by inducing EndMT and arterial structure remodeling
via inhibition of the cAMP/PKA/CREB-dependent regulation of
BMPRII. Given the distinct mechanistic actions of PDE4B and
PDE5A in PH, whether combined PDE4B and PDE5A inhibition
may have additive or synergistic effects to alleviate PH is an
interesting question for future research. Indeed, a previous study
showed that a small molecule compound inhibiting both PDE4
and PDE5 improved PH and pulmonary vascular remodeling more
effectively than the PDE5 inhibitor sildenafil alone58, but it is
expected that using more specific inhibitors of PDE4B and
PDE5A would be associated with fewer side effects.

5. Conclusions

Taken together, our data support a model in which elevated
PDE4B expression in ECs inhibits the PKAeCREBeBMPRII
axis, increases EndMT, and promotes SuHx-induced PH devel-
opment. Our findings strongly suggest that PDE4B is a novel
therapeutic target for PH treatment.
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