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Preface

Scientific and clinical advances continue progressively in the field of pulmonary 
hypertension (PH). As the accumulated evidence expands, it is important to adapt 
our systems to keep up with the progress. In maintaining established diagnostics 
and therapeutics, we have to go forward with the new advances and their potentials. 
PH, defined as a mean pulmonary arterial pressure (PAP) ≥ 25  mmHg at rest as 
assessed by right heart catheterization, is characterized by elevated pulmonary arte-
rial pressure and increased pulmonary vascular resistance. The classification of PH 
has been updated, in which five major categories of the disorder are classified, 
including (Group 1) pulmonary arterial hypertension (PAH), (Group 2) PH due to 
left heart disease, (Group 3) PH due to lung diseases and/or hypoxia, (Group 4) 
chronic thromboembolic PH, and (Group 5) others.

Especially Group 1, PAH, is caused by small pulmonary artery obstruction due 
to vascular proliferation and remodeling, defined as mean PAP ≥ 25  mmHg and 
pulmonary capillary wedge pressure (PCWP) ≤ 15 mmHg, which is characterized 
by the presence of pre-capillary PH in the absence of other causes of pre-capillary 
PH, such as PH due to lung diseases, chronic thromboembolic pulmonary hyperten-
sion (CTEPH), or other rare diseases. The pathological changes in the pulmonary 
arteries in PAH include endothelial injury, proliferation and hypercontraction of 
vascular smooth muscle cells (VSMC), and migration of inflammatory cells. 
Pulmonary veno-occlusive diseases and/or pulmonary capillary hemangiomatosis 
(Group 1′) should be a distinct category but not completely separated from PAH as 
they share similar characteristics with idiopathic PAH (IPAH) but also demonstrate 
some differences.

Group 4, CTEPH, is caused by mechanical obstruction of pulmonary arteries due 
to residual pulmonary thromboembolism or in situ thrombosis, which may be initi-
ated or aggravated by abnormalities in either the clotting cascade, endothelial cells, 
or platelets. Although inflammatory infiltrates are commonly detected in pulmonary 
endarterectomy specimens, it remains unknown whether thrombosis or platelet dys-
function is a cause or a consequence of the disorder. It has been reported that the 
plasma levels of factor VIII or thrombin-activatable fibrinolysis inhibitor (TAFI) is 
elevated in patients with CTEPH. CTEPH is regarded as a consequence of  pulmonary 
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thromboembolism (PTE) due to venous thromboembolism (VTE); however, the 
occurrence of CTEPH in patients with acute PTE or deep venous thrombosis is rare. 
Thus, it is highly possible that the pathophysiology is different between PAH and 
CTEPH.

PH remains a fatal disease, leading to right ventricular failure and premature 
death. As lifestyle modification, heavy physical activity, or isotonic exercise often 
causes right ventricular failure in patients with PAH/CTEPH, they should be 
avoided. Thus, low-level exercise is recommended in the daily life of those with 
PAH/CTEPH, because a low level of physical training rather improves endothelial 
function, exercise capacity, and quality of life. Further, high altitudes and infections 
should also be avoided, because a high altitude may produce hypoxic pulmonary 
vasoconstriction, and infections are fatal in some patients with PH.

Although significant research progress has been made in the pathogenesis of PH, 
the detailed mechanisms of the disorder remain to be elucidated. Also in a clinical 
situation, significant progress has been made for both diagnosis (e.g., new imaging 
techniques) and treatment (e.g., the new endothelin receptor blockers riociguat or 
selexipag); however, more effective and less-invasive diagnostic and/or therapeutic 
tools should be developed.

Although a detailed accounting of the new findings described in the book is not 
feasible within the narrow confines of this preface, I, as editor, would like to sum-
marize the parts of it briefly. Part I includes the fundamentals of PH: clinical clas-
sification (Prof. Koichiro Tatsumi) and imaging for diagnosis (Drs. Nobuhiro Tahara 
and Yoshihiro Fukumoto). Part II focuses on pathophysiology and genetics: the role 
of microRNA (Dr. Aleksandra Babicheva and Prof. Jason X.-J. Yuan), sex hormone 
(Dr. Kaori Oshima and Prof. Masahiko Oka), Rho-kinase (Dr. Kimio Satoh and 
Prof. Hiroaki Shimokawa), proteinase-activated receptor 1 (Prof. Katsuya Hirano), 
animal models (Dr. Kohtaro Abe), human pathology (Drs. Hatsue Ishibashi-Ueda 
and Keiko Ohta-Ogo), and BMPR2 (Dr. Yoshihide Mitani). Part III describes the 
treatment of PAH: prostacyclin (Dr. Satoshi Akagi), NO-sGC-cGMP pathway (Prof. 
Hiroshi Watanabe and Prof. Quang-Kim Tran), endothelin receptor antagonist (Prof. 
Noriaki Emoto), and lung transplantation (Prof. Hiroshi Date). Part IV features the 
treatment of CTEPH: medical therapy (Prof. Toru Satoh), balloon pulmonary angio-
plasty (Drs. Hiromi Matsubara and Aiko Ogawa), and pulmonary endarterectomy 
(Prof. Hitoshi Ogino). The last section (Part V) focuses on right ventricular function 
(Drs. Kaoru Dohi and Norikazu Yamada and Prof. Masaaki Ito).

This book describes the significant progress in the understanding of PAH and 
CTEPH. Regarding pathophysiology of the disorders, diagnosis, and treatment, sev-
eral new options have appeared in this decade, and some are under clinical trials. 
The usefulness of these new drugs remains to be fully examined in future studies. In 
this book, the experts in the field have written special articles regarding the recent 
progress in their own fields. I am indebted to all authors for their considerable time 
and effort to create high-quality articles and sincerely hope that this book can be a 
great help in the management of PH in terms of clinical classification, pathophysiol-
ogy, genetics, diagnosis, and treatment.

Kurume, Japan Yoshihiro Fukumoto 

Preface
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Chapter 1
Clinical Classification

Koichiro Tatsumi

Abstract The clinical classification of pulmonary hypertension is intended to cat-
egorize in five groups of multiple clinical conditions according to similar clinical 
presentation, pathological findings, hemodynamic characteristics, and treatment 
strategy, as follows: (1) pulmonary arterial hypertension (PAH), (2) pulmonary 
hypertension due to left heart disease, (3) pulmonary hypertension due to lung dis-
eases and/or hypoxia, (4) chronic thromboembolic pulmonary hypertension 
(CTEPH) and other pulmonary artery obstructions, and (5) pulmonary hypertension 
with unclear and/or multifactorial mechanisms.

Keywords Pulmonary arterial hypertension • Heritable pulmonary arterial hyper-
tension • Nice classification • Panvasculopathy

1.1  Important Pathophysiological and Clinical  
Definitions of PH

The field of pathobiology and pathophysiology of pulmonary hypertension (PH) has 
undergone impressive growth, while the cross-link between the genetics and molec-
ular pathogenesis has been a continued interest among various types of PH. PH is a 
pathophysiological disorder that may be associated with cardiovascular and respira-
tory diseases. Before clinical classification of PH, clinical definitions of PH should 
be verified. Important pathophysiological and clinical definitions of PH are 
described in the 2015 European Society of Cardiology (ESC) and the European 
Respiratory Society (ERS) guidelines for the diagnosis and treatment of pulmonary 
hypertension [1]:

 1. Pulmonary hypertension (PH) is a hemodynamic and pathophysiological condi-
tion defined as an increase in mean pulmonary arterial pressure (mPAP) 

K. Tatsumi (*) 
Department of Respirology, Graduate School of Medicine, Chiba University,  
1-8-1, Inohana, Chuo-ku, Chiba 260-8670, Japan
e-mail: tatsumi@faculty.chiba-u.jp

mailto:tatsumi@faculty.chiba-u.jp
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≥25 mmHg at rest as assessed by right heart catheterization (RHC). PH can be 
found in multiple clinical conditions.

 2. Pulmonary arterial hypertension (PAH, group 1) is a clinical condition character-
ized by the presence of precapillary PH and pulmonary vascular resistance 
(PVR) >3 Wood units, in the absence of other causes of precapillary PH such as 
PH due to lung diseases, chronic thromboembolic PH (CTEPH), or other rare 
diseases. PAH includes different forms that share a similar clinical picture and 
virtually identical pathological changes of the lung microcirculation.

 3. There is no sufficient data to support the definition of “PH on exercise.”

1.2  Definition of Pulmonary Hypertension

Clinical classification should be based on the updated theoretical and practical 
information on the management of patients with PH. PH is defined hemodynami-
cally by mPAP ≥ 25  mmHg at rest measured by RHC [1]. Available data have 
shown that the normal mPAP at rest is 14 ± 3 mmHg with an upper limit of normal 
of approximately 20 mmHg [2, 3]. Due to the lack of reliable data that define which 
levels of exercise-induced changes in mPAP or PVR have prognostic implications, 
a disease entity “PH on exercise” cannot be defined [1, 4]. There are still insufficient 
data to introduce the term of “borderline PH” for patients with mPAP levels between 
21 and 24 mmHg, especially because the prognostic and therapeutic implications 
remain unknown [2]. Patients with mPAP values between 21 and 24 mm Hg should 
be carefully followed, in particular when they are at risk for developing PAH such 
as patients with connective tissue disease (CTD) and family members of patients 
with idiopathic pulmonary arterial hypertension (IPAH) or heritable pulmonary 
arterial hypertension (HPAH). The individual cellular and molecular alterations of 
the pulmonary vasculature lie under each category of the clinical classification, 
although the definition of PH is rather simple physiological one. That is why the 
clinical classification of PH should be taken into account when treating patients 
with pulmonary hypertension.

1.3  How Can We Put All Types of Pulmonary Hypertension 
Together?

The answer to this question requires the consideration of two different aspects. 
First, the integration of multiple levels of data (hemodynamic, pathophysiological, 
and genetic) has the potential to deliver clinically relevant outcomes from each type 
of pulmonary hypertension, including the identification of pathological changes, 
biomarker validation, prognosis, and new therapeutic targets identification, all of 
which are important in the management of pulmonary hypertension. The second 

K. Tatsumi
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aspect has to do with the best way to implement all this new information in real 
clinical practice. The obstructive lung panvasculopathy seems to be similar in vari-
ous types of pulmonary hypertension, although genetic susceptibility, acquired fac-
tors, and perivascular microenvironment pathology are different among them. The 
current treatment strategies have been continuously constructed in PAH, while other 
types of PH have no definitive information regarding the specific therapies. However, 
any common clinical characteristic may exist among the different types of 
PH. Needless to say a therapeutic system has not been well established in PH as a 
whole. Yet any therapeutic option is not difficult to search for and may come from 
other fields in clinical practice. To achieve the total understanding of PH, we need 
to receive multidimensional information. During the process, physicians can pro-
vide a better personalized treatment of a given patient. The personalized treatment 
of PH could pave the way toward the future incorporation of omics data.

1.4  From Evian to Nice

The 2nd World Symposium on pulmonary hypertension [3] held in Evian (1998) 
has established a clinical classification of pulmonary hypertension in order to indi-
vidualize different categories of pulmonary hypertension sharing similar patho-
physiological findings, similar hemodynamic characteristics, and similar 
management. Five groups of distinct disease entities that cause PH were identified: 
pulmonary arterial hypertension (group 1), pulmonary hypertension due to left heart 
disease (group 2), pulmonary hypertension due to chronic lung disease and/or 
hypoxia (group 3), chronic thromboembolic pulmonary hypertension (group 4), and 
pulmonary hypertension due to miscellaneous disorders that can affect the pulmo-
nary vasculature (group 5). During the successive world meetings [5–7], a series of 
changes were carried out, reflecting some progresses in the understanding of the 
disease. However, the basic structure has since been maintained. The current clini-
cal classification of pulmonary hypertension has been accepted in the 5th World 
Symposium held in 2013 in Nice, France [7, 8] and some modification by 2015 the 
ESC and the ERS guidelines for the diagnosis and treatment of pulmonary hyper-
tension [1] (Table 1.1). The consensus was to maintain the general disposition of 
previous clinical classification.

1.5  Group 1 Modification in Nice Classification

Some modifications and updates, especially for group 1, were proposed according 
to new knowledge acquired in the field of PH. The agreement in the Pediatric Task 
Force has added some specific items related to pediatric PH in order to have a com-
prehensive classification common for adults and children [7] (Table 1.1). New con-
ditions that are frequently found in children have been included in different clinical 

1 Clinical Classification
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Table 1.1 Comprehensive clinical classification of pulmonary hypertension (ESC/ERS guidelines 
2015)

(continued)

K. Tatsumi
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groups in order to provide a comprehensive classification appropriate to both adult 
and pediatric patients. Many children with PH diagnosed during neonatal through to 
adolescent periods are now surviving into adulthood and will thus require transition 
to adult care. Persistent PH of the newborn (PPHN) includes a heterogeneous group 
of conditions that may differ from classical PAH. As a consequence, PPHN has 
been subcategorized as group 1. Furthermore, some adult PH conditions develop as 
a consequence of lesions or substrates that have origins during childhood (such as 
congenital heart defects). Consistent with this philosophy, pediatric PH conditions 
have now been included to provide a comprehensive and unified classification sys-
tem appropriate for all ages.

1.6  Pre- or Postcapillary Pulmonary Hypertension

Hemodynamically, PH is defined according to an mPAP ≥25 mm Hg at rest assessed 
using RHC. Furthermore, PH is divided according to the pulmonary artery wedge 
pressure (PAWP) into precapillary (PAWP ≤ 15  mmHg) and postcapillary PH 
(PAWP > 15 mmHg) [9]. The groups of 1 and 3~5, with the exception of group 2 
left heart diseases, represent precapillary forms of PH (Fig. 1.1).

ALK-1 activin receptor-like kinase 1, BMPR2 bone morphogenetic protein receptor 2, CAV-1 cave-
olin-1, ENG endoglin, KCNK3 potassium channel subfamily K member 3, PAH pulmonary arterial 
hypertension, PH pulmonary hypertension, SMAD9 mothers against decapentaplegic 9

Table 1.1 (continued)

1 Clinical Classification



8

1.7  Group 1: Pulmonary Arterial Hypertension (PAH)

The term PAH describes a group of PH patients characterized hemodynamically by 
the presence of precapillary PH, defined by a PAWP ≤15 mmHg and a pulmonary 
vascular resistance >3 Wood units in the absence of other causes of precapillary PH 
such as PH due to lung diseases, CTEPH, or other rare diseases. PAH includes dif-
ferent forms that share a similar clinical picture and virtually identical pathological 
changes of the lung microcirculation.

Recently identified gene mutations have been included in the HPAH subgroup of 
clinical group 1 (PAH). The new mutations are more rare as compared with the 
traditional bone morphogenetic protein receptor-2 (BMPR2) mutation. These 
abnormalities may be acquired, genetically mediated as a result of mutations in 
bone morphogenetic protein receptor (BMPR)-2 or activin receptor-like kinase-1 
(ALK-1), or epigenetically inherited. Patients with BMPR2 or ALK-1 mutations 
present with higher pulmonary vascular resistance [10–12]. However, most cases of 
pulmonary arterial hypertension do not have known genetic triggers.

Knowledge of the pathobiology of pulmonary hypertension has been continuing 
to accelerate. Group 1 PAH primarily consist of an obstructive lung panvasculopa-
thy, characterized by luminal obliteration of the distal pulmonary arteries due to 
vascular cell proliferation and loss of distal arterioles. Other common features 
include pulmonary artery endothelial dysfunction leading to vasomotor imbalance 

Post-capillary PH
(pulmonary artery 
wedge pressure > 15 
mmHg)

Group 2. PH due to 
left heart disease

Group 5. PH with 
unclear mechanisms

Group 1. PAH

Pre-capillary PH (pulmonary artery wedge 
pressure ≤ 15 mmHg)

Groups 1~4

Group 4. CTEPH

Group 3. PH due to 
lung diseases

Group 5. PH with 
unclear mechanisms

PAH-specific 
treatment algorithm 
has been evolved

Therapeutic strategies have been undefined

Treatment options
1. pulmonary endarterectomy
2. medical therapy
3. percutaneous pulmonary 
angioplasty

PH: mean pulmonary artery pressure ≥ 25 mmHg

Fig. 1.1 Classification of pulmonary hypertension according to hemodynamic definition

K. Tatsumi



9

favoring vasoconstriction and therapeutic response to currently approved PAH 
drugs [13, 14]. This group has been the main focus of recent drug trials with PAH 
agents, such as endothelin receptor antagonists, phosphodiesterase type-5 inhibi-
tors, soluble guanylate cyclase stimulators, and prostanoids.

Although pulmonary hypertension primarily affects the arteries, venous involve-
ment such as pulmonary veno-occlusive disease (PVOD) has been increasingly rec-
ognized as an important entity. Group 1′ [pulmonary veno-occlusive disease 
(PVOD) and/or pulmonary capillary hemangiomatosis (PCH)] has been expanded 
and includes idiopathic, heritable, drug-, toxin- and radiation-induced and associ-
ated forms. Moreover, it may be that prognosis in pulmonary hypertension is deter-
mined largely by the status of the right ventricle, rather than the levels of pulmonary 
artery pressures.

Disordered metabolism and mitochondrial structure, inflammation, and dysregu-
lation of growth factors lead to a proliferative, apoptosis-resistant state. Pulmonary 
vascular research has been evolved regarding endothelial and smooth muscle cells 
in intima and media pulmonary vasculature and the immediate perivascular micro-
environment. The perivascular region is dominated by fibroblasts and migrating cir-
culating cells, including inflammatory and progenitor cells [15] (Fig. 1.2).

BMPR-2, ALK-1, ENG, SMAD9, CAV-1, KCNK-3

Acquired factors

Genetic susceptibility

Inflammation, infection, drugs, left-to-right 
shunt, porto-systemic shunts

vasoconstriction perivascular 
microenvironment cells

obstructive lung 
panvasculopathy

fibroblasts and migrating 
circulating cells, including 
inflammatory and progenitor 
cells, extracellular matrix

endothelial and smooth muscle 
cells in intima and media

Fig. 1.2 Pathogenesis of pulmonary arterial hypertension (PAH)

1 Clinical Classification
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1.8  Other than Group 1 PAH

No changes were made to the main classification schema in group 3 PH due to lung 
disease and/or hypoxia. However, the Nice meeting recommended that a subgroup 
of patients with severe PH due to lung disease should be differentiated from those 
with mild to moderate PH. This is in recognition of the fact that severe PH is actu-
ally uncommon in the setting of chronic lung diseases and those with severe PH 
represent a separate clinical phenotype where pulmonary vascular disease domi-
nates the clinical picture rather than ventilatory abnormalities. The terminology of 
“out of proportion” PH in lung disease should be dropped, because there is no direct 
correlation between the extent of parenchymal disease and pulmonary hemody-
namic derangement. Instead, a category of “severe PH due to lung disease,” defined 
by a mean mPAP ≥ 35 mm Hg, was suggested to describe this specific phenotype 
[1].

A recommendation from the Nice meeting was to abandon the previous termi-
nology of “out of proportion” PH in the context of left heart disease. This term has 
often been used to identify patients with left heart disease who might have a precap-
illary component (or pulmonary vascular disease) contributing to the increased pul-
monary artery pressure (PAP). Previously, “out of proportion” left-sided PH was 
identified hemodynamically according to the presence of a high transpulmonary 
gradient (mean PAP – PAWP) > 12 mmHg.

Group 4 has been renamed as “CTEPH and other pulmonary artery (PA) obstruc-
tions,” which includes CTEPH, pulmonary angiosarcoma, other intravascular 
tumors, arteritis, congenital pulmonary arteries stenoses, and parasites.

References

 1. Galie N, Humbert M, Vachiery J-L, et al. ESC/ERS Guidelines for the diagnosis and treatment 
of pulmonary hypertension: the Joint Task Force for the Diagnosis and Treatment of Pulmonary 
Hypertension of the European Society of Cardiology (ESC) and the European Respiratory 
Society (ERS), endorsed by Association for European Paediatric and Congenital Cardiology 
(AEPC), International Society of Heart and Lung Transplantation (ISHLT). Eur Heart 
J. 2016;37:67–119.

 2. Kovacs G, Berghold A, Scheidl S, et al. Pulmonary arterial pressure during rest and exercise in 
healthy subjects: a systematic review. Eur Respir J. 2009;34:888–94.

 3. Fishman AP.  Clinical classification of pulmonary hypertension. Clin Chest Med. 
2001;22:385–91.

 4. Herve P, Lau E, Sitbon O, et al. Criteria for diagnosis of exercise pulmonary hypertension. Eur 
Respir J. 2015;46:728–37.

 5. Simonneau G, Galiè N, Rubin LJ, et  al. Clinical classification of pulmonary hypertension. 
J Am Coll Cardiol. 2004;43 Supl:5S–12S.

 6. Simonneau G, Robbins IM, Beghetti M, et al. Updated clinical classification of pulmonary 
hypertension. J Am Coll Cardiol. 2009;54:S43–54.

 7. Simonneau G, Gatzoulis MA, Adatia I, et  al. Updated clinical classification of pulmonary 
hypertension. J Am Coll Cardiol. 2013;62(25 Suppl):D34–41.

K. Tatsumi



11

 8. Hoeper MM, Bogaard HJ, Condliffe R, et al. Definitions and diagnosis of pulmonary hyperten-
sion. J Am Coll Cardiol. 2013;62(25 Suppl):D42–50.

 9. Ivy DD, Abman SH, Barst RJ, et al. Pediatric pulmonary hypertension. J Am Coll Cardiol. 
2013;62:D117–26.

 10. Elliott CG, Glissmeyer EW, Havlena GT, et al. Relationship of BMPR2 mutations to vasoreac-
tivity in pulmonary arterial hypertension. Circulation. 2006;113:2509–15.

 11. Girerd B, Montani D, Coulet F, et al. Clinical outcomes of pulmonary arterial hypertension in 
patients carrying an ACVRL1 (ALK1) mutation. Am J  Respir Crit Care Med. 
2010;181:851–61.

 12. Aldred MA, Comhair SA, Varella-Garcia M, et al. Somatic chromosome abnormalities in the 
lungs of patients with pulmonary arterial hypertension. Am J  Respir Crit Care Med. 
2010;182:1153–60.

 13. Humbert M, Sitbon O, Simonneau G. Treatment of pulmonary arterial hypertension. N Engl 
J Med. 2004;351:1425–36.

 14. Galie N, Corris PA, Frost A, et al. Updated treatment algorithm of pulmonary arterial hyper-
tension. J Am Coll Cardiol. 2013;62:D60–72.

 15. Tuder RM, Archer SL, Dorfmüller P, et al. Relevant issues in the pathology and pathobiology 
of pulmonary hypertension. J Am Coll Cardiol. 2013;62:D4–12.

1 Clinical Classification



13© Springer Science+Business Media Singapore 2017 
Y. Fukumoto (ed.), Diagnosis and Treatment of Pulmonary Hypertension, 
DOI 10.1007/978-981-287-840-3_2

Chapter 2
Diagnosis: Imaging

Nobuhiro Tahara, Tomohisa Nakamura, Hidetoshi Chibana, Eita Kumagai, 
Yoichi Sugiyama, Munehisa Bekki, Akihiro Honda, Atsuko Tahara, 
Sachiyo Igata, and Yoshihiro Fukumoto

Abstract Chronic thromboembolic pulmonary hypertension (CTEPH) is a form of 
pulmonary hypertension (PH) characterized by the persistence of thromboembolic 
obstruction in the pulmonary arteries as a result of a combination of recurrent 
thromboemboli, in situ thrombosis, and secondary vasculopathy in the small ves-
sels. Without appropriate treatments, CTEPH may result in right-sided heart failure 
and premature death. Pulmonary endarterectomy (PEA) is able to cure CTEPH; 
however, approximately 40 % of the patients are inoperable due to surgically inac-
cessible thromboembolic materials. Recently, the balloon pulmonary angioplasty 
(BPA) becomes a promising treatment option for inoperable CTEPH patients with 
peripheral obstructive lesions or residual PH after PEA.  The accurate and early 
diagnosis of the cause of PH determines the management and prognosis. Imaging 
modalities such as ventilation-perfusion lung scintigraphy, multidetector computed 
tomographic pulmonary angiography, and pulmonary angiography play a crucial 
role in the diagnosis and management for patients with CTEPH. Also, these imag-
ing modalities enable to assess the operability in CTEPH patients. Further, recent 
imaging modalities are available for assessing performance or metabolism of the 
right ventricle. In this chapter, we describe imaging modalities for diagnosis and 
management of CTEPH.

Keywords Imaging • Ventilation-perfusion lung scintigraphy • Multidetector CT 
pulmonary angiography • Magnetic resonance imaging • Pulmonary angiography • 
Intravascular imaging • Molecular imaging
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Chronic thromboembolic pulmonary hypertension (CTEPH) is a form of pulmo-
nary hypertension (PH) caused by fibrotic organization of unresolved thromboem-
boli in the pulmonary arteries. CTEPH is defined as a precapillary PH, confirmed by 
right heart catheterization with a mean pulmonary arterial pressure (PAP) ≥ 
25 mmHg and a wedge pressure < 15 mmHg at rest, in combination with chronic 
thromboemboli after a long-term period (at least 3 months) of optimal therapeutic 
anticoagulation [1–3]. Therefore, CTEPH should be considered in any types of 
patient with precapillary PH.

CTEPH as a direct consequence of symptomatic pulmonary embolism (PE) is 
rare, leading to delayed diagnosis and treatment [4]. Hence, the natural history of 
CTEPH is completely unknown. Previous studies demonstrated that ranged from 
0.1 to 9.1 % of patients diagnosed with acute PE develop CTEPH at 2-year follow-
 up [1, 3–10]. The pathogenesis of CTEPH is thought as a result of a combination of 
recurrent thromboemboli, in situ thrombosis, and secondary vasculopathy in the 
distal pulmonary bed [11, 12]. These pathogenic factors cause a progressive increase 
in pulmonary vascular resistance, resulting in right-sided heart failure and prema-
ture death. Therefore, patients with CTEPH have a poor prognosis without effective 
treatments. The 5-year survival is 30 % in CTEPH patients with a mean PAP greater 
than 30  mmHg [13]. Surgical pulmonary endarterectomy (PEA) is able to cure 
CTEPH leading to normalization of pulmonary hemodynamics and exercise capac-
ity in the majority of patients [1–3, 10, 14], if a sufficient quantity of the organized 
thromboemboli is removed. Theoretically, surgical operability is given if the orga-
nized thromboemboli are not located distal to the lobar arteries. Although PEA is 
recommended for the treatment of CTEPH, up to 40 % of the patients are consid-
ered to be inoperable mainly due to surgically inaccessible thromboembolic materi-
als [15–17]. The balloon pulmonary angioplasty (BPA) is a promising treatment 
option for inoperable CTEPH patients with peripheral obstructive lesions or resid-
ual PH after PEA [18–25]. During this decade, several Japanese centers have devel-
oped the BPA procedure and reported favorable results including significant 
improvements of pulmonary hemodynamics, exercise capacity, and clinical status 
with less concomitant complication compared to a previous report [18–21, 23–25]. 
The BPA procedure enables to treat peripheral weblike stenoses and intraluminal 
bands in subsegmental branches of the pulmonary arteries.

The imaging modality should be required for differential diagnosis in patients 
with suspected CTEPH. Also, it should be able to choose therapeutic options, PEA, 
BPA, or the combination. The accurate and early diagnosis of the cause of PH deter-
mines the management and prognosis. Identifying CTEPH is facilitated by several 
imaging techniques including ventilation-perfusion lung scintigraphy, multidetector 
computed tomographic pulmonary angiography (CTPA), pulmonary angiography, 
and, more recently, magnetic resonance imaging (MRI). According to the recent 
guidelines on PH, after a positive ventilation-perfusion scan for CTEPH, pulmonary 
angiography and multidetector CT can be used for detailed work-up of the pulmo-
nary arteries [1–3, 26–28]. However, in some cases with CTEPH, the obstructive 
lesions cannot be detected by conventional imaging modalities. Very recently, 
 intravascular imaging technique has been developed for the clinical assessment of 
the pulmonary arteries. It is useful especially to diagnose distal-type CTEPH or to 
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demonstrate undetectable thrombi, fine webs, and thin intraluminal bands by CTPA 
and pulmonary angiography [29–32].

Recent and conventional imaging modalities play an important role in the 
 diagnosis and management for patients with CTEPH. Other techniques are available 
for assessing performance or metabolism of the right ventricle (RV), the key 
 determinant of patient survival. In this chapter, we describe imaging modalities for 
diagnosis and management of CTEPH.

2.1  Ventilation-Perfusion Lung Scintigraphy

Over 30 years, ventilation-perfusion lung scintigraphy is widely used as an imaging 
modality to diagnose PE. Perfusion lung scintigraphy is a modality to allow visual-
izing pulmonary perfusion. As localized pulmonary hypoperfusion is not highly 
specific for PE, the addition of ventilation scintigraphy further increases the speci-
ficity. A perfusion defect with normal ventilation (so-called ventilation-perfusion 
mismatched defect) usually indicates PE. The high negative predictive value of a 
normal ventilation-perfusion lung scintigraphy has been confirmed by a large clini-
cal trial [33]. The positive predictive value of a high-probability scan and definitive 
angiogram is approximately 90 % [34]. Ventilation-perfusion lung scan is recom-
mended to differentiate CTEPH from other types of precapillary PH [1–3, 35]. At 
least one unmatched ventilation-perfusion defect suggests CTEPH, while a mottled 
pattern perfusion scan suggests the presence of pulmonary arterial hypertension 
(PAH) (Fig. 2.1). Although ventilation-perfusion scan demonstrates a high sensitiv-
ity in detection of CTEPH, it can underestimate the severity of angiographic find-
ings and pulmonary hemodynamics (Figs. 2.2 and 2.3) [36].

Fig. 2.1 Perfusion lung scintigraphy in CTEPH and IPAH. Several segmental perfusion defects 
suggest CTEPH (arrows), while a mottled pattern perfusion scan does the presence of PAH. 
CTEPH chronic thromboembolic pulmonary hypertension, PAH pulmonary arterial hypertension
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Fig. 2.2 Comparison of obstructive findings between pulmonary angiography and perfusion lung 
scintigraphy in a patient with CTEPH

Fig. 2.3 Comparison of obstructive findings among pulmonary angiography, perfusion lung scin-
tigraphy, merged image of multidetector CT and perfusion lung scintigraphy, and that of three- 
dimensional CTPA and perfusion lung scintigraphy in a patient with CTEPH. Images of perfusion 
lung scintigraphy and multidetector CTPA demonstrate embolic findings similar to those in pulmo-
nary angiography (black and white arrows). CTPA computed tomographic pulmonary angiography
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2.2  Multidetector CTPA and Dual-Energy CTPA

Multidetector CT allows detection of PE up to the segmental level with sensitivities 
ranging between 60 and 100 % and specificities between 81 and 98 % [37–39]. In 
recent years, CTPA is widely used for the evaluation of patients with suspected PE 
since the introduction of multidetector CT with high spatial and temporal resolution 
[40]. Also, there is a growing body of general agreement that CTPA is beneficial in 
the diagnosis of CTEPH along with a high diagnostic accuracy [41]. Three- 
dimensional CTPA reveals CTEPH findings consistent with those in pulmonary 
angiography (Fig. 2.3). Multidetector CT is also undergone to differentiate CTEPH 
from other pulmonary vascular diseases in patients with perfusion defects. 
Ventilation-perfusion scan has been largely replaced by CTPA in many centers.

Simultaneous acquisition of data sets at 80 and 140 kV can be used to visualize 
iodine distribution maps (regional blood volume image). Based on a three- 
dimensional algorithm, the technique enables iodine contrast-material extraction in 
tissues. These iodine maps in the pulmonary parenchyma may reflect lung perfu-
sion. There has been much interest in the application of this technology to the 
assessment of acute PE [42–45]. Imaging of lung perfusion blood volume by dual- 
energy CTPA has been reported to be feasible for the evaluation of pulmonary 
perfusion and be comparable to perfusion lung scintigraphy in establishing a diag-
nosis of CTEPH (Fig. 2.4) [46, 47]. Dual-energy imaging technique can provide 
high spatial resolution images of pulmonary vascular and parenchymal anatomy in 
combination with thromboemboli location [48]. As such, dual-energy CTPA may 

Fig. 2.4 Perfusion lung scintigraphy and dual-energy CTPA before and after BPA in a patient with 
inoperable CTEPH. Coronal CT images in angiographic window with merged color-coded perfu-
sion map. BPA procedure improves lung perfusion in the right lower lobe (black arrows). BPA 
balloon pulmonary angioplasty
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be a promising technique in helping the patient selection for PEA or 
BPA. Furthermore, dual-energy CTPA has an ability to demonstrate the effect of 
PEA and BPA (Fig. 2.4). Dual-energy technique may further refine diagnosis and 
management for patient care in patients with CTEPH.

2.3  Pulmonary Angiography and Intravascular Imaging

Pulmonary angiography is the gold standard for diagnosing PE because of its ability 
to visualize small pulmonary arteries, which can be safely performed, combined 
with right heart catheterization even in patients with advanced CTEPH [49, 50]. 
Although perfusion defect may lead to underestimate pulmonary narrowing and 
obstruction in CTEPH, pulmonary angiography can detect pulmonary obstructive 
lesions at subsegmental levels and assess operability (Figs. 2.2 and 2.3) [1–3, 51]. 
Angiographic findings such as “pouching” defects, webs or bands, intimal irregu-
larities, abrupt vascular narrowing, and complete vascular obstruction suggest the 
presence of organized thromboemboli in patients with CTEPH (Fig. 2.5) [52].

It is sometimes difficult for pulmonary angiography to clinically distinguish dis-
tal-type CTEPH from PAH, because both precapillary PH are characterized as hav-
ing similar hemodynamic pulmonary circulation despite their different pathological 
vascular structures. Intravascular imaging technique has been developed for the 
high-resolution investigation of atherosclerosis in vivo. Based on that, there is an 
increasing need for intravascular imaging of the pulmonary arteries. A near- infrared 
light-based imaging modality with ultrahigh resolution, optical coherence tomogra-
phy (OCT) or optical frequency-domain imaging (OFDI) is a useful imaging modal-
ity for differential diagnosis of CTEPH (Fig. 2.6) [29]. OCT/OFDI has demonstrated 

Fig. 2.5 Angiographic findings including “pouching” defect, intraluminal web, and abrupt vascu-
lar narrowing suggest the presence of organized thromboemboli
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its potential capacity to accurately detect and characterize unresolved thromboem-
boli in the pulmonary arteries as well as to measure the precise luminal diameter for 
selection of balloon size in the setting of BPA for CTEPH [29–32]. Angioscopy is 
an intravascular technique that projects white light through thin, flexible glass fibers 
loaded into catheters. Although angioscopy has not become a mainstream intravas-
cular imaging modality, it can directly visualize the color and superficial morphol-
ogy of the plaque and thrombus, which developed especially in Japan. Pulmonary 
angioscopy is able to observe the characterization of obstructive thromboemboli 
materials in the pulmonary arteries (Fig. 2.7) [32]. Intravascular modality including 
OCT/OFDI and angioscopy has become a potential technique for observation of 
vascular changes in the pulmonary arteries and may provide additional information 
in the assessment of patients with PH.

2.4  Magnetic Resonance Imaging

MRI is becoming increasingly useful for assessment of the pulmonary vasculature 
[53]. However, at present, there is no general recommendation for its use in the 
diagnostic examination for patients with suspected CTEPH [1–3].

RV function has a significant impact on morbidity and mortality in patients with 
CTEPH [54–57]. Advanced CTEPH leads to cardiac remodeling, including RV 
dilatation and hypertrophy, tricuspid regurgitation, and leftward ventricular septal 
shift, with consequent impact on cardiac function. While other modalities including 
echocardiography and CT cannot accurately evaluate the functional impairment of 
the RV [58–60], MRI is frequently utilized for assessment of RV function and 
remodeling with general consensus in functional and morphologic assessment of 

Fig. 2.6 OFDI of the pulmonary arteries from CTEPH and PAH patients. Intraluminal web in the 
pulmonary artery is observed in CTEPH. In contrast, the media of the pulmonary artery is thick-
ened in PAH. OFDI optical frequency-domain imaging
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patients with CTEPH [59, 61–63]. MRI demonstrated that PEA or BPA ameliorates 
RV dysfunction and remodeling in association with improvement of hemodynamic 
parameters in patients with CTEPH [23, 63].

The shortened acceleration times of blood flow in the RV outflow tract is associ-
ated with pulmonary hemodynamic parameters such as mean PAP or pulmonary 
vascular resistance [64–67]. Time-resolved three-dimensional phase-contrast MRI 
(4D flow) demonstrated that the appearance of a vortex of blood flow arises in the 
main pulmonary artery in patients with manifest PH, which can identify the severity 
of PH [68]. Very recently, it has demonstrated substantial vortex flow in the main 
pulmonary artery in PH and normalization of the flow form in a CTEPH patient 
after successful BPA (Fig. 2.8) [68–70]. The 4D-flow MRI is a promising technique 
for diagnostic and severity assessment for patients with PH.

Fig. 2.7 OFDI and pulmonary angioscopy indicates thrombus (white arrows, upper panels) and 
intraluminal web (lower panels) lesions of the pulmonary arteries in patients with CTEPH 
(Reproduced and modified, with permission, from Chibana et al. (32))
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2.5  Molecular Imaging

Cardiac performance is a major determinant of functional class and prognosis in PH 
[71–73]. Prolonged RV pressure and volume overload develops cardiac remodeling 
such as RV hypertrophy and dilatation, which can compensate for the increased 
afterload and maintain cardiac performance in patients with PH.  However, RV 
hypertrophy and dilatation is not necessarily compensatory; some patients may lead 
to right-sided heart failure [73, 74]. A growing body of evidence suggests that RV 
performance response to afterload may depend on energy substrate metabolism 
[75]. The RV myocardium changes its energy substrate from fatty acid oxidation to 
glycolysis under augmented afterload in PH [75, 76]. Positron emission tomogra-
phy (PET) imaging with 18F-fluorodeoxyglucose (FDG) has been used for the mea-
surement of glucose uptake as an indicator of glucose metabolism in the myocardium. 
The RV glucose metabolism measured by FDG-PET can be expressed in associa-
tion with the increased workload (Fig. 2.9) [76–82]. In addition, enhanced FDG 

Fig. 2.8 RV remodeling and vortex flow in the main pulmonary artery are noted in a patient with 
distal-type CTEPH (a, b). Multistaged BPA procedures are successfully undergone with no serious 
complication (c, d). After the BPA procedures, RV remodeling is remarkably improved (e), and the 
vortex flow substantially diminished (f). MRI magnetic resonance imaging, RV right ventricle, LV 
left ventricle (Reproduced and modified, with permission, from Ota et al. (71))
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uptake in the RV free wall may be an independent factor for prognosis in patients 
with PAH and CTEPH [83, 84]. FDG-PET imaging is a promising modality having 
an ability to demonstrate PH severity and clinical outcome.
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Abstract MicroRNAs (miRNAs) are small noncoding RNAs that play an integral 
role in regulating gene expression. Increasing evidence supports the important role 
of miRNAs in the development and progression of pulmonary arterial hypertension 
(PAH). The function of miRNAs can also be efficiently and specifically regulated 
using a number of therapeutic strategies, supporting their potential as targets for the 
treatment of PAH. In this chapter we briefly describe the biogenesis of miRNAs, 
summarize our current knowledge of the role of various miRNAs in the pathogenic 
mechanisms of PAH, introduce strategies of targeting miRNAs to treat the disease, 
review the preclinical results and potential for using miRNAs for treatment of PAH 
in in  vivo models, and finally discuss the current challenges facing the field to 
deliver miRNA-targeting therapeutics specifically and efficiently to patients.
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3.1  Introduction

Pulmonary arterial hypertension (PAH) is a progressive and fatal disease that pre-
dominantly affects women. PAH is distinguished from other forms of pulmonary 
hypertension and itself includes four subcategories: idiopathic (IPAH), heritable 
(HPAH), associated (APAH), and drug-/toxin-induced PAH [1]. Pulmonary hyperten-
sion is defined by a mean pulmonary arterial pressure (mPAP) of mPAP≥25 mmHg at 
rest or mPAP≥30 mmHg during exercise, which is determined by right heart catheter-
ization [2, 3]. The increased PAP in patients with PAH is due primarily to increased 
pulmonary vascular resistance (PVR), and the increased PVR is regarded to be multi-
factorial and involves both genetic and environmental stimuli [4]. Regardless of the 
initial cause of the disease, the elevated PVR in patients with PAH is caused by the 
combined effects of four pathologic features: (1) sustained pulmonary vasoconstric-
tion (due to smooth muscle contraction), (2) concentric pulmonary vascular wall 
thickening (due to increased cell proliferation, migration, and inhibited cell apopto-
sis), (3) in situ thrombosis (which leads to embolic obliteration of pulmonary arteri-
oles), and (4) increased pulmonary arterial wall stiffness and/or extracellular matrix 
remodeling (which restricts the recruitment and extension of small pulmonary arter-
ies, precapillary arterioles, and capillaries). Cellular mechanisms that contribute 
to increased PVR and the pathologic features defined above include increased 
proliferation, resistance to apoptosis, vascular remodeling, vasoconstriction, increased 
migration, increased wall stiffness, changes in metabolism, and inflammation.

The consequences of increased PVR are dire for patients because it leads to 
increased afterload for right ventricle and ultimately to right heart failure. Currently, 
treatment for PAH is limited resulting in high mortality and low survival rate after 
diagnosis [5]. In this chapter, we review the biogenesis of microRNAs (miRNAs), 
the role of miRNAs in the pathogenic mechanisms involved in pulmonary vascular 
remodeling and sustained pulmonary vasoconstriction, and the development and 
progression of PAH and discuss current strategies and challenges for targeting miR-
NAs for treatment of PAH.

3.2  The Biogenesis of miRNAs

The discovery of small noncoding RNA (ncRNA) has revolutionized our under-
standing of gene regulation. Among ncRNAs, miRNAs are single-stranded RNA 
located in intergenic or intronic regions as individual or clustered genes. They are 
endogenously expressed in animals, plants, and viruses and have an ability to bind 
to the 3′-untranslated regions (3′-UTR) of the targeted mRNAs. This interaction 
prevents protein production by suppressing protein synthesis and/or by initiating 
mRNA degradation [6, 7]. Here, we briefly discuss the canonical mechanism by 
which miRNAs are processed to their final functional form. The generation of miR-
NAs starts in the nucleus where RNA polymerase II and III transcribe a long 
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primary miRNA transcript (pri-miRNA) (Fig. 3.1). A ribonuclease III is called 
Drosha and the double-stranded DNA-binding protein, DGCR8 (also referred to as 
the Microprocessor complex), and they cleave the pri-miRNA into a precursor 
miRNA (pre-miRNA, 70–100 nucleotides in length). The pre-miRNA is then 
exported from the nucleus to the cytoplasm by the nuclear export factor exportin-5 
where they undergo further processing [8].

Once the pre-miRNA reaches the cytoplasm, it is recognized by the ribonuclease 
III Dicer and its cofactors (PACT and TRBP) that further process it into the 18–25 
nucleotide miRNA duplex. This duplex consists of a miRNA guide strand and pas-
senger strand. The miRNA guide strand is incorporated into the RNA-induced 
silencing complex (RISC), whereas the passenger strand is mostly degraded. The 
miRNA/RISC complex then binds to the target mRNA transcript. The mRNA target 

Nucleus

miRNA Coding Gene

RNA Pol II/III

Pri-miRNA

Drosha

DGCR8

TRBP

PACT

AGO2

Pre-miRNA

Exportin-5

Cytoplasm

RISC

Pre-miRNA
Dicer

AGO2Target mRNA

Mature miRNA

Translational Repression
mRNA Degradation

60S

40S
AAAA

Fig. 3.1 Canonical miRNA biogenesis and function. MicroRNAs (miRNAs) are transcribed by 
RNA polymerase II or III resulting in production of primary miRNA (pri-miRNA) hairpins. Pri- 
miRNAs are then processed by the Drosha–DGCR8 complex to generate precursor miRNAs (pre- 
miRNAs). Pre-miRNAs are transported into the cytoplasm by exportin 5 where they are processed 
into the final mature double-stranded miRNA by the Dicer–TRBP complex. The passenger strand 
is released and the guide strand is loaded into Argonaute 2 (AGO2)-containing RNA-induced 
silencing complexes (RISCs). The guide strand of the miRNA binds by base-pairing to the target 
mRNA to suppress downstream target gene expression by promoting degradation of the target 
mRNA or suppression of translation
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specificities of miRNAs are primarily encoded within a 6–8 nt “seed region” near 
the 5′ end of the miRNA. miRNAs can be classified into families based on similar 
function, and often these miRNA family members share high sequence conserva-
tion in the seed region. The number and position of pairing mismatches between the 
miRNA and the target mRNA contributes to the efficiency of posttranscriptional 
repression. miRNA binding to the 3′-UTR of a target mRNA transcript can result in 
repression of translation or degradation of the target mRNA by cleavage or deade-
nylation of the mRNA [9, 10]. Furthermore, it has been recently demonstrated that 
miRNAs can also bind to the 5′-untranslated region (5′-UTR) of genes to repress or 
activate transcription of certain genes. Inhibition of translation can be mediated by 
binding miRNAs to the 5′-UTR, similar to that observed for binding to the 
3′-UTR. However, data suggests that the association of miRNAs with the 5′-UTR 
generally induces an activation of translation rather than a repression. For example, 
miRNAs can stabilize RNA and slow their decay to increase gene expression 
[11–13].

It has been shown that misprocessing of miRNAs is implicated in the develop-
ment of disease. A study by Albinsson et al. demonstrated that Dicer knockout mice 
exhibited thin-walled blood vessels due to decreased smooth muscle proliferation as 
well as reduced contractility of smooth muscle cells (SMC) in early embryogenesis 
(days 15–16) [14]. In contrast, Caruso et al. showed decreased expression of both 
Dicer and Drosha in animal models of pulmonary hypertension (PH) with increased 
proliferation of SMCs [15]. Also, hypoxia has been shown to play a critical role in 
the downregulation of Drosha and Dicer in cancer cells, leading to dysregulation of 
miRNA biogenesis [16]. Indeed, Dicer protein level is decreased in human umbili-
cal vein endothelial cells exposed to hypoxia after 48 h [17]. These results suggest 
that PH-related deregulation of miRNA biogenesis is involved in the progression of 
disease. Future studies are needed to resolve these conflicting results and to deter-
mine the expression and function of Dicer and Drosha in human patients with 
PAH. Regardless, these findings highlight the importance of distinguishing between 
the global dysregulation of miRNAs and that of specific miRNAs in understanding 
their mechanistic contribution to the pathogenesis of PAH.

3.3  Specific miRNAs Involved in the Pathogenesis of PAH

Currently over 2500 human miRNAs have been identified in the miRBase 20.0 data-
base. A single miRNA can regulate multiple target mRNAs, and it has been esti-
mated that these molecules regulate approximately 60 % of human genes [18–20]. 
For most miRNAs, there is still little known about their effects on genes regulation. 
Progress has been made in understanding how a handful of miRNAs regulate gene 
expression in PH.  In this section, we will discuss the molecular mechanisms by 
which miRNAs contribute to the pathogenesis of PH. The miRNAs we will discuss 
include the following: 21a, 210, and 143/145 cluster, 124 and 130/301 cluster, and 
204, 424/503, and 17/92 cluster.
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3.3.1  miR-21a and the BMP Pathway

miR-21a has been shown to have increased expression in human pulmonary arterial 
endothelial cell (HPAEC) and smooth muscle cell (HPASMC) exposed to hypoxia 
for 24–72 h [21, 22]. In contrast, decreased expression of miR-21a has been 
observed in human lung tissue, HPAEC, and HPASMC from patients with IPAH 
(Table 3.1) [15, 23]. Bone morphogenetic protein receptor 2 (BMPR2) is a member 
of the transforming growth factor-β (TGF-β) family, which encodes a tyrosine 
kinase receptor on the plasma membrane activated by BMP ligands. Mutations in 
BMPR2 have been linked to the pathogenesis of PAH, and decreased BMPR2 pro-
tein level is observed in patients with IPAH and rat models of PH induced by 
hypoxia or monocrotaline (MCT) [24–26]. Several lines of evidence suggest that 
BMP can increase expression of miR-21a (Fig. 3.2) [21, 27]. Experimental knock-
down of either BMPR2 or SMAD5 (a downstream regulator of BMP signaling) 
using siRNAs resulted in downregulation of miR-21a when cells were treated with 
BMP ligand [21, 28]. Moreover, miR-21 expression is decreased in both PAEC and 
PASMC isolated from explant lungs of patients with HPAH and IPAH associated 
with BMPR2 mutations [23].

It has also been demonstrated that exogenous overexpression of miR-21a 
decreased BMPR2 protein levels in HPAEC (Table 3.1), suggesting a negative feed-
back loop between BMPR2 and miR-21a (Fig. 3.2) [21]. Although this evidence 
implies that miR-21a contributes to the progression of PH through BMPR2, it is still 
unknown which one is the trigger to development of PH. Therefore, it is critical to 
examine the time course of miR-21a and BMPR2 expression levels during the 
development of PH.  In independence of the BMPR2-miR-21a cascade, there are 
two alternative pathways that may regulate miR-21a expression levels: Akt2/mTOR 
and hypoxia-inducible factor 1α (HIF-1α) signaling pathways (Fig. 3.2) [29].

Increased expression of miR-21 was observed in lung tissue from mice 1–3 
weeks following exposure to hypoxia and therefore may play a significant role at 
early stages to provoke PH through targeting of multiple genes (Fig. 3.2) [22, 30, 
31]. It directly targets the pro-apoptotic protein programmed cell death protein 4 
(PDCD4) and peroxisome proliferator-activated receptor-γ (PPARγ). Overexpression 
of miR-21a decreased expression of PDCD4 and PPARγ and resulted in resistance 
to apoptosis and increased proliferation (Table 3.1) [32, 33]. Phosphatase and tensin 
homolog (PTEN) is also a validated target of miR-21a. Overexpression with miR- 
21a suppressed PTEN and consequently stimulated HPASMC proliferation. Finally, 
miR-21a repressed Sprouty 2 (SPRY2) expression, which induced molecular 
changes consistent with enhanced cell proliferation and migration [28]. PDCD4, 
PTEN, and SPRY2 quantification in PH remains to be established, whereas 
decreased PPARγ gene expression was observed in human lung tissue with primary 
and secondary PH [34]. In contrast, PPARγ staining was higher in the medial layer 
of pulmonary arteries from patients with IPAH [35]. These data also serve as evi-
dence to support that miR-21a has a biphasic regulation during the development of 
PH.
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Table 3.1 miRNA-based regulation of PH-associated signaling pathways

miRNA Regulation
Species/tissues/
cells Target gene(s)

PH-related 
function Ref

miR- 
17- 92 
cluster

↓ Human IPF lung 
fibroblasts

DNMT*-1↑ Idiophatic 
pulmonary 
fibrosis↑

[98]

↓ Human PAH 
PASMC

PDLIM5*↑ Vascular 
remodeling ↓

[71]
TGF-β3↓/SMAD3↓

miR-17 ↑ Human PAEC BMPR2↓ Proliferation ↑ [72]
↑ Human PASMC p21 ↓ Proliferation ↑ [74]

miR- 
20a

↑ Mouse lung tissue BMPR2↓ Vascular 
remodeling ↑

[75]
Human PASMC

miR- 21 ↑ Rat CASMC PTEN↓/Akt ↑/ Bcl-2 ↑ Proliferation 
↑/apoptosis↓

[99]

↑ Human PASMC PTEN ↓ Proliferation ↑ [22]
Mouser lung tissue

↑ Rat AoSMC PDCD-4* ↓/AP-1↑ Apoptosis ↓ [32]
↑ Human PAEC PDCD-4↓ Apoptosis ↓ [33]
↑ Human PASMC PDCD-4 ↓ Proliferation ↑ [28]

SPRY2 ↓ Migration↑
PPARγ*↓ Proliferation ↑

↑ Human PAEC BMPR2*↓ Proliferation ↑ [21]
RhoB↓ Apoptosis ↓

Angiogenesis ↓
Vascular 
relaxation↓

↑ Human PAEC, 
PASMC

DDAH1/2↓ Proliferation ↑ [30]

Mouse lung tissue
Human PAH lung 
tissue

↑ Human AoSMC AP-1*↑/α-SMA ↑ Proliferation  
↑/migration↑

[100]

↓ IPAH lung tissue – – [15]
Human PAH PASMC
Human PAH PAEC

miR- 
27a

↑ Mouse lung tissue PPARγ*↓/ET-1↑ Proliferation ↑ [101]
Human PAEC

miR- 
27b

↑ Human PAEC PPARγ*↓/NO↓ Vascular 
remodeling ↑

[102]

Rat lung tissue Vascular 
relaxation↓

miR- 
124

↓ Mouse lung tissue NFAT↑/CAMTA1↑/ Proliferation ↑ [56]
Human PASMC PTBP1 ↑ Vascular 

remodeling ↑
(continued)
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Table 3.1 (continued)

miRNA Regulation
Species/tissues/
cells Target gene(s)

PH-related 
function Ref

↓ Human PAF HIF-2a↑/p21↓ Proliferation ↑ [57]
Bovine PAF PTBP1*↑/Notch1↑ Migration↑

MCP1*↑ Inflammation↑
miR- 
130/301

↑ Human PASMC PPARγ↓/ET-1↑ Vascular 
relaxation↓

[61]
Human PAEC /eNOS↓

↑ Human PASMC PPARγ*↓/STAT3↑ Proliferation ↑ [60]
Human PAEC /miR-204↓ Proliferation ↑

PPARγ*↓/apelin↓ Apoptosis ↓
/miR-424/503↓

↑ Human PASMC, 
PAEC

p21* ↓ Proliferation ↑ [76]

miR- 
143/145

↑ Human PASMC KLF4↓ Vascular 
remodeling↓

[49]

↓ Rat AoSMC α-SMA↓/KLF4*↑/ Vascular 
remodeling↑

[50]

myocardin*↑Elk-1*↑ Proliferation ↑
miR- 
145

↑ Mouse lung tissue – Vascular 
remodeling↑

[46]

↑ Human PAH lung 
tissue

KLF4↑ Vascular 
relaxation↓

[46, 
47]

↓ Rat AoSMC, AoEC α-SMA↓/calponin↓/ Vascular 
remodeling↑

[51]
SM-MHC↓/ KLF5*↑
/myocardin↓

↓ Mouse AoSMC α-SMA↓ Vascular 
remodeling↑

[103]

miR- 
143

↑ Human PASMC, 
PAEC

– Apoptosis ↓ [104]

Human PAH 
PASMC

Migration↑

↓ Rat AoSMC FRA-1↑/PTEN↓ Proliferation↑ [105]
miR- 
204

↓ Human PASMC SHP2↑/NFAT↑/ Proliferation ↑ [64, 
65]HIF-1α↑ Apoptosis ↓

↓ Mouse AoSMC Runx2*↑ Calcification↑ [66]
miR- 
210

↑ Human PASMC E2F3*↓ Apoptosis ↓ [40]
Mouse lung tissue

↑ Human PASMC MKP-1↓ Proliferation ↑ [45]
↑ Human PASMC, 

PAEC
ISCU1/2*↓ Fe-S 

deficiency↑
[42]

Mouse PASMC, 
PAEC

Mitochondrial 
metabolism↓

[41]

Proliferation ↑
(continued)
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RhoB has been identified as another target of miR-21a [21]. Knockdown of 
miR- 21a restored RhoB expression and Rho-kinase activity in mice. However, 
despite the increased miR-21a expression observed in hypoxia-treated HPAEC [21], 
RhoB has been shown to have twofold elevated level in HPAEC and HPASMC 
under hypoxia [36], as well as in chronic hypoxia-induced mouse lung tissue [37]. 
Moreover, RhoB activation is likely an early event in PH because it stabilizes 
HIF-1α during hypoxia in vivo and in vitro. Also, RhoB activation mediates prolif-
erative and migratory responses of both cell types in response to hypoxia [36].

3.3.2  miR-210 and the HIF-1α Pathway

miR-210 expression has been shown to be increased in response to hypoxia in a 
variety of cell types and therefore has been termed a “hypoxamiR” [38, 39]. 
Increased expression of miR-210 was observed in the small pulmonary arterioles in 
human PAH lung tissues resulting from activation of HIF-1α (Fig. 3.2) [40, 41]. 
Direct targets of miR-210 include iron–sulfur cluster assembly proteins 1/2 
(ISCU1/2), which altered mitochondrial metabolic integrity through Fe-S deficien-
cies involved in hypoxia-dependent PH in mice (Table 3.1) [41, 42]. Thus, these 
coordinated changes allow HIF-1α to have control over energy production and cel-
lular survival during hypoxic stress. Guo et al. demonstrated that hypoxia-induced 
expression of miR-210 also plays an anti-apoptotic role in HPASMC by directly 
targeting the cell-cycle regulator E2F3 [40]. Thus, miR-210 may have anti- apoptotic 
effects that protect HPASMCs from cell death during hypoxia [43, 44]. In addition, 
mitogen-activated protein kinase phosphatase 1 (MKP-1) has been shown to be a 
target of miR-210 [45]. MKP-1 is an inhibitor of extracellular-signal-regulated 
kinases (ERK), a key activator of the mitotic Ras pathway. Indeed, Jin et al. revealed 
that inhibition of miR-210 led to increased MKP-1 expression and decreased 
proliferation in HPASMC [45]. Overexpression of miR-210 resulted in decreased 
expression of MKP-1, but alone did not affect cell proliferation in HPASMC.
Expression of MKP-1 have not been quantified in PAH patients.

Table 3.1 (continued)

miRNA Regulation
Species/tissues/
cells Target gene(s)

PH-related 
function Ref

miR- 
424/503

↓ Human PAEC FGF2*↑ Proliferation ↑ [60, 
70]

miR- 
424

↑ Human MVEC CUL2*↓/HIF-1α↑ Angiogenesis↑ [106]
/HIF-2α↑

Asterisk (*) denotes mRNAs that have been shown to be direct targets of the associated miRNA
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3.3.3  MiR143/145 and the KLF4 Pathway

Increased expression of miR-145 has been observed in human PAH-PASMCs, lung 
tissue  from BMPR2-deficient mouse, and HPASMC from patients with BMPR2 
mutations [46]. These results are consistent with data demonstrating decreased 
expression of Krüppel-like factor 4 (KLF4) in lung tissue from PAH patients (Table 
3.1) [46, 47]. KLF4 is a group of transcription factors expressed in the vascular 
endothelium that exert anti-inflammatory and anticoagulant effects as well as 
increased endothelial nitric oxide synthase (eNOS) expression leading to increased 
eNOS activity [48]. BMP4 and TGF-β can induce contractile gene expression in 
HPASMC, and this was shown to be dependent on the increased expression of 
the miR-143-145 cluster (Fig. 3.2) [49]. Moreover, BMP4 and TGF-β inhibited 
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Fig. 3.2 Schematic representation of miRNAs associated with the BMP pathway in PH. At early 
stage (24–72 h) of PH, BMPR2 activation increases miR-21a expression. In turn, miR-21a nega-
tively regulates BMPR2 which results in decrease in BMPR2 protein expression at later stage of 
PH (negative feedback loop). At early stages, increased miR-21a targets RhoB, SPRY2, PDCD4, 
PTEN, and PPARγ to induce/inhibit PH-related cell functions. miR-27 also targets PPARγ to con-
tribute to vascular remodeling. PPARγ activation can induce PTEN as well as suppress both miR- 
21a and miR-27. miR-21a and miR-27 both can be activated by HIF-1α. miR-210 targets E2F3, 
ISCU1/2, and MKP-1 to induce/inhibit PH-related cell functions. BMP can also induce STAT3 and 
miR-143/145 cluster. miR-17-20a can be activated by IL-6 in a STAT3-dependent manner. miR- 
17- 20a contributes to impaired BMPR2 expression and to increased proliferation by inhibiting 
p21. Elevated level of miR-143/145 also results in decreased vasodilatation by suppressing KLF4. 
Genes grouped together in yellow boxes indicate targets of the associated miRNA.  The blue 
arrows indicate decreased expression, and the red arrows indicate increased expression of miR-
NAs observed in PH. The red lines denote activation and the blue lines denote inhibition of associ-
ated genes/phenotypes
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expression of KLF4 via miR-143/145. The authors suggest a dominant role of miR-
145  in the TGF-β or BMP4-mediated control of KLF4. miR-145 knockout mice 
exhibited increased KLF4 compared to wild-type mice [46]. Furthermore, miR-145 
knockout mice, as well as antagomiR-145-treated mice, did not develop PH in 
hypoxic conditions, suggesting that miR-145 is essential for the PH progression. 
Functionally, increased expression of KLF4 and KLF5 resulted in decreased expres-
sion of smooth muscle cell markers including α-SMA, calponin, and SM-MHC [50, 
51]. Inhibition of KLF4 led to decreased eNOS expression and therefore decreased 
eNOS activity [52]. Together these results suggest that inhibition of KLF4 contrib-
utes to vasoconstriction in PH.

3.3.4  miR-124/NFAT Pathway

The nuclear factor of activated T cells (NFAT) is a family of transcription factors 
that were first described to be important in immune response. NFAT consists of five 
members including four calcium-responsive isoforms (NFAT1-NFAT4). In the 
nucleus NFAT1–NFAT4 activate transcription of downstream target genes that play 
an important role in cellular functions associated with PH including proliferation 
and vascular remodeling. Recent studies revealed that NFAT family member expres-
sion was increased in PAH-HPASMC and HPASMC exposed to hypoxia resulting 
in increased cell proliferation and resistance to apoptosis [53]. In addition, increased 
expression and activity of NFAT was observed in PAH patients and animal models 
with chronic hypoxia-induced PH [54, 55].

Kang et al. reported that miR-124 directly targeted the 3′-UTR of NFATc1 and 
attenuated proliferation of PAH-PASMCs (Table 3.1) [56]. In HPASMC and mouse 
lung tissue, hypoxia induced a decrease in miR-124 expression, consistent with 
NFAT activation during this process. Functionally, miR-124 exhibits not only anti-
proliferative but also pro-differentiation effects in PASMC due to suppression of the 
NFAT pathway [56]. In addition, miR-124 has been implicated in the remodeling of 
pulmonary artery fibroblasts (PAF) in IPAH patient samples. Decreased level of 
miR-124 correlated with hyper-proliferation of IPAH-PAF and the overexpression 
of miR-124 was shown to inhibit proliferation [57]. Another study indicates that 
miR-124 inhibited NFAT signaling by suppressing CAMTA1 (calmodulin-binding 
transcription activator 1) and PTBP1 (polypyrimidine tract-binding protein 1), 
which are required for NFAT dephosphorylation and translocation to the nucleus 
(Fig. 3.3) [56].
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3.3.5  miR-124 and Other PH-Associated Pathways

miR-124 has additional targets distinct from the NFAT pathway. For example, miR- 
124 was also shown to inhibit expression of PTBP1, which regulates fibroblast pro-
liferation and migration through multiple cell cycle-related genes including 
NOTCH1, PTEN, and FOXO3 [57]. Along with decreased level of miR-124, ele-
vated HIF-2α expression was observed in IPAH-PAF, which has been identified as 
a protein that is essential for the hyper-proliferative and pro-migratory phenotype of 
adventitial fibroblasts in PH. miR-124 mimic was also shown to decrease level of 
HIF-2α in IPAH-PAF. HIF-2α is involved in cell cycle progression by inhibiting p21 
expression and enhancing activation of c-Myc (Fig. 3.3) [57, 58]. Inflammation is 
now recognized as an important contributor to the pathogenesis of PH. Compared to 
control subjects, patients with PAH exhibited higher level of monocyte chemoat-
tractant protein (MCP-1, chemokines) in plasma and the lung [59]. Decreased 
expression of miR-124 was also accompanied by increased expression of the mono-
cyte chemoattractant protein (MCP-1) in IPAH-PAF (Table 3.1) [57].

miR-17  miR-124  

p21

CAMTA1HIF2a PTB1NFAT

Cell
proliferation

Vascular
remodeling

Cell
migrationInflammation

Pulmonary Hypertension

MCP-1

c-Myc Notch1

Fig. 3.3 Schematic representation of the pathways regulated by miR-124  in PH.  Decreased 
expression of miR-124 leads to increased expression of HIF-2α, MCP-1, CAMTA1, NFAT, and 
PTB1 to induce/inhibit PH-related cell functions. CAMTA1 and PTB1 both contribute to NFAT 
activation. PTB1 mediates Notch1 signaling. HIF-2α induces proliferation by inhibiting p21 and 
stimulating c-Myc. Increased miR-17 also contributes to increased proliferation by inhibition of 
p21. Genes grouped together in yellow boxes indicate targets of the associated miRNA. The blue 
arrows indicate decreased expression, and the red arrows indicate increased expression of miR-
NAs observed in PH. The red lines denote activation and the blue lines denote inhibition of associ-
ated genes/phenotypes
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3.3.6  miR-130/301, PPARγ, and miR-204 Pathway

miR-130/301 family was characterized as a master regulator of a hierarchy of patho-
genic pathways relevant to PH. PH-associated PASMCs and PAECs in both murine 
and human were shown to have increased expression of miR-130/301. Increased 
expression of miR-130/301 activated the signal transducer and activator of tran-
scription 3 (STAT3) signaling pathway in HPASMC by targeting inhibition of 
PPARγ and ultimately leading to increased proliferation (Table 3.1) [60]. 
Furthermore, inhibition of PPARγ by miR130/301 leads to increase in endothelin-1 
(ET-1) expression (a vasoconstriction factor) in HPASMC [61].

STAT3 is negatively regulated by PPARγ; thus, the PH-associated inhibition 
of PPARγ is thought to lead to STAT3 activation and increased proliferation seen 
in IPAH patients [62, 63]. STAT3 activation in HPASMC inhibited expression of 
miR- 204, which resulted in increased activation of the Src activator (SHP2), and 
this reinforced STAT3 activation via a positive feedback loop that requires Src 
(Fig. 3.4) [64, 65]. Additionally, miR-204 has been identified as a negative regu-
lator of mouse aorta calcification that inhibited expression of a key transcription 
factor for osteogenesis – Runx2 [66]. Thus miR-204 likely contributes in arterial 
wall stiffness as well, which is one of the major causes for elevated PVR in 
patients with PAH [67].

3.3.7  miR-130/301, Apelin, and miR-424/503

In HPAEC increased expression of miR-130/301 activated apelin signaling path-
way by targeting inhibition of PPARγ and ultimately leading to increased prolif-
eration (Table 3.1) [60]. Apelin is an important peptide in PH due to its role in the 
regulation of proliferation of endothelial cells [68]. Apelin is normally activated 
by PPARγ; thus, decreased expression of PPARγ seen in PA sections from humans 
with PAH [35] is consistent with the observed decreased expression of apelin seen 
in serum from PAH patients [69]. Lower expression of apelin resulted in decreased 
miR-424 and miR-503 expression in PAH-HPAEC and animal PH models [70]. 
However, no significant changes in both miRNA levels were observed in PAH- 
HPASMC.  Nevertheless, overexpression of miR-424 and miR-503  in HPAECs 
significantly reduced the proliferative response of the HPASMCs in a paracrine 
manner. This information provides convincing evidence that both apelin and 
miR-424/503 are integral to PH pathogenesis and potential targets for therapeutic 
intervention.
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3.3.8  miR-17-92 and the Cell Cycle

miR-17-92 cluster produces a single polycistronic transcript which yields six mature 
miRNAs: 17, 18a, 19a, 19b, 20a, and 92a. miR-17-92 was shown to directly target 
the 3′-UTR of PDZ and LIM domain protein 5 (PDLIM5), which is essential for 
miR-17-92-mediated TGF-β3/SMAD signaling and consequently SMC phenotypes 
(Table 3.1) [71]. This study identified PDLIM5 as a negative regulator of TGFβ/
SMAD signaling and revealed that loss of PDLIM5 provoked hypoxia-induced pul-
monary vascular remodeling and overexpression of PDLIM5 suppressed PH.

Gene expression of miR-17-92 was shown to be elevated by interleukin-6 (IL-6) 
in a STAT3-dependent manner (Fig. 3.2) [72]. Consistent with this, patients with 
IPAH were found to have higher serum levels of IL-6 as compared with healthy 
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Fig. 3.4 Schematic representation of the pathways regulated by miR-130/301 in PH. miR-130/301 
inhibits PPARγ, p21, and eNOS to induce/inhibit PH-related cell functions. PPARγ can be sup-
pressed by miR-27 as well. Decreased level of PPARγ results in STAT3 and ET-1 activation. 
STAT3 inhibits miR-204 to increase Runx2 and SHP2 expression. Runx2 contributes to increased 
wall stiffness, whereas SHP2 maintains STAT3 activation through induction of Scr. NFAT also 
mediates proliferative effects of STAT3. Lower level of PPARγ leads to decreased miR-424/503 
expression in an apelin-dependent manner and is involved in decreased vasodilatation and 
increased proliferation. Genes grouped together in yellow boxes indicate targets of the associated 
miRNA. The blue arrows indicate decreased expression, and the red arrows indicate increased 
expression of miRNAs observed in PH. The red lines denote activation and the blue lines denote 
inhibition of associated genes/phenotypes
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controls. Moreover, transgenic mice overexpressing IL-6 developed spontaneous 
pulmonary hypertension [73]. This is also consistent with the observed increased 
expression of miR-17 at early stages of hypoxia- and MCT-induced PH in mouse 
and rat models [74]. In contrast, Chen et al. revealed decreased expression of miR- 
17- 92  in HPASMCs from IPAH patients [71]. However, in normal human and 
mouse PASMCs, the level of miR-17-92 was increased after exposure to hypoxia 
for the initial 6 h but decreased after 24 h of exposure to hypoxia. Thus, miR-17-92 
appears to contribute to PH via biphasic regulation: (1) at early stages of remodeling 
of blood vessels, enhanced miR-17-92 expression may inhibit p21 and provoke PH; 
(2) in the late progressive stages, decreased expression of miR-17-92 may increase 
expression of PDLIM5 and therefore stimulate vascular remodeling.

3.3.9  PH-Associated miRNA Cross Talk and Redundancy

As illustrated in Figs. 3.2, 3.3, and 3.4, multiple miRNAs often affect the same 
pathway. This cross talk between pathways and redundancy in the regulation of 
pathways reinforces their importance in the pathobiology of PH.  For example, 
BMPR2 can be inhibited by both miR-17-20a and miR-21a (Fig. 3.2) [21, 75]. 
PPARγ activity is also inhibited by multiple miRNAs including miR-130/301, miR- 
21a, and miR-27 (Figs. 3.2 and 3.4). miR-130/301 family appears to be involved in 
the development of increased proliferation in PH through targets other than PPARγ 
(Fig. 3.4). Brock et al. demonstrated that p21 is a direct target of miR-130 using 
reporter gene analysis [76]. In normoxic HPAECs, forced expression of miR-130a 
also resulted in decreased expression of eNOS and correlated with decreased vascu-
lar relaxation [61].

3.4  General Advances in miRNA Therapeutics

With a growing number of miRNAs being identified as regulators of disease, several 
approaches to miRNA therapy have been developed. The use of miRNA therapy in 
patients is becoming more realistic, and studies are showing promising results for a 
diverse range of diseases. There are two basic therapeutic strategies for miRNAs: 
replacement or inhibition and many miRNA therapies are in preclinical and clinical 
trials. The most advanced compounds currently in clinical trial are anti-miR-122 for 
the hepatitis C virus therapy followed by miR-34a for cancer treatment and anti- 
miR- 33a/b for atherosclerosis [77–81]. In addition to these therapeutic approaches, 
miRNA treatment delivery methods have also evolved. Vectors have been designed 
and packaged in nanoparticles, liposomal molecules, or viruses to deliver miRNA 
treatments to disease-related cells.

Many miRNAs have been found to have decreased expression in different types 
of cancers and disease processes [82]. Therefore, miRNA replacement therapy 
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works to replace the inhibited miRNAs through miRNA mimics [83, 84]. miRNA 
mimics are composed of oligonucleotides with the same sequence as the mature 
miRNA and can be either double-stranded DNA or single-stranded RNA [84]. 
However, studies indicate that double-stranded oligonucleotides have a higher 
potency (100–1000-fold) than single-stranded oligonucleotides [84, 85].

For diseases that have increased expression of miRNA, miRNA sponges offer a 
solution to inhibit a whole family of miRNAs allowing for a broader range of con-
trol over miRNA expression. miRNA sponges create a loss of function due to com-
petitive inhibition of the miRNA of interest [86, 87]. Ebert et al. demonstrated that 
miRNA sponges expressed at high levels inhibited a family of miRNA through 
complementary binding to a common seed region [87]. The inhibiting effects of 
miRNA sponges appear to be long lasting making them an attractive method for 
clinical treatment [86, 88].

Another miRNA inhibition therapy is antisense oligonucleotides (also referred to 
as antagomiRs) with locked nucleic acid (LNA) modifications. LNA-based anti-
sense oligonucleotides bind to and inhibit miRNAs directly, acting as anti-miRNAs. 
One of the benefits of LNA-based anti-miRNAs is that they work in a similar man-
ner as small interfering RNAs (siRNAs), which have been shown to work as thera-
peutic agents and several are currently in clinical trials. A limitation of LNA-based 
anti-miRNAs is that oligonucleotides are rapidly degraded by serum nucleases and 
therefore need to be chemically modified to stay in serum for longer periods of time 
[89]. Additionally, they can only target one miRNA at a time as shown by 
Montgomery et al. in a preclinical trial [88].

3.5  Potential for miRNA Target Therapies in PAH

While there are currently no clinical trials targeting miRNAs for the treatment of 
PAH, preclinical studies highlighted below open new avenues for the treatment of 
PAH using miRNA-based therapeutics.

3.5.1  PAH miRNA Replacement Therapy

Several examples using miRNA mimics suggest that replacement therapy may be a 
useful treatment strategy. Overexpression of miR-124 was shown to inhibit prolif-
eration in PAF from patients with IPAH [57]. Treatment with a synthetic miR-204 
mimic in MCT-induced PH rats showed a significant decrease in PAP, decreased pul-
monary artery remodeling, attenuated PASMC proliferation, and increased PASMC 
apoptosis [64]. Since miR-204 has been identified as a negative regulator of mouse 
aorta calcification that functions through repressing a key transcription factor for 
osteogenesis, Runx2 (Fig. 3.4) [66], miR-204 likely contributes to arterial wall stiff-
ness as well, which is one of the major causes for elevated PVR in patients with 
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PAH [67]. Kim et al. showed that overexpressing miR-424 and miR-503 provided a 
protective effect that ameliorates PH by markedly reducing right ventricular systolic 
pressure (RVSP) and right heart hypertrophy [70]. This is consistent with reported 
reversal of PH in mice with daily i.p. injections of 200 μg/kg apelin for 2 weeks 
compared to vehicle [90]. This information provides convincing evidence that miR- 
424/503 are also potential targets for therapeutic intervention.

3.5.2  PAH miRNA Inhibition Therapy

Preclinical data suggests that inhibition of critical miRNAs with antagomiRs also 
has promise. Treatment of HPASMC with antagomiR-21a restored PTEN expres-
sion and inhibited hypoxia-induced proliferation, further supporting the important 
role of miR-21a in PH pathogenesis [28]. Jin et al. inhibited miR-210 and observed 
re-expression of MKP-1 and consequently prevented hypoxia-induced cell prolif-
eration. AntagomiR-145 has been shown to have a protective effect against hypoxia- 
induced PH in mice by significantly reducing RVSP and pulmonary vascular 
remodeling [46]. An antagomiR-17 improved hemodynamic and structural changes 
presumably by inducing a well-known inhibitor of SMC proliferation, p21 [74]. 
Inhibition of miR-17-92 also resulted in increased PDLIM5 and prevented lung and 
heart vascular remodeling in PH [71].

3.5.3  PAH miRNA Diagnostics

Accumulating evidence suggested that circulating miRNAs could be developed as 
biomarkers for early diagnosis of the onset of PAH. Decreased level of miR-21 was 
reported in lung tissue as well as in serum from patients with IPAH [15]. Courboulin 
et al. reported that decreased expression of miR-204 in white blood cells correlated 
with PAH severity and might serve as a circulatory biomarker of PAH [64]. Also, 
increasing higher plasma levels of miR-130/301 family members were observed in 
patients with increasing hemodynamic severity of PH [60]. Another study used high-
density microarrays to identify circulating miRNAs in 12 well-characterized IPAH 
patients [91]. These results support that miR-130, miR-204, miR-145, and miR-27a 
can potentially be used as biomarkers for earlier and more accurate diagnosis of IPAH.

3.6  Target miRNAs for Treatment

These data collectively suggest that targeting miRNAs for treatment of PAH could 
be a powerful technology, but it is clear that there are several challenges that still 
need to be overcome.
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As mentioned earlier, over 2500 mature human miRNAs are registered in miR-
Base. Many of these belong to miRNA families with similar seed regions. Under 
physiological conditions, anti-miRNAs target all miRNAs within the same family 
with identical seed regions. This lack of target specificity may lead to harmful off- 
target effects of the anti-miRNA. Reports of successful targeting of the 3′ sequence 
of miRNAs or targeting the translation of pre-miRNAs suggests that these alterna-
tive strategies for inhibiting miRNAs may improve target specificity [92–95].

Molecules used to target miRNAs, both the miRNA target technology and the 
delivery system, may be detected by the innate and adaptive arms of the immune 
system constituting serious toxicological concerns. Chemical modification of oligo-
nucleotides helps to increase their RNA-binding affinity and resistance to cellular 
nucleases. However, these chemical modifications can induce sequence- independent 
toxicity in vivo [96]. Kerkmann et al. modified the sense strand nucleotides with 
poly(A) and minimized these immunostimulatory effects demonstrating that it is 
possible to derive safe oligonucleotide treatments [95].

Strategies will also need to be carefully considered in order to achieve the desired 
delivery of miRNA-targeted treatments to the disease site (distal pulmonary arteri-
oles) to improve therapeutic efficacy and decrease systemic and local side effects. 
Not only is it important to deliver appropriate levels of the miRNA targeted treat-
ment to the affected cells, but it is also critical that normal surrounding tissues be 
avoided to prevent on-target side effects in normal cells. A potential therapeutic 
target for PAH is the miR-17-92 cluster that is increased at early stages of PH and 
contributes to increased proliferation, vascular remodeling, RVSP, and right heart 
hypertrophy. However, miR-17-92 is expressed in many normal tissues, and tar-
geted deletion of miR-17–92 in mice causes death of neonates owing to lung hypo-
plasia and a ventricular septal defect [97]. Therefore, it is critical to develop targeted 
delivery approaches specifically to diseased cells. Identification of a cell surface 
antigen expressed uniquely on the diseased cells would allow use of antibodies or 
ligand binding domains to target the miRNA therapeutic to the appropriate cell type.

3.7  Summary and Future Research Directions

Multiple molecular mechanisms are involved in the development and progression of 
sustained pulmonary vasoconstriction, concentric pulmonary vascular remodeling, 
in situ thrombosis, and increased pulmonary vascular wall stiffness. As a posttran-
scriptional regulator, miRNAs are involved in the downregulation of multiple genes 
that cause vasodilation of pulmonary arteries and arterioles and regression of thick-
ened pulmonary vascular wall and eventually contribute to the development and 
progression of PAH. miRNAs are also indirectly involved in the upregulation of 
many genes that contribute to cell proliferation and growth, dedifferentiation, and 
migration, which subsequently result in concentric pulmonary vascular wall thick-
ening leading to the increased PVR and pulmonary hypertension. It is thus impor-
tant to understand the precise sequence of events by which certain miRNAs regulate 
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key genes (e.g., BMPR2, TRPC6, KCNA5, CASR, CAV1) that are involved in the 
development and progression of PAH. It is also critical to identify specific miRNAs 
that are major modulators of the pathogenic genes or signaling pathways involved 
in PAH.
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Chapter 4
Sex Hormones

Kaori Oshima and Masahiko Oka

Abstract Males and females are biologically distinct, and certain pathological 
conditions affect both sexes differently. Obvious sex difference exists in pulmonary 
arterial hypertension (PAH). The major sex difference is female sex hormones, 
especially estrogens, and therefore, the roles of estrogens have been intensively 
studied in PAH. The incidence of PAH in females is higher than in males, suggest-
ing a female-specific risk factor. However, a general notion that estrogens are car-
diovascular protective, and their protective effects demonstrated in animal models, 
resulted in the emerging concept of “estrogen paradox” in PAH. Later, it was found 
that female PAH patients live longer, suggesting the survival benefit of estrogens. 
Questions that need to be answered are (1) Why is PAH more prevalent in females 
despite the protective effects of estrogens? and (2) Why do female PAH patients 
show better survival despite the higher incidence of the syndrome? Even with the 
rigorous research efforts to answer these paradoxical questions, the field has not 
come to a consensus. This chapter summarizes the current leading theories for the 
estrogen paradox in PAH.
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4.1  Estrogen Paradox in PAH

It has long been recognized that the prevalence of PAH is higher in females than in 
males. Although the ratio of female to male varies depending on subgroups of PAH, 
epidemiological studies from various countries consistently demonstrate this female 
predominance in PAH [1–3]. A recent study showed that among male PAH patients, 
a higher level of estrogens was associated with PAH [4]. Higher female incidence in 
PAH is not found in pediatric, prepuberty patients [5]. These data collectively sug-
gest that female sex hormones, such as estrogens, have disadvantageous effects and 
play a role in PAH pathogenesis.

However, it is a general consensus that estrogens are cardiovascular protective. 
The incidence of atherosclerotic diseases is low in premenopausal females, while it 
increases after menopause, and postmenopausal use of estrogens is associated with 
reduced risk of cardiovascular disease [6]. Postmenopausal women also have 
increased risk of developing PAH [7], which suggests a protective effect of estro-
gens. Studies with two classical animal models, chronic hypoxia- and monocrotaline- 
induced pulmonary hypertension, have consistently shown protective effects of 
estrogens [8–10]. The protective effect of estrogens in hypoxic humans is indirectly 
supported by the male predominance in the incidence of high altitude-induced pul-
monary hypertension [11].

These studies in humans and animals suggest a protective effect of estrogens, 
which is contrary to the epidemiological data in PAH, which points to an opposite 
effect of estrogens. These conflicting results led to the concept, “estrogen paradox” 
[12–14].

Although classical experimental models consistently showed protective effect of 
estrogens, they presented with limited pathological phenotypes and did not fully 
recapitulate the human PAH. Therefore, various animal models were developed in 
recent years in an attempt to obtain a better understanding of the pathogenesis of 
PAH. The studies with transgenic animal models are unfortunately inconclusive and 
more confusing, showing protective or detrimental effects of estrogens in PAH. In 
the Sugen/hypoxia-exposed rat model of PAH, which closely mimics the human 
hemodynamic profile as well as the pulmonary vascular histopathology [15, 16], the 
difference between sexes in hemodynamic severity and PAH characteristics is also 
inconclusive [17, 18]. The data from studies of recent animal models are generally 
contradictory, and perhaps this reflects the differential effects of estrogens that can 
be exerted depending on the initiating stimuli for PAH. It also highlights the need 
for a better animal model that consistently demonstrates higher incidence and better 
outcome in females, similarly to the human PAH.

The estrogen paradox became more complicated when it was reported that 
female PAH patients have better survival [19] while male sex is associated with 
increased risk of death [2, 20]. These findings suggest estrogens have a beneficial 
effect in PAH, which appears contradictory to the epidemiological finding which 
indicates that estrogens are a risk factor.
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This estrogen paradox in PAH, i.e., females have higher prevalence but longer 
survival, has been a focus of numerous studies. They have investigated how estro-
gens exert harmful effects in the pulmonary circulation and how they provide sur-
vival benefit in female PAH patients. The exact mechanisms of these sex differences 
are unclear, and the field has not come to a consensus on whether estrogens are 
protective or harmful in PAH. This chapter summarizes current understanding of 
effects of the major female sex steroids, estrogens, on the PAH pathophysiology and 
the sex difference.

4.2  Published Theories for the Estrogen Paradox in PAH

The current knowledge on estrogens and the leading hypotheses on the estrogen 
paradox based on numerous studies are described below.

4.2.1  How Estrogens Exert Harmful Effects to the Pulmonary 
Circulation

4.2.1.1  Altered Estrogen Receptor (ER) Signaling

Altered estrogen receptor (ER) signaling is thought to contribute to PAH pathology. 
Estrogens exert their effects mainly via two types of ERs, ERα and ERβ, which 
mediate various genomic pathways [21]. In the pulmonary circulation, both ERα 
and ERβ are present and active in humans and rats [22, 23]. Multiple studies dem-
onstrate favorable effects of estrogens, including upregulation of endothelial nitric 
oxide synthase and prostacyclin synthase in the lungs via those receptors [24, 25]. 
Estrogen signaling can also be mediated via a G-protein-coupled membrane recep-
tor, GPR30, whose primary function is to activate non-genomic pathways to elicit 
acute effects of estrogens [12]. The relative proportion of each receptor and addi-
tionally their alternative splicing variants affect the overall effect of complex estro-
gen signaling [14].

In systemic vasculature, single-nucleotide polymorphisms (SNPs) in genes 
encoding ERα or ERβ are associated with development of myocardial infarction, 
hypertension, left ventricular hypertrophy, and stroke [12]. Genome-wide RNA 
expression profiling in the lungs indicated the upregulation of estrogen receptor 1 
(ESR1), which encodes ERα, in an idiopathic PAH cohort compared to idiopathic 
fibrosis and normal cohorts, both in males and females [26]. The ESR1 abnormality 
is also associated with increased risk of developing pulmonary hypertension in 
patients with advanced liver disease [27]. The significance of the ERs increases 
because non-estrogen ligands can also trigger ER activation in the absence of estro-
gens [14]. This genetic factor may predispose certain populations to increased risk 
of developing PAH.
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Studies in animal models have yielded conflicting results as to which receptor 
contributes to the PAH pathogenesis. 17β-Estradiol (E2), which is the most impor-
tant estrogen in premenopausal females, demonstrated a protective effect in the 
chronic hypoxia model, and this was dependent on both ERs [12, 28]. The protec-
tive effect of E2  in the monocrotaline model was mediated by ERβ [10]. On the 
other hand, in female rats of the same model, downregulation of lung ERα was 
observed, while no change was found in ERβ [29]. These results indicate that the 
roles of each receptor may depend on sex and pulmonary hypertensive stimulus. In 
addition, ER function may be altered as a consequence of mutations in other genes 
or environment of the vasculature. For example, pulmonary microvascular endothe-
lial cells with BMPR2 mutation showed dysregulation of ERα trafficking [30], 
which would affect the relative abundance and location of ERα. Hypoxia increased 
the expression of ERβ, but not ERα, in male rats [31].

Given the genetic alterations observed in human PAH patients, one possibility is 
that the altered ER signaling contributes to PAH pathogenesis, potentially as an 
additional “hit” for the onset of PAH, although the cause-and-effect relationship for 
this clinical observation is still unclear.

4.2.1.2  Altered Estrogen Metabolites

It has been suggested that an imbalance of estrogen metabolites may explain the 
estrogen paradox in PAH. Estrogens and their metabolites can elicit various effects 
that may oppose each other. A distinct feature that separates PAH from other forms 
of pulmonary hypertension is the extensive pulmonary vascular remodeling. The 
pathogenesis of this remodeling process is unclear, but antiapoptotic, proprolifera-
tive, and angiogenic cells and inflammation are implicated in the disease process. 
Estrogens and estrogen metabolites are known to play a role in the modulation of 
these cellular phenotypes and the environment, and, therefore, protective or harmful 
effects of estrogens and their metabolites are primarily evaluated based on these 
cellular behaviors.

Simplified estrogen metabolism is shown in Fig. 4.1. 17β-Estradiol (E2) is syn-
thesized from precursors by aromatase [14]. E2 is metabolized to 2- hydroxyestradiol 
(2-OHE2) and 4-hydroxyestradiol (4-OHE2) by the enzyme CYP1A1 and CYP1B1 
[12]. These hydroxyestradiols are quickly converted to 2-methoxyestradiol (2-ME2) 
and 4-methoxyestradiol (4-ME2) by the enzyme, catechol-O-methyltransferase 
(COMT) [14]. Estrone (E1) is the primary estrogen during menopause and has a 
weaker estrogenic activity than E2 [32]. E1 is also synthesized from precursors, as 
well as reversibly converted from E2 by 17β-hydroxysteroid dehydrogenase [12]. 
E1 subsequently is metabolized to 16α-hydroxyestrone (16α-OHE1) by CYP1B1 
[12].

An increased level of CYP1B1 is found in the lungs of idiopathic and heritable 
PAH patients as well as in various animal models of pulmonary hypertension, 
including chronic hypoxia- and Sugen/hypoxia-exposed rats [33]. This leads to 
increased levels of 16α-OHE1, which has innate effects of antiapoptosis, 
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 proproliferation, and pro-inflammation [12]. These properties suggest detrimental 
effects in pulmonary vascular remodeling by propagating undesirable cellular phe-
notypes. The unfavorable effects of 16α-OHE1 are demonstrated by studies in 
CYP1B1-null mice and in chronic hypoxia- and Sugen/hypoxia-exposed rats [33].

In heritable PAH, the higher activity of CYP1B1 results in a higher penetrance of 
PAH. Among the carriers of BMPR2 mutation, wild-type homozygous genotype of 
CYP1B1 was associated with lower urinary 2-OHE2/16α-OHE1, suggesting a shift 
toward proproliferative antiapoptotic metabolites [34]. In addition, high concentra-
tions of E2 and 16α-OHE1 reduce BMPR2 gene expression [30]. Therefore, 
increased activity of CYP1B1 and a subsequent increase of 16α-OHE1 levels appear 
to facilitate PAH pathogenesis.

An increased level of CYP1B1 also shifts the pathway toward more synthesis of 
2-ME2. 2-ME2 has antiproliferative and proapoptotic properties that suggest a pro-
tective role against vascular remodeling [13]. The beneficial effects of 2-ME2 are 
shown in the monocrotaline, bleomycin, and Sugen/hypoxia animal models [35–
37]. However, this theory of estrogen metabolites is challenged due to the weak 
affinity of 2-ME2 for the receptors [38] and to the study that showed that treatment 
with E2 attenuated pulmonary hypertension in the presence of a COMT inhibitor, 
which inhibits the synthesis of 2-ME2 [28].

Among patients with severe liver disease, SNPs in aromatase are associated with 
development of PAH [27], which suggests a protective role of E2. On the other 
hand, an increase in aromatase is reported in human PAH, as well as in the chronic 
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hypoxia- and Sugen/hypoxia-exposed models, and the inhibition of aromatase has 
been shown to have therapeutic effect in both rat models [17].

Taken together, altered estrogen metabolism in the pulmonary circulation can 
shift the cellular phenotypes from protective to harmful effects of estrogens in PAH 
pathology. The enzymes that modulate estrogen metabolism are present in vascular 
cells, which suggest that the local concentrations of the estrogen metabolites likely 
differ from circulating levels and contribute to cellular modulation [13]. Therefore, 
the effects of estrogen metabolites should be investigated in a more detailed and 
specific manner.

4.2.1.3  Microenvironment

The effect of E2 depends on the microenvironment of the target tissue/organ, 
affected by environmental and genetic background. This may contribute to the con-
flicting data among studies and the estrogen paradox.

One critical variable that contributes to the environment is the timing of E2 par-
ticipation in relation to progression status of the disorder. A study on atherosclerosis 
showed a protective effect of E2 in mild atherosclerotic patients and a harmful effect 
in advanced atherosclerotic patients [39]. As demonstrated in epidemiological stud-
ies in PAH, the patient age has significant effects on the hemodynamic profiles and 
survival [19, 40]. Environmental changes in the pulmonary circulation, such as oxy-
gen tension, are also important. In pulmonary arterial endothelial cells, E2 decreased 
VEGF expression upon exposure to hypoxia, while it had no effect on normoxic 
cells [28]. Genetic background is another key factor to the microenvironment. The 
genetic alterations that affect estrogen signaling and metabolism, such as SNPs in 
ESR1, aromatase, and CYP1B1, directly influence the estrogen signaling and 
metabolism. As seen in the higher penetrance of pulmonary hypertension in BMPR2 
mutation carriers, the effects of estrogens are also affected by other genetic altera-
tions. The effects of estrogens depend on the target vascular layers (media vs. 
intima) and the condition of endothelium (intact/quiescent vs. dysfunctional), as 
well as the concentrations of estrogens [13]. Therefore, the effects of estrogens are 
dictated by various factors that compose the microenvironment.

4.2.2  How Estrogens Exert Survival Benefit in Female PAH 
Patients

4.2.2.1  Cardiac Protective Effect of Estrogens

The estrogen paradox may be partly explained by the organ-specific effect of estro-
gens. The hypothesis is that estrogens may be harmful to the pulmonary arteries, but 
protective in the heart. Since a major determinant of survival in PAH is right heart 
function [20], the better cardiac function provided by E2 effects benefits female 
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PAH patients. Right ventricular function, defined by right ventricular ejection frac-
tion, was better in female PAH patients and was improved with PAH-specific thera-
pies in female patients, while males did not benefit [41, 42]. Exogenous hormone 
therapy is associated with better right ventricular systolic function [43]. In the 
Sugen/hypoxia rat model, female rats developed significantly less cardiac fibrosis 
[44], and exogenous E2 treatment improved right heart function [18]. On the other 
hand, female PAH patients tend to have more severe vascular remodeling and 
inflammation in pulmonary arteries [45]. In the Sugen/hypoxia model, female rats 
developed more intimal, angio-proliferative lesions compared to males [44]. These 
results may indicate the potential roles of estrogens in exacerbating the vascular 
remodeling while protecting the heart function in PAH.

4.3  The Perspective

The overall effect of estrogens is determined by numerous factors such as age, 
genetic background, oxygen tension, cell types, cell condition, concentration of 
estrogens, expression levels of ERs, estrogen metabolites, co-regulators of estro-
gens, and organs [46]. Therefore, whether estrogens are protective or detrimental as 
an end result depends on the balance of all the components in the target tissue/
organ.

One of the key features of estrogens is that they apparently exhibit opposite 
effects depending on the timing/progression of the disorder (i.e., whether the dis-
ease was already established or not). Estrogens are protective if present at the time 
of a disease onset, but ineffective when administered in later stages of the pathol-
ogy. This is supported by studies of atherosclerosis and Alzheimer’s disease, as well 
as of balloon injury-induced carotid artery stenosis [46]. It is, therefore, important 
to fully elucidate exactly what factors determine how estrogens behave, protective 
or detrimental, in the hypertensive pulmonary circulation. Development of animal 
models of PAH that recapitulate human pathology and epidemiology may be 
required to settle this issue.

Additionally, a recent large clinical study has surprisingly revealed that young 
female PAH patients (<45 years) have better hemodynamic profiles as compared to 
men [40]. Although more detailed subcategorized analyses of these epidemiological 
data are needed, such as longitudinal follow-up studies focusing on sex and hor-
monal status, the implication of this observation could be that estrogens are benefi-
cial, even in the damaged pulmonary circulation in PAH. Then, the question is why 
PAH is more frequent but less severe in females, or if there is any specific stimuli/
stimulus that favors females to trigger less severe PAH. This could be a very critical 
issue in this field that needs to be carefully addressed in the future.
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4.4  Conclusion

The “estrogen paradox” is not limited to the PAH field. It is now clear that the 
effects of estrogens in the cardiovascular system are not only beneficial but also 
detrimental based on the conflicting results of hormone replacement therapy [39, 
47]. Estrogens modulate various aspects of the pulmonary circulation, such as vas-
cular tone, cellular proliferation, apoptosis, angiogenesis, as well as inflammatory 
status, and their effects can be either good or bad depending on various factors. 
Unfortunately, the current understanding of the roles of estrogens in PAH is incom-
plete, and many more studies are needed to define their exact roles. Altered estrogen 
metabolism, altered estrogen signaling, and the microenvironment are likely con-
tributing to the conflicting and paradoxical effects of estrogens. It is thus critical to 
perform thorough, rigorous studies of the diverse and complex estrogen 
pharmacology.
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Chapter 5
Rho-Kinase as a Therapeutic Target 
for Pulmonary Hypertension

Kimio Satoh, Koichiro Sugimura, and Hiroaki Shimokawa

Abstract Pulmonary vascular remodeling contributes to the development of pul-
monary vascular resistance in patients with pulmonary hypertension (PH). The 
development of PH involves a multiple genetic, molecular, and humoral abnormali-
ties, in which fibroblasts, vascular smooth muscle and endothelial cells, and inflam-
matory cells play a crucial role. A series of studies demonstrated the important roles 
of Rho-kinase in the cardiovascular system. The RhoA/Rho-kinase pathway plays 
important roles in many cellular functions, including contraction, motility, prolif-
eration, and apoptosis, and its excessive activity induces oxidative stress. 
Furthermore, the important role of Rho-kinase has been demonstrated in the patho-
genesis of many cardiovascular diseases including PH. Additionally, cyclophilin A 
is secreted by vascular smooth muscle cells, inflammatory cells, and activated plate-
lets in a Rho-kinase-dependent manner, playing important roles in a wide range of 
cardiovascular diseases. Therefore, the RhoA/Rho-kinase pathway plays crucial 
roles in both physiological and pathological conditions and is an important thera-
peutic target in cardiovascular medicine. Here, we will review the recent advances 
regarding the importance of Rho-kinases in the development of PH and as a thera-
peutic target.

Keywords Cardiovascular system • Inflammation • Oxidative stress • Rho-kinase

5.1  Introduction

Inflammation contributes to the pathogenesis of pulmonary arterial hypertension 
(PAH), which is characterized by pulmonary vascular remodeling [1]. Endothelial 
cell dysfunction, vascular smooth muscle cell (VSMC) proliferation, perivascular 
inflammation, and bone morphogenetic protein receptor 2 (BMPR2) mutation are 
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important in the development of PAH, which leads to right ventricular failure and 
premature death [1]. Hypoxia promotes VSMC proliferation and chronic hypoxic 
exposure of mice induces pulmonary vascular remodeling [2]. Pulmonary vascular 
inflammation plays a crucial role for the development of hypoxia-induced pulmo-
nary hypertension (PH) [3, 4], for which Rho-kinase plays a crucial role [5–7]. 
Additionally, Rho-kinase promotes secretion of cyclophilin A (CyPA) from VSMCs, 
and extracellular CyPA stimulates VSMC proliferation in  vivo [8]. Extracellular 
CyPA induces endothelial cell adhesion molecule expression, induces apoptosis, 
and is a chemoattractant for inflammatory cells [9]. Basigin (Bsg) is an extracellular 
CyPA receptor [10] and is an essential receptor for malaria, which disrupts nitric 
oxide metabolism and causes harmful endothelial activation, including the Rho/
Rho-kinase activation [11]. Therefore, the Rho-kinase/CyPA/Bsg signaling may 
contribute to the development of PH. In this chapter, we will review the recent prog-
ress in the understanding of Rho-kinase signaling pathway in the development of 
PH, which is a novel therapeutic target in patients with PAH.

5.1.1  Roles of Rho-Kinases in the Cardiovascular System

Rho-kinases (Rho-kinase α/ROKα/ROCK 2 and Rho-kinase β/ROKβ/ROCK 1) 
were identified as the effectors of the small GTP-binding protein, RhoA, indepen-
dently by the three research groups [12–14]. During the last 20 years, significant 
progress has been made in the understanding of the molecular mechanisms and 
therapeutic importance of Rho-kinases in the cardiovascular system. The Rho fam-
ily of small G proteins comprises 20 members of ubiquitously expressed proteins in 
mammals, including RhoA, Rac1, and Cdc42 [15, 16]. Among them, RhoA acts as 
a molecular switch that cycles between an inactive GDP-bound and an active GTP- 
bound conformation interacting with downstream targets. Rho-kinases play impor-
tant roles in many intracellular signaling pathways [17, 18].

5.1.2  Functional Differences Between ROCK1 and ROCK2

To elucidate the functions of the ROCK isoforms in vivo, ROCK1- and ROCK2- 
deficient mice have been generated [19, 20]. Importantly, ROCK1-deficient mice 
were born with their eyelids opened [19], whereas ROCK2-deficient mice presented 
placental dysfunction and fetal death [20, 21]. Thus, the role of ROCK2, the main 
isoform in the cardiovascular system, remained to be fully elucidated in vivo. In 
order to address this point, we developed tissue-specific knockout mice for ROCK1 
and ROCK2. Using VSMC-specific ROCK2 knockout mice, we demonstrated that 
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in VSMC, ROCK2 plays a crucial role in the development of hypoxia-induced PH 
[5]. These mutant mice revealed normal growth and body weight under physiologi-
cal conditions. However, in wild-type mice, chronic hypoxia significantly increased 
ROCK2 expression and ROCK activity in the lung tissues and caused PH and right 
ventricular hypertrophy, all of which were suppressed in the VSMC-specific ROCK2 
knockout mice [5].

5.1.3  Roles of Rho-Kinase in VSMC Function

Rho-kinase has been implicated in the pathogenesis of cardiovascular diseases, in 
part by promoting VSMC proliferation [22–24]. Rho-kinase plays an important role 
in mediating various cellular functions, not only VSMC contraction [25, 26] but 
also actin cytoskeleton organization [27], adhesion, and cytokinesis [16]. Thus, 
Rho-kinase plays a crucial role for the development of cardiovascular disease 
through inflammation, EC damage, VSMC contraction, and proliferation. Rho- 
kinase inhibitors have excellent vasodilator activity and can induce vasodilation 
especially when the vasoconstrictor tone is increased by a variety of mechanisms, 
including enhanced calcium entry through activation of G protein-coupled recep-
tors, ventilator hypoxia, and NOS inhibition [28].

5.1.4  Pathological Roles of Rho-Kinase in the Cardiovascular 
System

Accumulating evidence indicated that Rho-kinase plays important roles in the 
pathogenesis of a wide range of cardiovascular diseases [16, 29, 30]. Indeed, the 
RhoA/Rho-kinase pathway not only mediates VSMC hypercontraction but also pro-
motes cardiovascular diseases by enhancing ROS production [15, 31, 32]. The ben-
eficial effects of long-term inhibition of Rho-kinase for the treatment of 
cardiovascular disease have been demonstrated in various animal models such as 
coronary artery spasm, arteriosclerosis, restenosis, ischemia/reperfusion injury, 
hypertension, PH, stroke, and cardiac hypertrophy/heart failure [15, 16, 26, 29]. 
Gene transfer of dominant-negative Rho-kinase reduced neointimal formation of 
the coronary artery in pigs [33]. Long-term treatment with a Rho-kinase inhibitor 
suppressed neointimal formation after vascular injury in vivo [34, 35], monocyte 
chemoattractant protein (MCP)-1-induced vascular lesion formation [36], constric-
tive remodeling [37, 38], in-stent restenosis [39], and development of cardiac 
allograft vasculopathy [40].
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5.1.5  Rho-Kinase-Mediated Development of Cardiovascular 
Diseases

In EC, Rho-kinase downregulates eNOS [41] and substantially activates pro- 
inflammatory pathways, including enhanced expression of adhesion molecules. The 
expression of Rho-kinase is accelerated by inflammatory stimuli such as AngII and 
IL-1β [42] and by remnant lipoproteins in human coronary VSMC [43]. Rho-kinase 
also upregulates NAD(P)H oxidases and augments AngII-induced ROS production 
[44–46].

Several growth factors are secreted by VSMC in response to oxidative stress. 
Among them, CyPA has been identified as a protein that is secreted by VSMC, 
inflammatory cells, and activated platelets in a Rho-kinase-dependent manner [47–
49]. Secreted extracellular CyPA stimulates ERK1/ERK2 in VSMC, contributing to 
ROS production and creating a vicious cycle for ROS augmentation [50, 51]. Rho- 
kinase, a downstream effector of RhoA, mediates myosin II activation via phos-
phorylation and inactivation of myosin II light chain phosphatase [17]. Myosin 
II-mediated vesicle transport is required for CyPA secretion from VSMC in a Rho- 
kinase- dependent manner. Moreover, extracellular CyPA activates platelets via 
basigin (CD147)-mediated phosphoinositide-3-kinase (PI3K)/Akt signaling, lead-
ing to enhanced adhesion and thrombus formation [52, 53]. Moreover, thrombin 
suppresses eNOS in EC via Rho-kinase pathway [54]. Thus, CyPA and Rho-kinase 
function in concert, leading to the development of vascular diseases. Indeed, CyPA 
may be a key mediator of Rho-kinase that generates a vicious cycle for ROS aug-
mentation, affecting EC, VSMC, and inflammatory cells [49].

Importantly, CyPA plays a crucial role in the translocation of Nox enzymes, such 
as p47phox [55], contributing to VSMC proliferation and vascular diseases [56]. 
Since ROS production by Nox enzymes activates other oxidase systems, CyPA and 
Nox enzymes amplify ROS formation in a synergistic manner, leading to augmenta-
tion of oxidative stress. Additionally, CyPA secretion from VSMCs requires ROS 
production, RhoA/Rho-kinase activation [30]. Thus, both intracellular and extracel-
lular CyPA contribute to ROS production in the three-legged race with Rho-kinase 
activation. Furthermore, basigin has been identified as an extracellular receptor for 
CyPA in inflammatory cells [57] and VSMCs [58]. Further knowledge of the extra-
cellular CyPA receptors on vascular cells will contribute to the development of 
novel therapies for cardiovascular diseases.

5.1.6  Rho-Kinase in Pulmonary Hypertension

Rho-kinase is involved in the pathogenesis of PH as it is associated with hypoxic 
exposure, endothelial dysfunction, VSMC proliferation, enhanced ROS production, 
and inflammatory cell migration [59]. Pulmonary vascular dysfunction plays a cru-
cial role in the development of hypoxia-induced PH [3, 4], for which Rho-kinase 
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plays a crucial role [5–7]. Long-term treatment with fasudil suppresses the develop-
ment of monocrotaline-induced PH in rats [60] and hypoxia-induced PH in mice 
[61]. Furthermore, we have recently demonstrated the crucial role of ROCK2 in the 
development of hypoxia-induced PH using VSMC-specific ROCK2 knockout mice 
[5]. Consistently, we observed Rho-kinase activation in patients with pulmonary 
arterial hypertension (PAH) [62]. Furthermore, fasudil significantly reduced pulmo-
nary vascular resistance in patients with PAH [63, 64].

Since CyPA secretion is regulated by Rho-kinase [50, 65], we further tested the 
hypothesis that CyPA contributes to the development of PH in mice and humans 
[58]. Importantly, we demonstrated that extracellular CyPA and its receptor, basigin 
(Bsg, CD147), are crucial for hypoxia-induced PH as they induce growth factor 
secretion, inflammatory cell recruitment, and VSMC proliferation [58]. Based on 
these findings, we proposed a novel mechanism for hypoxia-induced PH in which 
hypoxia induces growth-promoting genes in VSMCs through a CyPA/Bsg- 
dependent pathway [58].

These results suggest that extracellular CyPA and vascular Bsg are crucial for PH 
development and could be potential therapeutic targets. Intravenous injection of a 
number of different Rho-kinase inhibitors reduces pulmonary arterial pressure even 
under resting conditions [66]. These results suggest that Rho-kinase plays a physi-
ological role in the maintenance of baseline vasoconstrictor tone in the pulmonary 
and systemic vascular beds and is involved in the development of PH. Furthermore, 
we demonstrated that the combination therapy with fasudil and sildenafil showed 
synergistic effects through inhibition of Rho-kinase activity for the treatment of PH 
in rats [6].

5.1.7  Rho-Kinase as a Therapeutic Target

Rho-kinase inhibitors, fasudil [67], and Y-27632 [68] have been developed and 
proved to inhibit Rho-kinase activity in a competitive manner with ATP at the Rho- 
binding site [69]. Hydroxyfasudil, a major active metabolite of fasudil, exerts a 
more specific inhibitory effect on Rho-kinase [44, 70]. The role of the Rho-kinase 
pathway has been emerging, and the indications of Rho-kinase inhibitors have been 
expanding in cardiovascular medicine [15, 16, 29–31]. Currently, many pharmaceu-
tical companies and manufacturers have strong interests in the RhoA/Rho-kinase 
signaling and the development of its inhibitors [26, 29, 31]. Among them, Akama 
et al. performed a kinome-wide screen to investigate the members of the benzoxa-
borole family and identified Rho-kinase as a target [71, 72]. Based on the role of 
Rho-kinase in disease processes that include smooth muscle contraction, fibrosis, 
and inflammation, the target and therapeutic applications for Rho-kinase inhibitors 
are mainly in the field of cardiovascular diseases. However, our recent study dem-
onstrated a crucial role for Rho-kinase in cardiac development [73], which may 
warn against the use of Rho-kinase inhibitors during pregnancy. Until date, we dem-
onstrated that several medications, including statins, calcium channel blockers, and 
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eicosapentaenoic acid (EPA), have an indirect inhibitory effect on Rho-kinase [16, 
30]. Thus, the higher doses of these drugs during pregnancy might potentially cause 
the development of congenital heart diseases [74].

5.1.8  Conclusions

Rho-kinase is substantially involved in the pathogenesis of PH and Rho-kinase 
inhibitors may be useful for the treatment of PH.
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Chapter 6
The Unique Property of the Pulmonary Artery 
Regarding the Smooth Muscle Effects 
of Proteinase-Activated Receptor 1: 
The Possible Contribution to the Pathogenesis 
of Pulmonary Hypertension

Katsuya Hirano

Abstract Pulmonary hypertension is characterized by the progressive elevation of 
pulmonary vascular resistance. Vasoconstriction, vascular remodeling, and throm-
bus formation are the major contributing factors for increased vascular resistance. 
Thrombotic arteriopathy and increased coagulability are associated with pulmonary 
hypertension. Anticoagulation therapy exerts beneficial effects which improve the 
survival of patients. The coagulation system may contribute to the pathogenesis and 
pathophysiology of pulmonary hypertension. Proteinase-activated receptor 1 (PAR1) 
mediates the vascular effects of thrombin. In systemic circulation, PAR1 predomi-
nantly exerts endothelial effects in normal arteries, while the smooth muscle effects, 
such as vasoconstriction and vascular remodeling, are limited. In contrast, the pul-
monary artery has a unique property with regard to the smooth muscle effects of 
PAR1. PAR1 induces vasoconstriction, even in normal arteries. Rho-associated 
coiled-coil-containing protein kinase and reactive oxygen species contribute to the 
PAR1-mediated pulmonary vasoconstriction. Accordingly, PAR1 is suggested to 
play a critical role in the pathogenesis and pathophysiology of pulmonary hyperten-
sion, by contributing to vasoconstriction and vascular remodeling. PAR1 is therefore 
a potential new therapeutic target for the treatment of pulmonary hypertension. 
However, the pathological contribution of PAR1 to pulmonary hypertension remains 
to be established in future investigations.
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6.1  Proteinase-Activated Receptor Family

The proteinase-activated receptors (PARs) form a unique family of G protein- 
coupled receptors, which belong to the δ group of class A rhodopsin receptors [1–3]. 
The first member, PAR1, was cloned from a cDNA library of megakaryocytes, which 
are a precursor of platelets, as a thrombin receptor which mediates platelet activa-
tion [4]. Four subtypes, PAR1-PAR4, are currently known. Of these, PAR1, PAR3, 
and PAR4 serve as receptors for thrombin [1, 2]. PAR1 and PAR3 contain amino acid 
sequences which are similar to those seen in the thrombin-binding domain of hiru-
din; thus, they are high-affinity receptors for thrombin [1]. PAR3 is considered to 
lack signaling activity by itself, but functions a cofactor of PAR1 or PAR4. PAR3 
modulates the signaling activity of PAR1 or facilitates the thrombin activation of the 
low-affinity receptor PAR4 [1, 5]. Accordingly, PAR1 plays an important role as a 
high-affinity, signaling receptor for thrombin. In the vascular system, the most rel-
evant agonists are the proteinases which are involved in blood coagulation and fibri-
nolysis, such as thrombin, factors VIIa and Xa, plasmin, and activated protein C [1, 
2]. The PARs are therefore thought to play critical roles under pathological situa-
tions in which coagulation-fibrinolysis activity increases and thereby contribute to 
the pathogenesis and pathophysiology of various vascular diseases, including ath-
erosclerosis, hypertension, cerebral vasospasm, and pulmonary hypertension.

6.1.1  The Activation and Signaling of the PARs

The PARs are activated by a unique mechanism. The activation depends on the pro-
teolytic cleavage of the N-terminal extracellular domain of the receptor molecule 
(Fig. 6.1). This cleavage unveils a cryptic ligand region, which in turn activates the 
receptor [1, 2]. The canonical activation sites for human PAR1, PAR2, and PAR4 are 
R41/S42, R36/S37, and R47/G48, and the minimal sequences of the ligand region 
are SFLLRN, SLIGKV, and GYPGQV, respectively [6]. The synthetic peptides that 
correspond to (but which are not necessarily identical to) the ligand region are capa-
ble of activating the relevant receptors without receptor cleavage. Such peptides are 
referred to as PAR-activating peptides.

Noncanonical cleavage has also been shown to activate receptor signaling [7–9]. 
The noncanonical cleavage sites of human PAR1 are R46/N47 for activated protein 
C, D39/P40 for matrix metalloproteinase 1, S42/F43 for matrix metalloproteinase 3, 
L45/R46 for elastase, and A36/T37 for proteinase 3 [9]. In this case, it causes biased 
signaling [7–9]. The canonical activation of PAR1 by thrombin causes Gq/Ca2+ sig-
naling, G12/13/RhoA signaling, and β-arrestin/ERK signaling [7–9]. In contrast, acti-
vated protein C activates β-arrestin/Rac and Akt signaling, matrix metalloproteinase 
1 activates G12/13/RhoA and MAP kinase signaling, matrix metalloproteinase 3 
 activates Gq/Ca2+ and ERK signaling, and elastase and proteinase 3 activate Gi/MAP 
kinase signaling [9].
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6.1.2  The Vascular Effects of PAR1 Under Physiological 
Conditions

The interaction between coagulation factors and the vessel wall plays a critical role 
in the pathology of vascular diseases. The PARs are some of the most important 
molecules mediating this interaction. In endothelial cells, thrombin causes 
endothelium- dependent relaxation or contraction [1, 2, 6]. Nitric oxide (NO), pros-
tacyclin, and hyperpolarization mediate the relaxant response, while prostaglandin 
H2, thromboxane A2, and endothelin-1 mediate the contractile response [2, 6]. 
Thrombin also causes migration, proliferation, angiogenesis, barrier dysfunction, 
pro-inflammatory conversion of the phenotype, and the production of cytokines and 
reactive oxygen species (ROS) in endothelial cells [1, 2, 10]. The phenotypic con-
version of endothelial cells is characterized by an increase in the expression of vas-
cular cell adhesion molecule 1, intercellular adhesion molecule 1, and plasminogen 
activator inhibitor 1 and tissue factor and a decrease in the expression of endothelial 
NO synthase. In smooth muscle, thrombin causes contraction, migration, proliferation, 
and the production of extracellular matrix, cytokines, endothelin-1, and ROS [1, 2, 10].

In normal arteries of the systemic circulation, the most frequently observed vaso-
motor effect of thrombin is an endothelium-dependent relaxation [2]. Smooth mus-
cle contraction has been reported in the some types of arteries, such as the guinea 
pig aorta, the rabbit aorta, and the canine coronary artery [2]. No contractile effect 
has been observed in many other types of arteries including the rat aorta [11], the 
rabbit femoral artery [12], the rabbit mesenteric artery [13], the rabbit basilar artery 
[14, 15], the porcine coronary artery [16], or the porcine renal interlobar artery [17]. 
As a result, the endothelial effects of PAR1 predominantly occur in normal arteries 
of the systemic circulation, while the smooth muscle effects are limited. These vas-
cular effects of PAR1 are consistent with its exclusive expression in endothelial cells 
in normal human arteries [18].

Fig. 6.1 Activation of a 
proteinase-activated 
receptor
The agonist proteinase 
cleaves the N-terminal 
extracellular region, 
thereby unveiling a 
cryptic ligand region, 
which in turn interacts 
with and activates the 
receptor
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6.1.3  The Upregulation and Impaired Desensitization of PAR1 
in Smooth Muscle Under Pathological Conditions 
Affecting Systemic Circulation

The smooth muscle effects of PAR1, such as contraction, migration, proliferation, 
and the production of extracellular matrix, become apparent due to an increase in 
the activity of PAR1 under pathological conditions [2]. Increases in PAR1 activity 
can be attributed to either an increase in expression or the impairment of receptor 
desensitization [2, 18–20]. During the development of atherosclerotic lesions in the 
human coronary artery, the endothelium-dependent relaxant effect of PAR1 
decreases and eventually disappears, while the smooth muscle contractile effect 
becomes predominant in accordance with the upregulation of PAR1 expression [18, 
19]. The PAR1 upregulation and increased contractile effect are observed in various 
pathological situations [2, 21], including balloon injury and subarachnoid hemor-
rhage [12, 14, 15]. However, the mechanism underlying the upregulation of the 
receptor may differ according to the situation. In the case of subarachnoid hemor-
rhage, thrombin is suggested to induce the upregulation of PAR1 by activating PAR1 
itself, because a thrombin inhibitor and PAR1 antagonist have been shown to prevent 
the upregulation or increased activity [14, 22].

Once activated, PAR1 is then subjected to phosphorylation, β-arrestin binding, 
endocytosis, and lysosomal degradation [21]. Since the activation of PAR1 is an 
irreversible process that depends on the proteolytic removal of the extracellular 
region, these processes which occur after PAR1 activation play an important role in 
the negative regulation and eventual termination of the signaling activity of acti-
vated PAR1. It is conceivable that PAR1 obtains sustained signaling activity, when 
these receptor desensitization mechanisms are impaired. In fact, the thrombin- 
induced contraction has been shown to persist after the termination of thrombin 
stimulation in the basilar artery isolated from a model of subarachnoid hemorrhage 
[15, 22, 23]. Furthermore, the administration of antioxidative agents (vitamin C and 
tempol) in combination with a thrombin inhibitor prevented the impairment of 
receptor desensitization during subarachnoid hemorrhage.

6.2  The Vasoconstrictor Effect of Thrombin 
in the Pulmonary Artery

6.2.1  The Unique Property of the Pulmonary Artery in Regard 
to the Vasoconstrictor Effects of PAR1

Thrombin and PAR1-activating peptide not only cause endothelium-dependent 
relaxation but also smooth muscle contraction in the porcine pulmonary artery, even 
under physiological conditions [24, 25]. The contractile response to PAR1 agonists 
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is consistently observed in various species, including the pig [24–27], sheep [28], 
guinea pig [29], and mouse [30]. The vasoconstrictor effect of thrombin was shown 
to be abrogated in PAR1 knockout mice [30]. The observation of the consistent vaso-
constrictor effect of PAR1 in the normal pulmonary artery is in clear contrast to that 
seen with the majority of normal arteries of the systemic circulation, which exhibit 
endothelium-dependent relaxant response, but not a contractile response, to 
thrombin.

Furthermore, an isometric tension study demonstrated that the main pulmonary 
artery (external diameter: approximately 2 cm), the left pulmonary artery (external 
diameter: approximately 1 cm), proximal (corresponding to the segmental branch; 
external diameter: approximately 4 mm) and distal (corresponding to the subseg-
mental branch or a more distal branch; external diameter: approximately 1–2 mm) 
branches of the intrapulmonary artery exhibited a similar responsiveness to throm-
bin when normalized to the level seen with high K+-depolarization [24]. These 
observations suggest that the relative responsiveness to thrombin was similar along 
the vasculature of the pulmonary artery, at least from the main pulmonary artery 
through the distal branch of the intrapulmonary artery. However, it remains to be 
established whether a similar responsiveness to thrombin can be extrapolated to the 
more distal precapillary arterioles, which play an essential role as a main site of the 
lesions which contribute to the pathogenesis and pathophysiology of pulmonary 
hypertension.

6.2.2  The Mechanisms Underlying PAR1-Mediated Pulmonary 
Vasoconstriction

The contraction of vascular smooth muscle is primarily regulated by the Ca2+-
dependent reversible phosphorylation of the 20-kDa regulatory myosin light chain 
(MLC) [31]. However, the quantitative relationship between the degree of Ca2+ sig-
naling and the extent of the contraction depends on the types of contractile stimu-
lants or relaxant agents that are used [32]. The agonist stimulation generates a 
greater degree of contraction for a given degree of Ca2+ signaling in comparison to 
that seen with membrane depolarization. This phenomenon is referred to as an 
increase in the myofilament sensitivity to Ca2+ [32, 33]. The regulation of MLC 
phosphatase activity plays a critical role in the regulation of the myofilament Ca2+ 
sensitivity [32, 33]. The phosphorylation of a regulatory subunit of MLC phospha-
tase, named myosin phosphatase target subunit 1 (MYPT1), or an inhibitor protein 
of MLC phosphatase, named 17-kDa PKC-potentiated inhibitory protein of type 1 
protein phosphatase (CPI-17), causes the inactivation of the MLC phosphatase 
activity, thereby enhancing the myofilament Ca2+ sensitivity [32, 33]. Rho-associated 
coiled-coil-containing protein kinase (ROCK), zipper-interacting kinase, and 
integrin- linked kinase play a major role in phosphorylating MYPT1 or CPI-17 and 
therefore regulate myofilament Ca2+ sensitivity [32, 33]. As a result, the canonical 
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mechanisms regulating the smooth muscle contraction consist of the Ca2+-dependent 
MLC phosphorylation and regulation of myofilament Ca2+ sensitivity.

In the presence of extracellular Ca2+, thrombin and PAR1-activating peptide 
induced the sustained elevation of the cytosolic Ca2+ concentrations ([Ca2+]i) and 
MLC phosphorylation in the porcine distal intrapulmonary artery [24, 25]. 
Furthermore, both PAR1 agonists induced the contraction at the fixed level of [Ca2+]i 
in membrane-permeabilized preparations of the porcine distal intrapulmonary 
artery [24]. This observation indicates that PAR1 activation causes an increase in the 
myofilament Ca2+ sensitization. The thrombin-induced MLC phosphorylation, the 
increase in the myofilament Ca2+ sensitivity, and the contraction are all inhibited by 
a ROCK inhibitor (Y27632), while thrombin induces the phosphorylation of 
MYPT1 at the ROCK phosphorylation site [24, 25]. As a result, the PAR1-mediated 
contraction appears to be attributable to the canonical mechanism of smooth muscle 
contraction (Fig. 6.2). Namely, PAR1 activation causes Ca2+-dependent MLC phos-
phorylation as well as the activation of ROCK activity, which then phosphorylates 
MYPT1, inhibits the MLC phosphatases activity, and increases the myofilament 
Ca2+ sensitivity.

In the absence of extracellular Ca2+, both thrombin and PAR1-activating peptide 
induce sustained contraction to a similar or greater extent than that seen in the pres-
ence of extracellular Ca2+ [25]. However, this contraction is not associated with any 
increase in [Ca2+]i or MLC phosphorylation [25]. A noncanonical mechanism is 
therefore suggested to be involved in this contraction. Hydrogen peroxide also 
causes Ca2+ and MLC phosphorylation-independent contraction in the absence of 
extracellular Ca2+, while pretreatment with N-acetyl-L-cysteine inhibits the PAR1- 
mediated contraction in the absence of extracellular Ca2+ [25]. In fact, PAR1 ago-
nists only induce ROS production in the absence of extracellular Ca2+ [25]. These 
observations suggest that the PAR1-mediated contraction seen in the absence of 
extracellular Ca2+ is mediated by ROS (Fig. 6.2). Although the precise mechanism 
through which ROS cause smooth muscle contraction remains to be elucidated, 
ROCK inhibitor inhibits the PAR1-mediated ROS production and the contraction 
that is seen in the absence of extracellular Ca2+ [25]. In line with this fact, thrombin 
induces the phosphorylation of MYPT1 at the ROCK phosphorylation site in the 
absence of extracellular Ca2+, which supports the activation of ROCK (Fig. 6.2) [25].

It should be noted that PAR1 agonists induce ROS production in the presence of 
extracellular Ca2+, when the activity of glutathione peroxidase (GPx), one of scav-
enger enzymes against ROS, is inhibited [25]. The GPx activity is in fact suppressed 
in vitamin D–deficient hypocalcemic rats [34], suggesting the dependence of the 
GPx activity on extracellular Ca2+. It is conceivable that the contribution of ROS to 
the PAR1-mediated vasoconstrictor effect becomes apparent in the absence of extra-
cellular Ca2+ due to the suppression of scavenger activity (represented by GPx) (Fig. 
6.2). In other words, although PAR1 is capable of producing ROS irrespective of the 
presence or absence of extracellular Ca2+, the contribution of an ROS-mediated non-
canonical mechanism to the vasoconstriction in the presence of extracellular Ca2+ is 
cloaked due to the preserved ROS scavenging activity (Fig. 6.2). The production of 
ROS may increase, and the scavenging activity may decrease under the pathological 

K. Hirano



83

situation of pulmonary hypertension [35–37]. Furthermore, the activity of ROCK is 
elevated in the rat model of monocrotaline-induced pulmonary hypertension and in 
patients with idiopathic pulmonary arterial hypertension [38, 39]. It is therefore 
hypothesized that both canonical and noncanonical mechanisms contribute to the 
vasoconstriction in pathological pulmonary hypertension.

6.3  The Possible Involvement of PAR1 in the Pathogenesis 
of Pulmonary Hypertension

Pulmonary hypertension is characterized by a progressive increase in pulmonary 
vascular resistance. Vasoconstriction, vascular remodeling, and thrombus formation 
are major pathological findings that contribute to an increase in vascular resistance 
(Fig. 6.3). Thrombus formation and thrombotic pulmonary arteriopathy are 

Fig. 6.2 The mechanisms underlying thrombin-induced pulmonary vasoconstriction
The schematic illustration summarizes the mechanisms of the thrombin-induced pulmonary vaso-
constriction based on previous observations [24, 25]. The contraction seen in the presence of extra-
cellular Ca2+ ([Ca2+]o) is dependent on Ca2+ and myosin light chain (MLC) phosphorylation, while 
that seen in the absence of [Ca2+]o is independent of Ca2+ and MLC phosphorylation, but dependent 
on reactive oxygen species (ROS). Rho-associated coiled-coil-containing protein kinase (ROCK) 
phosphorylates myosin phosphatase target subunit 1 (MYPT1) of MLC phosphatase (MLCP), 
thereby inactivating MLCP and augmenting MLC phosphorylation in the presence of [Ca2+]o. 
ROCK induces ROS production and also contributes to the ROS-dependent, Ca2+ and MLC 
phosphorylation- independent contraction in the absence of [Ca2+]o. However, the mechanism by 
which ROS causes smooth muscle contraction remains unknown (?). Abbreviations: GPx glutathi-
one peroxidase, MLCK MLC kinase. The yellow circles containing the letter “P” indicate the 
phosphorylated form of protein
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commonly observed in patients with pulmonary hypertension [40, 41]. Increased 
coagulability is also observed in patients with pulmonary hypertension [42, 43]. 
Five out of seven clinical studies (one prospective and six retrospective case-control 
studies) demonstrated the beneficial effect of anticoagulation therapy in improving 
the survival of patients with pulmonary hypertension [44]. The recent large-scale 
COMPERA study with 1283 patients with pulmonary arterial hypertension also 
demonstrated that anticoagulation treatment significantly improved the 3-year sur-
vival of idiopathic pulmonary arterial hypertension patients [45]. However, the 
REVEAL registry failed to demonstrate a significant improvement in the survival of 
187 patients who received anticoagulation therapy [46]. The therapeutic effects of 
anticoagulation therapy remain controversial [44–46].

PAR1 causes contraction, migration, proliferation, and the production of extra-
cellular matrix, endothelin-1, cytokines, and ROS in vascular smooth muscle. These 
effects have the potential to induce vasoconstriction and vascular remodeling 
thereby contributing to the pathogenesis and pathophysiology of pulmonary 
 hypertension (Fig. 6.3). The unique property of the pulmonary artery regarding the 
smooth muscle effect of PAR1 may therefore play a fundamental role in the coagula-
tion system and PAR1 to contribute to the pathogenesis of pulmonary hypertension. 
The involvement of ROCK and ROS in PAR1-mediated pulmonary vasoconstriction 
also supports the potential contribution of PAR1 to the pathogenesis and pathophysi-
ology of pulmonary hypertension, because it is associated with increases in ROCK 
activity and ROS production. Moreover, it is possible that the expression of PAR1 is 
upregulated and that the desensitization mechanism is impaired in pulmonary 
hypertension as is observed in pathological conditions that affect the systemic 
circulation.

However, the role of PAR1 in the pathogenesis and pathophysiology of pulmo-
nary hypertension still remains to be investigated. In animal models, investigations 
on the preventive effects of pharmacological intervention with PAR1 antagonists or 

Fig. 6.3 The proposed 
role of PAR1 in the 
pathogenesis and 
pathophysiology of 
pulmonary hypertension
The coagulation system 
contributes to the 
increase in pulmonary 
vascular resistance by 
inducing obstructive 
lesions and by inducing 
vasoconstriction and 
vascular remodeling via 
PAR1 activation
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the genetic knockout of PAR1 are expected to provide plausible answers to this 
question. If the pathological role of PAR1 is established, it may lead to a paradigm 
shift in the understanding of the pathogenesis and pathophysiology of pulmonary 
hypertension, especially in regard to the role of thrombus formation. Namely, 
thrombus formation contributes to the pathogenesis and pathophysiology of pulmo-
nary hypertension, by not only causing occlusive lesions of pulmonary artery but 
also by inducing vasoconstriction and vascular remodeling via PAR1 (Fig. 6.3). In 
that case, PAR1 would be a potentially useful therapeutic target for the treatment of 
pulmonary hypertension.
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Chapter 7
Animal Models with Pulmonary Hypertension

Kohtaro Abe

Abstract Pulmonary arterial hypertension (PAH) comprises a multifactorial group 
of pulmonary vascular disorders that frequently lead to right heart failure and pre-
mature death. Histologically, patients with severe PAH have combinations of small 
pulmonary arterial medial and adventitial thickening, occlusive neointima, and 
complex plexiform lesions. Despite recent advances in treatments targeting those 
remodeled pulmonary arteries, the mortality in severe PAH is still high. To explore 
the novel treatment for severe PAH, better understandings of the pathogenesis of 
these lesions are needed. Numerous studies to investigate the pathogenic cellular 
and molecular mechanisms have been done using conventional animal models (i.e., 
chronically hypoxic and monocrotaline-injected rats) of pulmonary hypertension 
(PH). Although these animal models have contributed to provide important mecha-
nistic insights for the development of the treatments, they do not develop the histo-
logical hallmarks of PAH, plexiform lesions. This chapter provides an overview of 
the histological characteristics observed in humans with pulmonary hypertension 
and preclinical models and discusses the better model to be used for investigating 
the pathogenesis of PAH and preclinical drug evaluations.

Keywords Pulmonary hypertension • Animal model • Vascular endothelial growth 
factor (VEGF) • Plexiform lesions

7.1  Pathological Findings of Pulmonary Vascular Lesions 
in Human PAH

Pulmonary arterial hypertension (PAH: World Health Organization Group 1 pulmo-
nary hypertension) is frequently severe and leads to right heart failure and death [1]. 
The major contributing factors to increase pulmonary arterial resistance and pres-
sure include sustained vasoconstriction, in situ thrombus, and progressive vascular 
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remodeling [2, 3]. Particularly, vascular remodeling is thought to be a major player 
to narrow small pulmonary arteries in patients with advanced PAH. In 1958, Heath 
and Edwards classified six grades of hypertensive pulmonary arterial lesions accord-
ing to histological features in media and intimal areas in 69 patients primarily with 
congenital heart disease-associated pulmonary hypertension (previously known as 
secondary pulmonary hypertension). [4]. As shown in Table 7.1, a medial muscular 
pulmonary artery is hypertrophied toward vascular lumen (grade1) at the early stage 
of PAH. As advance in pulmonary hypertension, proliferation of intimal cells in 
arterioles and small muscular arteries raises a fibrous thickening from a cellular 
thickening (grades 2 and 3). At the late stage, the plexiform lesions (grade 4) appear 
with neointimal lesions. Of note, this study also indicated the indistinguishable 
lesions in two patients with primary pulmonary hypertension (currently known as 
idiopathic PAH). These remodeled pulmonary arteries obviously contribute to 
increases in pulmonary arterial resistance and pressure in PAH. Numerous studies 
using lung tissue samples from patients have been done for better understandings of 
the pathogenesis and developing novel treatments of PAH. However, these clinical 
studies include the following critical limitations. First, it is essentially impossible to 
obtain the lung samples at the early-stage patients, because, in most cases, only a 
single lung specimen becomes available at the time of transplant or at autopsy. 
Second, it is also impossible to obtain serial lung tissue samples for detailed assess-
ment of the lung vascular morphology/pathobiology because of its invasiveness. 
Third, it is impossible to exclude the effects of treatments (i.e., a high dose of 
 intravenous epoprostenol) on the cellular and molecular signaling, because most of 
the end-stage patients have received various treatments [5]. Therefore, a novel 
experimental model that precisely simulates the clinical PAH phenotype is needed 
to solve these problems.

Table 7.1 Histological features of grades of hypertensive pulmonary vascular lesions (Heath- 
Edwards classification)

Grades of hypertensive pulmonary vascular lesions
1 2 3 4 5 6

Types of media of  
arteries/arterioles

Types of intimal  
reaction

NA necrotizing arteritis
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7.2  Conventional Animal Models with Pulmonary 
Hypertension

In order to investigate the pathogenesis of PAH, several animal models with pulmo-
nary hypertension have been utilized [6]. The most frequently used animal models 
are the chronic hypoxia- and monocrotaline-exposed rodents. It is true that these 
conventional models have contributed to the better understanding of the pathogen-
esis of PAH and provided valuable information to the subsequent clinical studies. 
However, they do not adequately replicate human PAH.

7.2.1  Monocrotaline

Monocrotaline is a toxic pyrrolizidine alkaloid made from the plant Crotalaria 
spectabilis [7, 8]. Rats are most commonly used since mice cannot convert mono-
crotaline into the monocrotaline pyrrole due to the lack of the hepatic metabolism 
by cytochrome P-450. Generally, an adult male rat is administered with a single 
injection of monocrotaline (typically 60  mg/kg subcutaneously or intraperitone-
ally), then leading to high pulmonary arterial pressures within 3 weeks and a death 
of unknown cause. Although the mechanisms that monocrotaline causes pulmonary 
hypertension have not been fully understood, it is widely thought that endothelial 
injury and accumulation of inflammatory cells caused by monocrotaline may play 
an important role in the development of vascular remodeling [6, 7, 8]. However, this 
model presents only increased vascular wall thickness medial wall thickness (grade 
1) but not neointimal lesions, which are frequently observed in the late stage of 
human PAH. In addition, monocrotaline directly causes myocarditis with significant 
liver and kidney damages, suggesting that the multiple organ failure is a possible 
cause of death in this model [9, 10]. Thus, monocrotaline-exposed rats do not seem 
to replicate idiopathic PAH in human, even though they have severe pulmonary 
hypertension.

7.2.2  Chronic Hypoxia

Various types of animals develop mild to moderate pulmonary hypertension after a 
couple of weeks under hypoxic (typically 10 % O2) or hypobaric conditions [6, 11]. 
Generally, rats and mice exposed to 3-week hypoxia present only increased vascular 
wall thickness (grade 1). However, there is no evidence of right heart failure in 
chronic hypoxia-exposed animals [6]. Thus, this model does not also seem to ade-
quately replicate severe PAH.

7 Animal Models with Pulmonary Hypertension
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7.3  Other Animal Models with Pulmonary Hypertension

7.3.1  Fawn-Hooded Rats

Fawn-hooded rats spontaneously present severe pulmonary hypertension and extent 
of medial hypertrophy, which are further developed in the mild hypoxia of Denver’s 
high altitude [12, 13]. However, they develop not only pulmonary but also systemic 
hypertension, which is not typical in human PAH.

7.3.2  Mice Overexpressing S100A4/Mts1

S100A4/Mts1, a member of the S100 family of calcium-binding proteins, was ini-
tially found in metastatic mouse mammary adenocarcinoma cells [14]. Transgenic 
mice overexpressing S100A4/Mts1 develop pulmonary arterial changes resembling 
human neointimal lesions leading to occlusion of the arterial lumen [15]. The 
plexiform- like lesions were also observed in this mice model. However, surpris-
ingly, there was no evidence of medical wall thickness and severe pulmonary 
hypertension.

7.3.3  Mice Overexpressing IL-6

Several reports have indicated that serum levels of interleukin-6 (IL-6) were ele-
vated and that the expression in the lungs was increased in patients with PAH [16]. 
Mice, which overexpress IL-6, were reported to develop pulmonary hypertension, 
which was enhanced by chronic exposure to hypoxia [17]. Of note, this animal 
model demonstrates not only medical wall thickness but also intimal occlusive 
lesions. However, there was no evidence of plexiform lesion formations.

7.3.4  Murine Models with BMPR2 Mutations

Bone morphogenetic protein receptor type 2 (BMPR2] mutations are found in approx-
imately 80 % of cases of heritable PAH and approximately 20 % of idiopathic PAH 
patients [18, 19]. Since the function of the BMPR2 receptor serves as an internal brake 
against TGF-β signaling, loss of BMPR2 function activate TGF-β signaling, resulting 
in various proliferative and inflammatory responses. Compared to wild-type mice, 
transgenic mice with heterozygous BMPR2 mutations develop increased wall thick-
ness with mild pulmonary hypertension under normoxic condition [20]. When 
BMPR2 deficiency mice are exposed to hypoxia for 3–5 weeks, they showed further 
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increases in RV systolic pressure and medial thickness of small pulmonary arteries 
without intimal lesions [20, 21]. These results suggest that the BMPR2 mutation alone 
may be insufficient to generate severe pulmonary hypertension.

7.4  What Do We Need to Establish the Preclinical Model 
Resembling Human Pathologic Findings?

As summarized in Table 7.2, there are no models that replicate human severe PAH 
with occlusive intimal and complex plexiform lesions. Therefore, some investiga-
tors attempted to modify these models to develop pulmonary vascular lesions. 
Tanaka et al. have reported that monocrotaline-exposed rats with a subclavian to 
pulmonary artery anastomosis develop neointimal changes [22]. White et al. have 
also demonstrated that monocrotaline given to left pneumonectomized young rats 
caused severe pulmonary hypertension accompanied by development of occlusive 
intimal lesions [23]. These results suggest that at least two “hits” (monocrotaline 
pulse excessive shear stress) are necessary for the development of intimal lesions of 
small pulmonary arteries. Interestingly, the model reported by White presented peri-
vascular plexiform-like lesions. The majority of cells in these lesions, which are 
comprised by α-smooth muscle actin- and vascular endothelial growth factor 
(VEGF)-positive cells, are highly proliferative. Also, these lesions include disorga-
nized vascular channels lined by von Willebrand factor (an endothelial marker)-
positive cells. The similar features of these lesions are observed in vascular lesions 
of human PAH. On the other hand, there is a major difference in time course of 
lesion formation between White’s model and human PAH. In contrast to the devel-
opment of plexiform lesions in advanced and severe stages of human PAH, the 
plexiform-like lesion in pneumonectomized rats develops very early (within 1 week) 
before the establishment of severe pulmonary hypertension.

Table 7.2 Histological characteristics in conventional animal models with pulmonary hypertension

Models Species
Pulmonary 
hypertension

Medial 
hypertrophy

Intimal 
lesions

Plexiform 
lesions

Chronic hypoxia R, M, D, 
G, P, S

Low Yes No No

MCT R, D, S High Yes No No
MCT/pneumonectomy R, D, S High Yes Yes Yes or no
Fawn-hooded R High Yes No No
S100A4/Mts4 overexpressing M Low Yes Yes No
IL-6 overexpressing M Low Yes Yes No
BMPR2+/− M Low Yes No No
Systemic shunt R, D, P, S High Yes Yes Yes or no

Grade is characterized MCT, monocrotaline; SERT, serotonin transporter; BMPR2, bone morpho-
genetic protein receptor type 2; “yes” characteristic is present; “no” characteristic is not present
R rats, M mice, D dos, G guinea pigs, P pigs, S sheep

7 Animal Models with Pulmonary Hypertension
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7.5  Preclinical Animal Model with Severe PH and Complex 
Occlusive Lesion Formation

In 2001, Tuder et al. have reported that VEGF and VEGF receptor-2 are overex-
pressed in both intimal and plexiform lesions in human PAH [24]. They initially 
hypothesized that the blockade of VEGF signaling by VEGF receptor blocker 
Sugen(SU)5416, semaxinib, might attenuate the development of pulmonary hyper-
tension in chronic hypoxia-exposed rats (Sugen5416/hypoxia/normoxia-exposed 
rats) [25]. However, unexpectedly, this “two-hit” rats present severe pulmonary 
hypertension and occlusive intimal lesion 3 weeks after SU5416 injection, unlike 
chronic hypoxia-exposed alone rats [25]. Although it is not totally clear how VEGF 
blockade accelerates pulmonary hypertension and occlusive intimal lesion in 
chronic hypoxia-exposed rats, Taraseviciene-Stewart et  al. proposed the possible 
mechanisms as the following [25, 26]. The initial blockade of VEGF by SU5416 
causes endothelial cell apoptosis in pulmonary arteries, and then majority of cells 
are killed. However, survived apoptosis-resistant endothelial cells are proliferated to 
occlude the vascular lumen under hypoxic condition, which is assumed to increase 
shear stress on the surface of inner cells. Interestingly, high pulmonary arterial pres-
sure induced by the combination of SU5416 and hypoxia is sustained even after 
return to normoxia. They concluded that by 5 weeks (3 weeks of chronic hypoxia 
and 2 weeks of reexposure to normoxia) after the SU5416 injection, this “two-hit” 
model, but neither SU5416 nor hypoxia alone, develops severe progressive PAH 
associated with formation of occlusive neointimal lesions in small pulmonary arter-
ies and arterioles. However, the plexiform lesions characteristic of human severe 
PAH have not been observed 5-week time point after SU5416 injection [26, 27].

We have previously reported that the later stages (i.e., 13–14 weeks after the 
SU5416 injection) of the SU5416/hypoxia/normoxia- exposed rats would develop 
plexiform lesions with progressive pulmonary hypertension (Fig. 7.1a) [28]. As 
shown in Fig. 7.1b, RV systolic pressure (RVSP, a marker of systolic pulmonary 
arterial pressure) initially increased time dependently, and it appeared to reach its 
maximum (>100  mmHg) around 5  weeks after SU5416 injection and stayed at 
about the same high level thereafter. At the 3- to 5-week time point, cardiac index 
(CI) decreased to approximately 50 % of normal and tended to further decrease at 
the 8- and 13-week time points. Reflecting the increases in RVSP and the reductions 
in CI, estimated total pulmonary resistance index (TPRI) estimated by dividing 
RVSP by CI showed a progressive increase from 1 to 13 weeks (Fig. 7.1c) [29]. 
There was no significant elevation in systemic arterial pressure. Serial histological 
examination revealed that SU5416/hypoxia/normoxia-exposed rats time depend-
ently demonstrated various forms of vascular remodeling without lung parenchymal 
abnormalities (Fig. 7.2a). Following Heath-Edwards classification, medial wall 
hypertrophy (grade 1) and neointimal thickening (grades 2 and 3) appeared from 
3- to 5-week time points after the SU5416 injection. At 13–14  weeks after the 

K. Abe



95

SU5416 injection, rats developed severe PAH accompanied by concentric laminar 
neointimal and complex plexiform lesions (grade 4) strikingly similar to that 
observed in human severe PAH.  Unfortunately, mice with the combination of 
SU5416 and hypoxia failed to develop severe pulmonary hypertension and complex 
plexiform lesion [30]. The reason for the difference between the rat and murine 
models is unknown.

The mortality rate of SU5416/hypoxia/normoxia-exposed SD rats was low 
despite of low cardiac function. This result is uncommon in human PAH with RV 
dysfunction. However, this mortality rate was significantly worsening in Fischer344 
with the combination of SU5416 and hypoxia, even though the severities of both 
pulmonary hypertension and RV function are similar between SD and Fischer 344 
rats [31, 32]. In addition, the mortality rate in SU5416/hypoxia/normoxia-exposed 
SD rats increases after treadmill exercise [33], probably because complete resting 
state may prevent the death associated with RV heart failure in this model. Thus, 
some modifications of this model are needed to replicate time course of human 
PAH.

0        1                3 5 8 13 wks

SU5416
20 mg/kg sc. 

NormoxiaHypoxia

A

B              RVSP (mmHg) C   TPRI (mmHg/ml/min/kg)

Fig. 7.1 SU5416/normoxia/hypoxia-exposed PAH rats. Protocol of SU5416/normoxia/hypoxia 
model (a), temporal changes in right ventricular systolic pressure (RVSP) (b) and total pulmonary 
resistance index (TPVRI) (c) in Sugen5416/hypoxia/normoxia-exposed rats at 1, 3, 5, 8, and 13 
weeks after the Sugen5416 injection (Modified from Abe [28] and Toba [29])

7 Animal Models with Pulmonary Hypertension
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7.6  Conclusion

This chapter reviewed the similarities and differences among various models and 
human PAH from the point of view of pathophysiological findings. Numerous ani-
mal models have been investigated since the monocrotaline-exposed rat was firstly 
described in 1967 [7]. It is true that these animal models have provided variable 
mechanisms of the development and maintenance of PAH. However, there is no 
perfect animal PAH models mimicking human severe PAH. We should understand 
this fact, when we plan to translate preclinical data to clinical.
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Chapter 8
Human Pathology

Hatsue Ishibashi-Ueda and Keiko Ohta-Ogo

Abstract The vascular histopathology of the patients with pulmonary hypertension 
is very important for the understanding of the pathogenesis, disease severity, and 
expectance of prognosis. The clinical symptoms and signs of pulmonary arterial 
hypertension (PAH) are similar even among various types of etiologies. The vascu-
lar pathology of PAH also shows common expressions among primary PAH and 
secondary PAH.  The histology is usually corresponding to hemodynamically 
affected location of pulmonary vascular bed, i.e., precapillary, capillary, or postcap-
illary. Primary causes of precapillary disturbance include cardiac left-to-right shunt 
and pulmonary embolism. Postcapillary pulmonary hypertension (PH) includes 
mitral stenosis or left ventricular failure. Some types of pulmonary arterial remodel-
ing such as medial hypertrophy and intimal cellular thickening due to PAH are 
considered to be the occurring reverse remodeling after adequate therapies. Here, 
according to the classification proposed at the 2013 World Symposium on Pulmonary 
Hypertension held in Nice, histopathological expressions about PAH are presented, 
and the recognition of pulmonary vascular changes may help to use diagnostic 
imaging modality such as MRI and angiography for the therapy for PAH.

Keywords Histopathology • Complex lesions • Plexiform lesion

8.1  Introduction

The pulmonary vessel morphology is quite different from that of systemic circula-
tion because of hemodynamics. Some types of pulmonary vascular changes are not 
seen in systemic vessels. The disease of persistent pulmonary hypertension (PH) 
usually shows morphological changes. The location of underlying principle dis-
eases of pulmonary vessels may be divided in precapillary, capillary, and postcapil-
lary parts. Especially, the pulmonary arteries can change the morphology based on 
the degree and duration of pulmonary artery pressure. These findings were already 
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well known as a Heath and Edwards classification. They classified morphological 
characteristics in 1958 using grades 1–6, mainly focusing on the thickening of the 
pulmonary artery wall, for the decision of the surgical indications for pulmonary 
arterial hypertension in congenital heart disease (CHD) with a left-to-right shunt 
[1]. In the Heath-Edwards classification grade, the famous plexiform lesions corre-
spond not only to CHD but also to grade 4. In grades 5 and 6, there are complex 

Table 8.1 Modification of pathological classification of vasculopathies of pulmonary hypertension, 
consensus from the 3rd World Symposium on PAH in Venice, 2003 [3]

1. Pulmonary arteriopathy (pre- and intra-acinar arteries)
Subsets
  Pulmonary arteriopathy with isolated medial hypertrophy
  Pulmonary arteriopathy with medial hypertrophy and intimal thickening (cellular, fibrotic)
  Concentric laminar
  Eccentric, concentric nonlaminar
  Pulmonary arteriopathy with plexiform and/or dilation lesions or arteritis
  Pulmonary arteriopathy with isolated arteritis
1a. As above but with coexisting venous-venular changes (cellular and/or fibrotic intimal 
thickening, muscularization)
  The presence of the following changes should be noted:
  Adventitial thickening; thrombotic lesions (fresh, organized, recanalized, colander lesion); 

necrotizing or lympho-monocytic arteritis; elastic artery changes (fibrotic or atheromatous 
intimal plaques, elastic laminae degeneration); bronchial vessel changes, ferruginous 
incrustation, calcifications, foreign body emboli, organized infarct perivascular lymphocytic 
infiltrates

2. Pulmonary occlusive venopathy, PVO (veins of various size and venules) with or without 
coexisting arteriopathy (formerly pulmonary veno-occlusive disease, PVOD)
  Histopathologic features:
  Venous changes: intimal thickening/obstruction (cellular, fibrotic), obstructive fibrous luminal 

septa (recanalization)
  Adventitial thickening (fibrotic), muscularization, iron and calcium incrustation with foreign 

body reaction:
  Capillary changes: dilated, congested capillaries; angioma-like lesions
  Interstitial changes: edema, fibrosis, hemosiderosis, lymphocytic infiltrates
  Others: dilated lymphatics, alveoli with hemosiderin-laden macrophages, type II cell 

hyperplasia
3. Pulmonary microvasculopathy, PM (formerly pulmonary capillary hemangioma, PCH) with 
or without coexisting arteriopathy and/or venopathy
  Histopathologic features:
  Microvessel changes: localized capillary proliferations within pulmonary interstitium, 

obstructive capillary proliferation in veins and venular walls
  Venous-venular intimal fibrosis
  Interstitial changes: edema, fibrosis, hemosiderosis
  Others: dilated lymphatics, alveoli with hemosiderin-laden macrophages, type II cell 

hyperplasia
4. Unclassifiable
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lesions with grade 4 changes, such as vasculitis, fibrinoid changes, and hemorrhage, 
and the clinical severity is said not to differ between these three grades. In 1970, 
Wagenvoort reported severe PH in CHD as plexogenic arteriopathy. Wagenvoort [2] 
also observed these plexiform lesions in idiopathic pulmonary hypertension and 
reported that they occur during the terminal period of pulmonary hypertension. In 
recent years, post-lung transplant outcomes have quite improved, and also medica-
tion therapy for PH has advanced, making this refractory disease receive global 
attention and become an attractive topic for medical researchers. Furthermore, as 
more numbers of the patients with corrected CHD in childhood are reaching adult-
hood in these days, the complication of pulmonary hypertension is also an impor-
tant issue among adult CHD.  In 2003, during the 3rd World Symposium on 
Pulmonary Arterial Hypertension held in Venice, Italy, clinical classifications and 
new classifications for pulmonary histopathology were also presented from the 
pathologists group (Table 8.1) [3]. They proposed the disease concept of primary 
pulmonary hypertension (PPH) as pulmonary arterial hypertension (PAH) and sug-
gested that descriptions be used histopathologically for pulmonary artery lesion 
sites and the presence of concomitant inflammatory findings. In this chapter, we 
simplify these classifications and provide an outline of the pathology of pulmonary 
artery lesions focusing on PAH in accordance with the updated clinical classifica-
tion presented at the 5th World Symposium on Pulmonary Hypertension held in 
Nice, France, in 2013 (see Chap. 7. Animal Models with Pulmonary Hypertension) 
[4] and the Japanese Circulation Society guidelines [5].

8.2  Pathological Classification

8.2.1  Group 1: Pulmonary Arterial Hypertension (PAH) 
Caused by Increased Pulmonary Artery Pressure

Under the condition of increased pulmonary artery pressure, pathological lesions 
commonly appear as usually muscular hypertrophy of media in the precapillary 
part, i.e., peripheral pulmonary small arteries and arterioles that are ≤500 μm in 
diameter. Histopathological appearance of pulmonary arteries shows no difference 
in group 1, from 1.1 to 1.3. The traditional Heath-Edwards grades (1–6) [1] are 
often used for pathological assessment. The Heath-Edwards grades 1, 2, and 3 are 
considered reversible pathological alterations with the treatment of PAH. However, 
the clinical status of cases with pulmonary pathology showing Heath-Edwards 
grades 4, 5, and 6 is almost the same severity, and histopathological changes at this 
stage are generally believed to be irreversible. Elastica van Gieson staining is help-
ful for assessment of medial hypertrophy or intimal thickening.

8 Human Pathology
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8.2.1.1  Group 1–1.1. Idiopathic PAH

Isolated Medial Hypertrophy (Corresponds to Heath-Edwards Grade 1)

In muscular arteries with diameters of 100–500 μm, increased pulmonary artery 
pressure causes medial smooth muscle cell proliferation, leading to medial hyper-
trophy of pulmonary arteries (Fig. 8.1a). Furthermore, a newly formed muscular 
layer at the arteriolar or precapillary level (20–70 μm) where there is almost no 
smooth muscle layer presents in a normal condition (muscularization of arteriole) 
[6]. Marked medial hypertrophy is observed in muscular arteries 100–500 μm in 
diameter, but these lesions are said to be the result of vasoconstriction and dilation 
according to pulmonary artery high pressure. This medial hypertrophy is expected 
as reversible lesion through the improvement of pulmonary hypertension [7].

Combined Intimal Thickening and Medial Hypertrophy (Corresponds to Heath- 
Edwards Grades 2 and 3)

Concentric intimal thickening is also involved in addition to the aforementioned 
medial hypertrophy of the pulmonary artery (Fig. 8.1b). Regarding the intimal com-
ponents, cellular intimal thickening occurs due to increases in cellular components 
including α-actin-positive smooth muscle cells (Fig. 8.1c) and myofibroblasts, 
while fibrotic intimal thickening occurs due to increases in the elastin fibers, colla-
gen fibers, and extracellular matrix (Fig. 8.1d, e, f). Pathological changes of the 
cellular intimal thickening may be reversible; however, fibrous intimal thickening 
with replacement of cellular components of smooth muscle cells, i.e., intimal fibro-
sis, may not completely resolve. Concentric intimal fibrous thickening is also 
encountered in some connective tissue disease.

Complex Lesions

In addition to the abovementioned medial and intimal thickening, complex lesions 
include plexiform lesions (Heath-Edwards grade 4) (Fig. 8.2a, b), dilatation lesions 
(Heath-Edwards grade 5) (Fig. 8.2c, d), and arteritis, sometimes arteritis associated 
with fibrinoid necrosis (Heath-Edwards grade 6) (Fig. 8.2e, f). Moreover, these 
lesions frequently occur in some kinds of combination, rather than independently. 
Plexiform lesions in particular are well known as irreversible lesions.

 1. Plexiform lesions occur in a branch of muscular arteries and ramificate roughly 
perpendicularly from the main trunk of the peripheral pulmonary muscular arter-
ies. Capillary proliferation resembles the plexus within the renal glomeruli 
(Fig. 8.2b). Distal branches of the plexiform lesions are usually markedly dilated. 
Plexiform lesions should be distinguished from recanalization of organized 
thrombus in peripheral arteries. The multiple capillary channels may be accom-
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Fig. 8.1 Reversible pulmonary arteriopathy. Constrictive lesions. (a) Medial muscular hypertro-
phy of medium-sized  pulmonary artery (PA). Heath-Edwards grade 1. H&E stain, X100. (b) 
Medial hypertrophy and cellular intimal thickening of PA. Heath-Edwards grade 2. H&E stain, 
X100. (c) Proliferating spindle cells in intima and media show positive α-smooth muscle actin 
immunohistochemistry, X100. (d–f) Medial hypertrophy and fibrotic intimal thickening of 
PA. Heath-Edwards grade 3. (d) Hyalinized intimal thickening and medial hypertrophy of pre- 
acinar PA. Masson’s trichrome stain, X100. (e) Concentric laminar and fibrotic intimal thickening. 
EVG stain, X200. (f) Concentric multilayer and laminar intimal thickening. Elastica-Masson stain, 
X200
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panied by proliferation of endothelial cells. These vessels become aneurysmal 
dilatation or convoluted. These are known as angiomatoid lesions and might be 
shunts between the pulmonary arteries and veins. The plexiform lesions may 
appear not only in idiopathic PAH but also in various conditions, such as CHD 
(1.4.4), portal hypertension, collagen disorders (1.4.1), and HIV infection (1.4.2).

Fig. 8.2 Complex lesions with plexiform and/or dilated lesions or arteritis. (a) and (b) Typical 
plexiform lesion, Heath-Edwards grade 4 at branching site of PA. (a) Elastica-Masson stain, X100. 
(b): Fibrin thrombi in glomoid plexiform lesion, H&E stain, X200. (c) Heath-Edwards grade 5, 
dilated lesion of branching site of PA, H&E stain, X100. (d) Heath-Edwards grade 5, dilated PA 
located at distal part of plexiform lesion, H&E stain, X100. (e) and (f) Heath-Edwards grade 6, 
arteritis. (e) Mononuclear cell infiltration destroying PA wall. H&E stain, X200. (f) Arteritis with 
fibrinoid necrosis of PA. Masson’s trichrome stain, X100
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 2. Dilatation lesions mean aneurysm-like dilated vessels that have taken on tortu-
ous lesions like veins and are frequently observed in distal part of plexiform 
lesions (Fig. 8.2c, d). This is also presumed to be as a result of the shunt between 
arterioles and veins.

 3. Pulmonary arteritis (Fig. 8.2e) and fibrinoid necrosis (Fig. 8.2f) might also be 
precursors of plexiform lesions. This lesion always accompanies with destruc-
tive inflammatory cell infiltrations in arteries. However, arteritis is also observed 
in connective tissue disease, so other complex lesions may appear after arteritis.

8.2.1.2  Group 1–1.4 Associated PAH (A-PAH)

Group 1–1.4.1 PAH Associated with Connective Tissue Disease [8–11]

Pulmonary manifestations of various histological types may occur in connective 
tissue disease (CTD). In systemic lupus erythematosus (SLE) and mixed connective 
tissue disease (MCTD), there are some common histopathological lesions in the 
idiopathic group 1.1–1.3, and proliferation of the myointimal cells and fibrous 
thickening occur in the pulmonary arteries, causing luminal stenosis. They may 
sometimes present with plexiform lesions. Furthermore, arteritis due to CTD and 
necrotizing arteritis might develop plexiform lesions.

Pulmonary hypertension is said to be a complication in approximately 10 % of 
cases of systemic sclerosis (SSc) and localized sclerosis [12, 13]. It is relatively 
common for pulmonary fibrosis related to interstitial edema to cause thickening of 
the alveolar wall, which in turn causes thickening of the medial of the pulmonary 
arterioles present in the alveolar wall. Progression of pulmonary hypertension then 
occurs due to luminal obstruction by intimal fibrosis [9–11]. Even cases of SSc 
without pulmonary fibrosis sometimes present with obstruction of the capillaries, 
peripheral pulmonary arterioles (precapillaries), or pulmonary postcapillary venules 
or veins which are similar to pulmonary veno-occlusive disease (PVOD). In cases 
of SSc, Heath-Edwards grade 4 or higher such as plexiform lesions is rarely 
observed. CREST (calcinosis, Raynaud’s phenomenon, esophageal dysfunction, 
sclerodactyly, and telangiectasia) syndrome is often complicated with pulmonary 
hypertension.

Group 1–1.4.4. Pulmonary Hypertension Associated with CHD

Pulmonary hypertension in CHD is due to large blood volume and high blood pres-
sure by a left-to-right shunt such as ventricular septal defects (VSD), atrial septal 
defect (ASD), and patent ductus arteriosus (PDA). Direct blood pressure load pro-
motes the medial thickening of the pulmonary arteries and arterioles accompanied 
with smooth muscle and elastic fiber proliferation. The obstructive pulmonary 
artery lesions in CHD appear earlier in VSD and PDA. The intimal lesions readily 
occur in pulmonary muscular arteries and pulmonary arterioles up to 200 μm in 
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diameter, and fibrous thickening of the intima progresses in a concentric pattern. 
Medial and intimal stenotic lesion may still be capable of reverse remodeling or 
adaptation. Due to continuous severe hypertension, vascular changes such as plexo-
genic arteriopathy may occur. The Heath-Edwards classification was originally 
used to classify the extent of obstructive pulmonary vascular lesions [1] when deter-
mining surgical indications for CHD.  Findings corresponding to Heath-Edwards 
grades 1–3 such as medial thickening, cellular thickening of the intima, early inti-
mal fibrous thickening, and elastic fibrosis are said to be reversible and may regress 
postoperatively. However, progressive obstructive pulmonary vascular lesions such 
as plexiform lesions are said to be irreversible. The shunting CHD where the short 
circuits on the left and right become predominant is known as Eisenmenger syn-
drome and presents with obstructive pulmonary artery lesions. In addition, there is 
residual pulmonary hypertension postoperatively, and in some cases, progression of 
the obstructive pulmonary artery lesions such as plexiform and angiomatoid lesion 
may be observed [14].

8.2.2  Group 1’: Pulmonary Veno-occlusive Disease (PVOD)/
Pulmonary Occlusive Venopathy (PVO)

Conventional primary pulmonary hypertension includes rare disorders such as pul-
monary veno-occlusive disease (PVOD) (Fig. 8.3a–d) and pulmonary capillary 
hemangiomatosis (PCH)/pulmonary microvasculopathy (PM) (Fig. 8.3e, f). 
Pathologic characteristics of PCH are found in 73 % of PVOD patients, and 
inversely, pathologic characteristic of PVOD is found in 80 % of PCH patients [15]. 
The definite diagnosis of PVOD needs histological evaluation. PVOD involves 
obstructive lesions that primarily damage the peripheral pulmonary veins including 
interlobular veins [15, 16]. Obstructive intimal fibrosis of pulmonary veins is also 
recognized. Medial thickening of pulmonary veins may resemble muscular arteries 
accompanied with intimal and external elastic layers (Fig. 8.3a). The pulmonary 
veins sometimes become arterialized. Increases in pulmonary artery pressure cause 
medial and intimal thickening of the pulmonary arteries, but plexiform lesions are 
rarely seen. Venous occlusion is also observed within the interlobular pleura 
(Fig. 8.3b). Diffuse capillary congestion (Fig. 8.3c) and capillary proliferation more 
than three layers due to venous obstruction (Fig. 8.3e, f), which are hemangioma-
tous lesions, are sometimes seen. A lot of hemosiderin-laden macrophages are 
observed within the alveoli due to alveolar hemorrhage caused by rupture of the 
dilated capillaries (Fig. 8.3d). Interstitial edema and lymphatic duct dilatation are 
also recognized. Lymphadenopathy mediastinum sometimes occurs. Muscular pul-
monary arteries show medial hypertrophy. The etiology of the disease is not clear. 
However, pulmonary venous occlusions are sometimes seen in the associated condi-
tions such as systemic sclerosis, bone marrow transplantation, and antiphospholipid 
syndrome.
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Fig. 8.3 Pulmonary occlusive venopathy/pulmonary occlusive disease: pulmonary microvenopa-
thy/pulmonary capillary hemangioma (PCH). (a) Venous obstruction by fibrous intimal thickening 
and medial hypertrophy of arterialized pulmonary vein. Elastica-Masson stain, X200. (b) Septal 
fibrosis and lumen occlusion of venules complicating alveolar hemorrhage. EVG stain, X100. (c) 
Marked dilatation of capillaries of peri-stenotic PA. H&E stain, X50. (d) Hemosiderin-laden mac-
rophages in alveolar space, Perl iron stain, X200. (e) and (f) More than three-layer capillary pro-
liferation of alveolar septa in PCH. (e) H&E stain, X200. (f) Victoria blue and silver stain, X100
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8.2.3  Group 2: Pulmonary Hypertension Caused by Left Heart 
Failure

In acquired cardiac disease, such as mitral valve stenosis and regurgitation, pulmo-
nary hypertension is caused by increase pulmonary venous pressure associated with 
medial thickening of the pulmonary arterioles and medial and intimal thickening of 
the pulmonary veins. Dilation of the pulmonary capillaries, edema, and alveolar 
hemorrhage occur, and dilation of the lymphatic ducts and lymph node enlargement 
are also observed.

8.2.4  Group 3 Pulmonary Hypertension Due to Pulmonary 
Disease and Hypoxia

The most frequent pulmonary diseases associated with PH are emphysema, pulmo-
nary fibrosis, and their combination (combined pulmonary fibrosis and emphysema, 
CPFE). Morphologic changes of hypoxic pulmonary hypertension are mainly 
medial hypertrophy affecting arteriolae smaller than 100 μm in diameter in addition 
to pathological parenchymal changes of primary diseases. Eccentric intimal fibrosis 
caused by organized thrombi may also be observed. In bronchiectasis, shunt forma-
tion by means of anastomosis of the pulmonary arterioles and bronchial arteries is 
commonly observed.

8.2.5  Group 4 Chronic Thromboembolic Pulmonary 
Hypertension (CTEPH) [17, 18]

Since the Dana Point 2008 world congress classification system, chronic pulmonary 
thromboembolism has been called as chronic thromboembolic pulmonary hyperten-
sion (CTEPH). It does not have an etiology originating in the pulmonary artery 
itself, which is not similar to PAH. Underlying diseases include deep vein thrombo-
sis (DVT) and coagulopathy such as positive antiphospholipid antibodies and defi-
ciency of protein C and protein S, causing recurrent pulmonary thromboembolism 
resulting in obstruction of medium-sized pulmonary arteries. Most of the pulmo-
nary artery lesions in CTEPH show thrombi that flow from the deep veins via the 
pulmonary arteries and occlude the segmental and subsegmental arteries. These 
obstructive lesions sometimes continue from the main pulmonary artery and cause 
intimal thickening, and the intimal thickening starts mainly from the segmental 
arteries (Fig. 8.4a, b, c). Web-like structure or colander lesions are often found in 
organized thromboemboli as a result of recanalization [19] (Fig. 8.4d, e, f). In rare 
cases, thrombus formation may only be observed in more peripheral pulmonary 
arteries, and clinical differentiation from idiopathic PAH may be difficult. If there is 
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Fig. 8.4 CTEPH. (a) and (b) Photomacrographs of surgical specimens of pulmonary endarterec-
tomy. (c) Lobar artery stenosed by thromboemboli. Masson’s trichrome stain, X50. (d) Recanalized 
segmental artery, closeup EVG stain, X100. (e) and (f) Microscopic features of recanalized seg-
mental artery with multiple lumens, so-called colander lesion, EVG stain, X50
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only occlusion of the terminal artery branches, then surgical endarterectomy 
becomes difficult. Diffuse intimal thickening is often observed at sites in the pulmo-
nary artery where there is no thrombotic obstruction. The dilated pulmonary trunk 
and the left and right main pulmonary arteries take on an aneurysmal shape, and 
intramural thrombus formation frequently occurs. In some cases with CTEPH, pul-
monary infarcts develop. There is also sometimes obstruction of the pulmonary 
vein. This finding is rarely observed in idiopathic PAH.

8.3  Conclusions

This chapter described the pathology of pulmonary hypertension in accordance with 
the international classifications presented at the 5th World Symposium on Pulmonary 
Hypertension held in Nice, in 2013 (see Chap. 7. Animal Model) [4]. Precapillary 
PH affects the pulmonary arterial side. Mild to moderate PH are associated with 
histologic changes such as medial hypertrophy and intimal cellular thickening. 
Severe PH may develop plexiform lesions. Postcapillary PH including PVOD and 
left cardiac failure often demonstrates venous medial hypertrophy, luminal occlu-
sion of pulmonary veins by intimal thickening, capillary congestion, and PCH-like 
capillary proliferation.

Besides lung pathological changes, persistent pulmonary hypertension affects 
other related organs. Significant right ventricular hypertrophy of the heart is always 
observed; however, when pulmonary hypertension improves, reverse remodeling of 
the right ventricle may occur, and moreover, chronic congestion of the liver may 
also develop. The pathology data that we have accumulated to date will be helpful 
for clinicians until advances in imaging technology can make it possible to under-
stand tissue changes with diagnostic imaging more easily in the future [20].
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Chapter 9
Pathophysiology and Genetics: BMPR2

Yoshihide Mitani

Abstract Recent advances in genomic research have provided us a deeper under-
standing of the pathogenesis of PAH. In the early 2000s, genetic linkage analysis 
using large families showed rare variants in the type II receptor for the bone mor-
phogenetic protein (BMPR2), which is a member of the transforming growth factor- 
beta (TGF-β) cell signaling superfamily, are the first major genetic cause of PAH. In 
other linkage analyses and candidate gene approaches for TGF-β superfamily sig-
naling pathway, ALK1, ENG, SMAD4, and SMAD9 were associated with the 
development of hereditary and other forms of PAH, which underscores the role of 
this pathway in the development of occlusive pulmonary vasculopathy. The whole 
genome sequencing in selected families and the analysis of common variation in 
large PAH population provided a wider view of the underlying genetic architecture 
of heritable and idiopathic PAH. Unmasking the biological link between BMPR2 
mutations and occlusive pulmonary vascular pathology will identify new disease 
mechanisms and novel therapeutic targets in the future.

Keywords Pulmonary arterial hypertension • BMPR2 • Bone morphogenetic pro-
tein • ALK1 • Heritable PAH

9.1  Introduction

Pulmonary arterial hypertension (PAH) is a progressive and devastating disorder 
characterized by occlusive vasculopathy, including intimal hyperplasia and plexi-
form lesions in small pulmonary arteries [1]. These lesions, which comprised of 
proliferating endothelial cells, smooth muscle cells, and fibroblasts, ultimately lead 
to right ventricular failure and premature death [1]. Despite a recent advance in 
medical treatment, PAH still remains an incurable disease. It is therefore required to 
explore the pathophysiologic mechanisms involved in the development of novel 
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therapeutics for this disease. Although the pathogenesis of PAH is still poorly 
understood, genetic and environmental risk factors may give us a clue to under-
standing mechanisms involved in this disorder.

Familial cases of PAH have been recognized for decades and are known to be 
inherited in an autosomal dominant manner with reduced penetration [2]. In the 
early 2000s, genetic linkage analysis using large families showed rare variants 
(mutations) in bone morphogenetic protein receptor type 2 (BMPR2) are the first 
major genetic cause of PAH [3, 4]. BMPR2 is the type II receptor for the bone mor-
phogenetic protein, which is a member of the transforming growth factor-beta 
(TGF-β) cell signaling superfamily. Since 2000, mutations in other genes in the 
TGF-β superfamily signaling (i.e., ALK1, ENG, and SMAD9) have been discov-
ered [5–7]. With the introduction of whole exome sequencing, rarer monogenic 
causes of PAH have been identified utilizing smaller families than required for link-
age analysis. In addition to identifying rare causes of PAH, genome-wide associa-
tion study (GWAS) has been applied to identify common variants predisposing to 
PAH in a large population.

Despite a remarkable progress in genetics, the biological mechanisms linking the 
mutation of BMPR2 and other genes to pathogenesis of disease remain poorly 
understood. This pathway appears to be critical in both cell differentiation and 
growth through transcriptional regulation of target genes for PAH. This review sum-
marizes recent observations on the genetics and relevant pathobiology of PAH and 
potential future directions for the development of new therapeutics.

9.2  Genetics

9.2.1  Major Mutations

>300 independent BMPR2 mutations have been identified that account for approxi-
mately 75 % of patients with a family history of PAH and up to 25 % of sporadic 
cases [2]. Pathogenic mutations in the type I receptor ALK1 and the type III recep-
tor endoglin cause PAH in patients associated with hereditary hemorrhagic telangi-
ectasia (HHT) [5, 6]. These observations support a critical role for TGF-β 
superfamily members in the development of PAH. BMPR2 mutations comprise all 
major classes of loss of function mutations, including missense variants, nonsense 
mutations, frameshift defects, and splice site variation, as well as larger deletions or 
rearrangements affecting one or more exons or the entire gene which are not readily 
detectable by sequencing methods [8, 9]. These genetic findings suggest haploinsuf-
ficiency (HI) has been generally accepted as the predominant molecular mechanism 
by which a BMPR2 mutation predisposes to PAH [8, 9].
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9.2.2  Other Rare Variants and Common Variants

In a candidate gene approach for TGF-β superfamily signaling pathway in patients 
without known mutations in PAH genes, rare variants in SMAD1, SMAD4, SMAD9, 
and the type I receptor BMPR1B were identified [7, 10, 11]. The association of 
BMPR2, ALK1, ENG, SMAD4, and SMAD9 with the development of hereditary 
and other forms of PAH underscores the pivotal role of this pathway in the develop-
ment of occlusive pulmonary vasculopathy. In other candidate gene strategies, it has 
been reported that T-box transcription factor (TBX4) mutations are associated with 
pediatric PAH, although the prevalence of PAH in adult TBX4 mutation carriers is 
low [12]. Such parents with TBX4 mutations appeared to have previously unrecog-
nized small patella syndrome, which is known to be caused by the TBX4 mutation. 
Mutations in the thrombospondin-1 (TSP1 gene), which regulate the activation of 
TGF-β and inhibit endothelial and smooth muscle cell proliferation, were found in 
three PAH families, implicating TSP1 as a modifier gene in familial PAH [13]. In 
whole exome sequencing to study a three-generation family with multiple family 
members with PAH but no identifiable PAH mutations, two frameshift mutations in 
caveolin-1 (CAV1) were identified in both familial cases and IPAH [14]. The expres-
sion of CAV1 is necessary for the formation of caveolae, which are plasma mem-
brane invaginations and cytoplasmic vesicles presented in numerous cell types 
including endothelial and smooth muscle cells of the pulmonary vasculature. 
Caveolae are rich in cell surface receptors critical to initiation of a cellular signaling 
cascade such as the TGF-β superfamily, nitric oxide pathway, and G-protein-coupled 
receptors. Exome sequencing in another family with multiple affected family mem-
bers without identifiable HPAH mutations was found to have a heterozygous novel 
missense variant in the potassium channel KCNK3 [15]. Exome sequencing 
revealed that EIF2AK4 (the eukaryotic translation initiation factor 2α kinase 4) 
mutations were found in idiopathic and familial cases of PCH/PVOD [16, 17].

Another approach for identifying genes predisposing for PAH is to perform 
GWAS of familial and idiopathic PAH patients without BMPR2 mutations. By 
adopting this approach, the cerebellin-2 precursor (CBLN2) gene was identified as 
an SNP [18]. CBLN2, which belongs to the cerebellin gene family encoding a group 
of secreted neuronal glycoproteins, is expressed in the lung, and its expression is 
higher in explanted lungs from individuals with PAH and in endothelial cells cul-
tured from explanted PAH lungs. CBLN2 synthesized by endothelial cells can 
accelerate vascular SMC proliferation in a paracrine manner [18].

9.3  Clinical Phenotype

It has been known that 6 % of PAH patients reported a family history of PAH in the 
prospective National Institutes of Health registry [19]. However, in the 4th PH 
World Symposium (Dana Point, 2008) [9], the term familial PAH was replaced 
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with HPAH, because 10–40 % of cases previously thought to be IPAH have BMPR2 
mutations, and this may pose a hereditary risk to other family members [20]. These 
findings may be related to the fact a family history of PAH may be unrecognized in 
IPAH cases with BMPR2 mutations, as a consequence of either undiagnosed dis-
ease, incomplete penetrance, or de novo mutations. In patients with PAH associated 
with other conditions, approximately 20 % of ALK1 mutation carriers were found 
in anorexigen-induced PAH [21, 22]. However, BMPR2 mutations are not found in 
PAH patients associated with scleroderma or other connective tissue diseases, portal 
hypertension, or human immunodeficiency virus infection, except for some reports 
in CHDs [23]. Familial cases of pulmonary veno-occlusive diseases are rarely 
associated with a BMPR2 mutation [24].

Heritable PAH patients with BMPR2 mutations have an earlier age of onset and 
a more severe hemodynamic impairment at diagnosis. Patients with HPAH had 
higher mean pulmonary artery pressure, higher pulmonary vascular resistance, 
lower cardiac index, and worse survival, while such patients are more likely to be 
treated with parenteral epoprostenol or lung transplant [25, 26]. Both children and 
adults with PAH and BMPR2 mutations are less likely to respond to acute vasodila-
tor testing and are unlikely to benefit from treatment with calcium channel blockade 
[27, 28]. Symptomatic HPAH patients with ALK1 mutations are associated with an 
earlier age of onset and more rapid disease progression than HPAH patients with 
BMPR2 mutations, although ALK1-positive patients had better hemodynamic 
status at diagnosis, but none responded to acute vasodilator challenge [29]. PAH 
patients carrying ALK1 mutations may develop both PAH and HHT. Since HHT has 
nearly complete penetrance at the age of 60 years, clinical symptom of HHT may be 
absent in ALK1 mutation carriers in the childhood or early adulthood.

Recent epidemiological data no longer support genetic anticipation in BMPR2- 
related familial PAH [30]. Analysis of families with sibships that have lived at least 
57 years from first family diagnosis allows >85 % of mutation carriers to express 
disease. In these families, the apparent effect of lower age of onset in earlier genera-
tions disappears, because the time it takes for penetrance to occur in this illness can 
be up to 75 years of age in an apparently unaffected carrier. Furthermore, the usual 
genetic mechanisms for anticipation, trinucleotide repeat expansions, are not present 
in BMPR2 [30].

9.4  Penetrance and Risk Factors

HPAH is inherited in an autosomal dominant manner, but the average penetrance 
rate of BMPR2 mutations is estimated at 20 % [2, 9]. The reason for the incomplete 
penetrance of HPAH is poorly understood but may imply that additional genetic or 
environmental factors are required to cause disease phenotype. There is an influence 
of gender on the development of PAH. Female mutation carriers are about 2.5-fold 
more likely to develop FPAH than those of males [31]: The penetrance in female 
mutation carriers was approximately 42 %, and the penetrance of male was 
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approximately 14 % [30]. A decrease in the ratio of the urinary estrogen metabolites 
2-hydroxyestrogen and 16α-hydroxyestrone in affected females with a BMPR2 
mutation was found,  compared with non-affected females [32]. Significantly 
decreased levels of the estrogen-metabolizing gene CYP1B1 were found in affected 
females compared with unaffected females [33]. These findings suggest that altered 
estrogen metabolism could contribute to the penetrance of PAH in female BMPR2 
mutation carriers and that CYP1B1 could be a sex-specific modifier gene. Unaffected 
mutation carrier-derived lymphocyte cell lines had higher levels of wide-type 
BMPR2 transcripts than familial PAH patient-derived lymphocyte cell lines, sug-
gesting that the level of expression of wild-type BMPR2 allele transcripts is impor-
tant in the pathogenesis of familial PAH caused by nonsense-mediated decay 
(NMD+) mutations [34]. BMPR2 has multiple alternative spliced variants, although 
the existence of a long and short isoform of BMPR2 has long been recognized. 
Patients had higher levels of isoform B compared with isoform A (B/A ratio) than 
carriers in cultured lymphocytes [35]. Alterations in BMPR2 isoform ratios may 
provide an explanation for the reduced penetrance among BMPR2 mutation carri-
ers. An alternative idea of disease modification is a potential lung-specific alteration 
of protein function due to somatic mutation. The occurrence of somatic mutations 
of the BMPR2 gene within pulmonary vasculature cells could cause or aggravate 
BMPR2 haploinsufficiency, although previous work had failed to find this to be true 
among those with a germline BMPR2 mutation [36]. In contrast, a somatic SMAD9 
gene mutation was found in the pulmonary vascular cells in BMPR2 mutation car-
riers with PAH, providing partial support for the “two-hit model” in BMPR2-PAH 
[37]. It is reported that BMPR2 mutation position may influence clinical phenotype. 
Specifically, PAH patients with a point mutation in the cytoplasmic tail of BMPR2 
exhibited a later age of onset, lower pulmonary vascular resistance, and a higher 
proportion of acute vasodilator response, in contrast to patients with mutations out-
side of this domain [38]. There is a trend for more severe prognosis of the disease in 
males, particularly in male BMPR2mutation carriers. This finding is consistent with 
the observation that PAH mortality is most closely associated with male gender [39].

9.5  Pediatric PAH

PAH in children has a broader spectrum of genetic causes than in adults. Pediatric 
PAH is associated with genetic syndromes with and without congenital heart dis-
ease or other anomalies [40]. PAH is an uncommon complication with all of these 
syndromes although more common in Down syndrome [40]. Genetic syndromes 
more commonly, but not necessarily, associated with CHD and PAH also include 
DiGeorge syndrome, VACTERL syndrome, CHARGE syndrome, Scimitar syn-
drome, and Noonan syndrome [40]. The mechanism for development of PH has not 
been definitely demonstrated for most genetic syndromes but could involve 
increased pulmonary blood flow with left-to-right shunts with CHD, pulmonary 
venous obstruction, or production of diffusible hepatic factors increasing the pul-
monary pressures [40].
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9.6  Pathophysiology and Pathobiology

Although current genetic epidemiology data support the association of BMPR2 
mutations with heritable PAH, it is still poorly understood how such mutations 
cause the pathobiology in PAH. BMPR2 mutations have cell-specific variations in 
cell signaling within the pulmonary vasculature. Pulmonary vascular endothelial 
cells seem dysfunctional and more susceptible to apoptosis in the presence of a 
BMPR2 mutation [41]. However, pulmonary vascular smooth muscle cells with 
BMPR2 mutations have a failure of growth suppression. The proliferative pheno-
type in PAH may be attributable to an increased release of growth factors that pro-
mote exuberant smooth muscle cell proliferation by dysfunctional endothelial cells. 
Loss of BMPR2 in the endothelial layer of the pulmonary vasculature could lead to 
heightened susceptibility to inflammation. The enhanced transmigration of leuko-
cytes observed in BMPR2-deficient endothelium after tumor necrosis factor α or 
transforming growth factor β1 stimulation was CXCR2 dependent [42]. BMPR2 
acts to regulate the expression of CXCR2, which is related to leukocyte migration 
and extravasation on endothelial cells [43]. Alternatively, BMPR2-disrupted endo-
thelial cells stimulated by tumor necrosis factor α exhibited heightened GM-CSF 
mRNA translation, increased inflammatory cell recruitment, and exacerbate PAH in 
hypoxic mice [44]. BMPR2 inhibits cytokine expression, activation of myocardin- 
related transcription factor A, and inhibition of NF-κB [45]. The increased TGF-β1 
signaling in BMPR2-deficient cells is related to the induction of interleukin (IL)-6 
and IL-8 expression through inappropriately altered NF-κB signaling [46].

9.7  Therapeutic Consideration

The pathophysiological relevance of BMPR2 mutations in PAH is supported by 
studies in mutant mice. Knockout models lacking exons 4 and 5 of BMPR2 develop 
mild-to-moderate disease phenotypes upon exposure to hypoxia and 5- lipoxygenase 
as previously described [8]. Conditional targeting of mutant alleles to pulmonary 
artery endothelial or smooth muscle cell layers has produced a PAH model [47, 48]. 
Most recently, a heterozygous knock-in mouse model of the p. R899∗ mutation has 
been shown to develop age-related disease [49]. Additionally, a rat model of PAH 
(BMPR2_140Ex1/+) has provided support to the hypothesis that endothelial-to- 
mesenchymal transition represents a pathophysiological process in PAH [50].

Since decreased BMPR2 expression contributes to the development of experi-
mental PAH, upregulating BMPR2 signaling is a rational approach for the treatment 
of PAH. On the basis of the findings that reduced BMPR2 expression also occurs in 
monocrotaline and chronic hypoxic rat models of PAH, delivery of BMPR2 by 
intravenous gene therapy attenuated the disease in these models [51, 52]. In the 
high-throughput screening of known chemicals to increase BMPR2 signaling and 
Id1 target gene expression, FK506 (tacrolimus) or BMP9 was demonstrated to 
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reverse pulmonary vasculopathy in monocrotaline-treated rats and in rats treated 
with chronic hypoxia and VEGF receptor blockade [49, 53]. In the interaction of 
BMPR2 pathways with signaling pathways related to the conventional treatment, 
BMP7 increased ET-1 levels after BMPR2 knockdown, which was prevented by 
ALK2 knockdown [54]. Sildenafil enhanced canonical BMP signaling via cyclic 
GMP and cyclic GMP-dependent protein kinase I in vitro and in vivo and partly 
restored deficient BMP signaling in BMPR2 mutant PASMCs [55]. Prostacyclin 
analogs enhance inhibitor of DNA-binding protein 1 (Id1) expression in a cAMP- 
dependent manner in  vitro and in  vivo and restore deficient BMP signaling in 
BMPR2 mutant PASMCs [56].

9.8  Conclusions

Recent advances in genomic research have provided us a deeper understanding of 
the pathogenesis of PAH. Despite these advances, there remains uncertainty regard-
ing the pathways that mediate mutations and the onset of disease and the generation 
of effective prevention or treatments based on such information. Comparisons 
between affected HPAH patients and their unaffected BMPR2 mutation carriers 
may confer further clues. Understanding what influences the onset of disease in 
BMPR2 mutation carriers may be critical for preventing this disorder. The whole 
genome sequencing in selected families and the analysis of common variation in 
large PAH population will provide a wider view of the underlying genetic architec-
ture of heritable and idiopathic PAH and may explore the way to identify additional 
disease mechanisms and new therapeutic targets. Lastly, investigating the biological 
link between BMPR2 mutations and occlusive pulmonary vascular pathology per se 
would be required to bridge the gap between genetic mutations and the disease phe-
notype in human.
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Chapter 10
Prostacyclin

Satoshi Akagi

Abstract A decrease of prostacyclin plays an important role in the pathogenesis of 
pulmonary arterial hypertension (PAH). Prostacyclin replacement therapy using 
prostacyclin and prostacyclin analogues has been developed for treatment of 
PAH. Prostacyclin has not only potent vasodilatory effects but also antiproliferative 
and pro-apoptotic effects on pulmonary artery smooth muscle cells, which lead to 
the potential for reverse remodeling of pulmonary arteries. Prostacyclin analogues, 
iloprost and treprostinil, improve exercise capacity, symptoms, and hemodynamics. 
Prostacyclin, epoprostenol, improves exercise capacity, symptoms, and hemody-
namics and is the only treatment shown to reduce long-term mortality in patients 
with idiopathic PAH. Furthermore, high-dose intravenous epoprostenol therapy has 
a potential for remarkable improvement of hemodynamics and exercise capacity. 
Intravenous delivery of epoprostenol requires a central catheter, which sometimes 
causes catheter-related troubles. Catheter-related infection is the most serious com-
plication and causes aggravation of PAH. Use of a closed-hub system could prevent 
bacterial invasion from the catheter hub in patients treated with intravenous epopro-
stenol. Prostacyclin is a key factor in pathogenesis and treatment of PAH.

Keywords Prostacyclin • Antiproliferative effect • Pro-apoptotic effect • Reverse 
remodeling • Catheter-related infection

10.1  Properties of Prostacyclin

In 1935, Ulf Svante von Euler discovered and isolated a new chemical from the 
prostate glands of a sheep and a human that contracted smooth muscles of various 
organs. He named the material “prostaglandin.” In 1960–1970, Sune Bergstrom, 
Bengt Samuelsson, and John Vane discovered various prostaglandins and their 
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cascades and determined their chemical structures [1–4]. They were awarded the 
Nobel Prize in Physiology or Medicine in 1982 after isolating and elucidating the 
chemical structures of prostaglandins.

Prostacyclin is formed by cyclooxygenase from arachidonic acid (Fig. 10.1). 
Arachidonic acid is released from membrane phospholipids by phospholipase A2. 
Cyclooxygenase (COX-1 or COX-2) converts arachidonic acid to prostaglandin H2. 
Prostaglandin H2 is isomerized to either prostacyclin by prostaglandin I synthase or 
to thromboxane A2 by thromboxane A synthase. Prostacyclin released from endo-
thelial cells acts on a specific cell-surface receptor (IP receptor) on vascular smooth 
muscle cells and platelets. Prostacyclin has properties of vasodilatation and platelet 
aggregation. The binding of prostacyclin to IP receptors on vascular smooth muscle 
cells triggers the activation of adenylate cyclase and increases intracellular cyclic 
AMP, which induces vasodilatation.

10.2  Deficiency of Prostacyclin in Pulmonary Arterial 
Hypertension

An imbalance between the release of prostacyclin and that of thromboxane A2 is 
found in pulmonary arterial hypertension (PAH) since prostacyclin I synthase is 
downregulated [5]. Increase of thromboxane A2 and decrease of prostacyclin  
lead to excess vasoconstriction, which elevates pulmonary artery pressure.  
Thus, prostacyclin replacement therapy using prostacyclin and prostacyclin  
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Fig. 10.1  Arachidonic acid cascade
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analogues has been developed for treatment of PAH. Prostacyclin and its analogues 
act on pulmonary artery smooth muscle cells (PASMCs) and induce pulmonary 
artery vasodilatation.

10.3  Characteristics of Prostacyclin Analogues 
and Prostacyclin

10.3.1  Prostacyclin Analogues

Iloprost, treprostinil, and beraprost are prostacyclin analogues used for treatment of 
PAH.  These prostacyclin analogues are chemically stable in solution, and their 
plasma half-lives are longer than that of prostacyclin: 〜30 min for iloprost and 
beraprost and <4.5 h for treprostinil. Iloprost is provided by inhalation. Treprostinil 
is provided by continuous subcutaneous infusion or intravenous infusion. A micro- 
infusion pump and a small subcutaneous catheter are used for subcutaneous admin-
istration of treprostinil. Treprostinil is stable at room temperature for only 48 h. 
Patients prepare and change medications once every 2 days. Beraprost is provided 
as an oral preparation.

10.3.2  Prostacyclin

Epoprostenol, like endogenous prostacyclin, is available for treatment of PAH. It is 
a chemically unstable compound and its plasma half-life is about 6 min. After mix-
ing epoprostenol with a solvent, the compound is degraded spontaneously. 
Epoprostenol is stable at room temperature for only 8 h or at cooling for 24 h. 
Recently, a thermostable formulation of epoprostenol that does not require cooling 
packs has been approved in many countries. Epoprostenol is continuously delivered 
intravenously via a central venous catheter with an infusion pump. Patients are daily 
required to prepare and to change medications.

10.4  Additional Effects of Prostacyclin Analogues 
and Prostacyclin

10.4.1  Antiproliferative Effects on PASMCs

Platelet-derived growth factor stimulation caused excess proliferation of PASMCs 
obtained from patients with PAH [6–8]. Iloprost and treprostinil inhibited the pro-
liferation of PASMCs [9, 10]. The antiproliferative effects of prostacyclin analogues 
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are preserved despite IP receptor downregulation. Peroxisome proliferator-activated 
receptor γ may be related to the inhibition of PASMC proliferation in patients  
with PAH.  Thus, these prostacyclin analogues have antiproliferative effects  
on PASMCs.

10.4.2  Pro-apoptotic Effect on PASMCs

Gene microarray studies showed that lungs from patients with PAH had a decreased 
pro-apoptotic/antiapoptotic gene expression ratio [11]. Bone morphogenetic protein 
(BMP)-2 and BMP-7 increased apoptosis of normal PASMCs. However, apoptosis 
induced by BMP-2 or BMP-7 was inhibited in PAH-PASMCs [12]. These results 
indicated that PAH-PASMCs have a property of resistance to apoptosis. Basic 
research revealed that epoprostenol induced apoptosis via a Fas ligand, an  
apoptosis- inducing member of the TNF cytokine family, in PAH-PASMCs  
(Fig. 10.2) [13, 14]. Thus, epoprostenol has a potential effect to induce apoptosis  
of PAH-PASMCs.

Fig. 10.2  Representative images reflecting findings of induction of apoptosis. For PAH experi-
ments, pulmonary artery samples were obtained from patients with idiopathic PAH at lung trans-
plantation. For non-PAH experiments, non-PAH-PASMCs were obtained from patients with lung 
cancer at lung lobectomy. Epoprostenol or its diluents using the flow circuit for 24 h were admin-
istered in PAH-PASMCs and non-PAH-PASMCs. A TUNEL assay was performed using an 
ApopTag Fluorescein In Situ Apoptosis Detection Kit (Chemicon International Inc.) to assess 
apoptosis of PASMCs. Nuclear morphology was examined by labeling with prodium iodium (PI). 
Green is TUNEL positive. Red is PI. PAH-PASMCs treated with epoprostenol at a high concentra-
tion showed TUNEL-positive nuclei. TUNEL-positive nuclei were not observed in PAH-PASMCs 
treated with only diluents and non-PAH-PASMCs treated with epoprostenol. Bar=20 μm
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10.4.3  Reverse Remodeling Effects on Pulmonary Arteries

Prostacyclin analogues and prostacyclin have antiproliferative and pro-apoptotic 
effects on PASMCs. These effects have a potential for causing reverse remodeling 
of pulmonary arteries. Recently, pathological features of PAH patients treated with 
currently available medications have been reported [15]. No significant difference 
was found in medial thickness between patients with IPAH and controls. It has been 
reported that less medial hypertrophy was observed in a patient whose hemodynam-
ics improved after receiving high-dose epoprostenol therapy [16]. Thus, high-dose 
epoprostenol has a potential effect to reverse pulmonary arteries remodeling.

10.5  Prostacyclin Therapy for Patients with PAH

The table shows a summary of results of treatment with prostacyclin analogues and 
prostacyclin in clinical trials (Table 10.1).

10.5.1  Iloprost

The effects of inhaled iloprost in patients with PAH were evaluated in a randomized 
control study [17]. The patients received daily repetitive iloprost inhalation (6–9 
times, 2.5–5 μg/inhalation, median dose of 30 μg daily). Inhaled iloprost improved 
exercise capacity, symptoms, and hemodynamics. The addition of inhaled iloprost 
for patients who had already been treated with bosentan was also evaluated [18, 19]. 
One study showed an increase in exercise capacity and good tolerance with the 
addition of inhaled iloprost compared with a placebo, but the other study showed no 
improvement of exercise capacity. On the basis of these results, inhaled iloprost is 
recommended for PAH patients by the World Health Organization functional class 
(WHO-FC) III (class I, evidence level B) [20].

The inhalation technique allows for more intrapulmonary selectivity. Iloprost is 
thought to be deposited on terminal bronchioles and then penetrates the airway and 
directly diffuses into the walls of small pulmonary arteries [21]. Although all pros-
tacyclin analogues induce systemic vasodilatation along with pulmonary vasodila-
tation, which causes headache, flashing, and hypotension, inhaled iloprost is thought 
to directly act on pulmonary arteries and thus to have less systemic side effects. 
Furthermore, the dose for significant effects is much smaller with inhalation than 
with oral, subcutaneous or intravenous administration. However, iloprost has to be 
inhaled 6–9 times per day to achieve good clinical effects, and inhalation is thus a 
burden for patients.
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10.5.2  Treprostinil

The effect of subcutaneously administered treprostinil for patients with PAH was 
evaluated in a randomized control study [22]. Subcutaneous treprostinil (mean 
dose: 9.3 ng/kg/min) improved exercise capacity, symptoms, and hemodynamics. 
Higher doses of treprostinil (mean dose: >13.8 ng/kg/min) resulted in more signifi-
cant improvement. The effects of intravenously administered treprostinil for patients 
with PAH were evaluated in a small, open-label, uncontrolled study [23]. Intravenous 
treprostinil improved exercise capacity and symptoms in patients with PAH. On the 
basis of these results, subcutaneous treprostinil is recommended for PAH patients 
by WHO-FC III (class I, evidence level B), and intravenous treprostinil is recom-
mended for PAH patients by WHO-FC III (class IIa, evidence level C) [20].

Treatment with treprostinil is initiated at a dose of 1–2 ng/kg/min, and the dose 
is increased gradually to the maximal tolerated dose based on clinical symptoms 
and side effects in each case. The optimal dose range is thought to be between 20 
and 80 ng/kg/min. The dose of intravenous treprostinil is two to three times higher 
than the dose of intravenous epoprostenol [24].

The use of a permanent central venous catheter can be avoided with subcutane-
ous treprostinil therapy. However, infusion site pain is a common adverse side effect 
that leads to discontinuation of subcutaneous treprostinil therapy. The pain does not 
appear to be dose related. Less change of the infusion needle might improve infu-
sion site pain. Thrombocytopenia is rare in patients treated with treprostinil unlike 
in patients treated with epoprostenol.

10.5.3  Beraprost

The effects of beraprost for patients with PAH were evaluated in two randomized 
control studies [25, 26]. Oral beraprost improved exercise capacity in the short term 
but did not improve hemodynamics and long-term survival. Long-acting beraprost 
is available in Japan. Treatment with long-acting beraprost improved exercise 
capacity and hemodynamics in the short term [27]. On the basis of these results, 
beraprost is not recommended for PAH patients (class IIb, evidence level C) [20].

10.5.4  Epoprostenol

The efficacy of continuous intravenous administration of epoprostenol was exam-
ined in three randomized control studies for PAH patients with WHO-FC III and IV 
[28–30]. Epoprostenol improved symptoms, exercise capacity, and hemodynamics. 
Furthermore, intravenous epoprostenol is the only treatment shown to reduce long- 
term mortality in patients with idiopathic PAH [31–34]. On the basis of these results, 

S. Akagi



135

intravenous epoprostenol is recommended for PAH patients with WHO-FC III and 
IV (class I, evidence level A) [20].

Treatment with epoprostenol is initiated at a dose of 1–2 ng/kg/min. The dose of 
epoprostenol is increased by 1–2 ng/kg/min daily, weekly or monthly, to the maxi-
mal tolerated dose based on clinical symptoms and side effects in each case. The 
appropriate dose range is thought to be 25–40 ng/kg/min based on the results of 
previous studies [31, 32]. Although the efficacy of treatment with epoprostenol at 
doses greater than 40 ng/kg/min is not known, the efficacy of high-dose epopros-
tenol has been reported in patients with idiopathic PAH [35]. The hemodynamics 
and exercise capacity of 14 idiopathic PAH patients treated with epoprostenol at 
doses greater than 40 ng/kg/min (mean dose: 107±40 ng/kg/min) were analyzed. 
Significant decreases from baseline values were seen in mean pulmonary artery 
pressure (from 66±16 to 47±12 mmHg, P<0.001) and pulmonary vascular resis-
tance (from 21.6±8.3 to 6.9±2.9 Wood units, P<0.001). Compared with the baseline 
state, high-dose epoprostenol therapy reduced mean pulmonary artery pressure by 
30 % and pulmonary vascular resistance by 68 %. BNP and 6-min-walk distances 
were significantly improved. High-dose epoprostenol therapy has a potential for 
remarkable improvements in hemodynamics and exercise capacity.

Intravenous epoprostenol therapy has several side effects. Epoprostenol has a 
potent vasodilatory effect on not only pulmonary arteries but also systemic arteries. 
The most frequent adverse events caused by systemic vasodilatation are headache, 
flushing, and jaw pain. Elevation of cyclic AMP caused by epoprostenol leads to the 
secretion of chloride ions and water in the gastrointestinal tract, which causes diar-
rhea. Thrombocytopenia develops in some PAH patients treated with epoprostenol 
[36]. There was a negative correlation between the dose of epoprostenol and platelet 
count. The platelet count increased in PAH patients who transitioned from epopro-
stenol to treprostinil [37], although the reason remains unknown. Abnormal thyroid 
function was found in some PAH patients treated with epoprostenol, though the 
relation to epoprostenol is still unknown. Epoprostenol often affects the systemic 
vascular bed more than it does the pulmonary vascular bed. Initiation of epopros-
tenol therapy can cause severe systemic hypotension, which leads to hemodynamic 
collapse in vulnerable patients with WHO-FC IV [38]. Thus, preventing hemody-
namic instability is important to initiate epoprostenol therapy. Temporary use of 
catecholamine is safe for hemodynamic support at the initiation of epoprostenol 
therapy and does not affect short-term or long-term mortality in patients with PAH [39].

Intravenous epoprostenol has several complications related to the central cathe-
ter such as catheter-related infection, thrombosis, and temporary interruption of 
infusion due to malfunction of the pump. Catheter-related infection is the most 
important and serious complication. Catheter infection rate was reported to be 0.26 
per 1000 catheter days in PAH patients treated with epoprostenol [40]. Catheter- 
related infections were categorized according to infection routes into catheter- 
related bloodstream infection (CRSBI) and tunnel infection. CRBSI could be caused 
by bacterial invasion through the catheter connection. Tunnel infection could be 
caused by direct bacterial invasion through the catheter insertion site. Since the 
catheter hub was the most important source of CRBSI, use of a closed-hub system 
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could prevent bacterial invasion from the catheter hub. Actually, the incidence of 
CRBSI significantly decreased with the use of a closed-hub system in PAH patients 
treated with intravenous epoprostenol [41].

10.6  Perspective on Prostacyclin Therapy

Inhaled iloprost, subcutaneous treprostinil, and intravenous epoprostenol are bene-
ficial treatment of PAH. Recently, the efficacy and safety of selexipag, an orally 
available, selective prostacyclin receptor agonist, has been examined in patients 
with PAH. We would be able to use the various therapeutic options of prostacyclin 
in the near future.
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Chapter 11
Targeting the NO-sGC-cGMP Pathway 
in Pulmonary Arterial Hypertension

Hiroshi Watanabe and Quang-Kim Tran

Abstract Pulmonary arterial hypertension (PAH) is characterized by an increase of 
more than 25 mmHg in pulmonary arterial blood pressure and a pulmonary capil-
lary wedge pressure ≤15 mmHg. If left untreated, PAH is fatal, with only 34 % 
survival rate after 5  years (D’Alonzo GE, Barst RJ, Ayres SM, Bergofsky EH, 
Brundage BH, Detre KM, Fishman AP, Goldring RM, Groves BM, Kernis JT et al. 
Ann Intern Med 115, 343–9, (1991)). Pathologically, PAH is characterized by 
changes in the pulmonary arterial vascular wall leading to occlusion, increased 
pressure, right ventricular heart failure, and death. Current therapies for PAH 
include increasing the nitric oxide (NO)-soluble guanylate cyclase (sGC)-cyclic 
guanosine monophosphate (cGMP) axis, improving the prostacyclin pathway, or 
inhibiting the endothelin pathway. The NO-sGC-cGMP axis is a critical signaling 
cascade in PAH. Nitric oxide activates sGC, resulting in the synthesis of cGMP, a 
key mediator of pulmonary arterial vasodilatation that may also inhibit vascular 
smooth muscle proliferation and platelet aggregation. Dysregulation of the NO-sGC- 
cGMP axis results in pulmonary vascular inflammation, thrombosis, and constric-
tion and ultimately leads to death from right heart failure. In this chapter, we will 
briefly discuss the role of the NO-sGC-cGMP pathway in PAH, potential and estab-
lished treatment modalities to target this pathway, and their clinical applications.

Keywords Nitric oxide (NO) • Soluble guanylate cyclase (sGC) • Cyclic guano-
sine monophosphate (cGMP) • sGC stimulator • Phosphodiesterase Type 5 (PDE5) 
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11.1  Targeting Nitric Oxide Production and Availability 
in PAH

Numerous studies have demonstrated decreases in NO availability in the lungs of 
PAH patients. NO measured directly via gas sampling or indirectly via NO products 
from PAH lungs is lower than in normal individuals [2]. The degree of reduction in 
NO production also appears to be correlated with the severity of PAH [3]. 
Investigations over the years have dissected various components of the NO signal-
ing pathway in PAH. Changes in some components are clear and have been exploited 
therapeutically.

11.1.1  Endothelial Nitric Oxide Synthase (eNOS)

Physiologically, NO is produced in response to chemical stimuli such as bradykinin, 
acetylcholine, and histamine and physical stimuli such as shear stress and mechani-
cal stretch. The production of nitric oxide is catalyzed in the vascular endothelium 
by eNOS. Endothelial NOS exists as a dimer, in which each monomer contains two 
domains that function as a reductase and an oxygenase. The C-terminal reductase 
domain of one monomer binds nicotinamide adenine dinucleotide phosphate 
(NADPH), flavin mononucleotide (FMN), and flavin adenine dinucleotide (FAD) 
and is connected to the N-terminal oxygenase domain of the other monomer. The 
oxygenase domain contains a heme group and binds tetrahydrobiopterin, oxygen, 
and L-arginine. NOS activation is initiated by flavin-mediated electron transfer from 
NADPH bound on the reductase domain to the heme in the oxygenase domain [4]. 
This electron transfer process is controlled by Ca2+/calmodulin (CaM) binding to a 
sequence that links the reductase to the oxygenase domain. Endothelial NOS has an 
absolute dependence on Ca2+/CaM and binds Ca2+-saturated CaM with picomolar 
dissociation constant [5, 6]. Regulation of Ca2+ and CaM signals in the endothelium 
therefore is important for the physiological production of NO [6–9]. In an experi-
mental model of hypoxic pulmonary hypertension, the acute decrease in eNOS 
activity was suggested to be due to abnormality in intracellular Ca2+ homeostasis, 
whereas chronic hypoxic pulmonary hypertension was due more to reduction in 
other cofactors for eNOS [10]. Additionally, eNOS contains multiple phosphoryla-
tion sites, whose individual or combined phosphorylation contributes significantly to 
the function of the enzyme [11–15]. Activation of eNOS also depends on the avail-
ability of other cofactors and substrates such as tetrahydrobiopterin and zinc [16].

11.1.2  Alterations in eNOS Expression in PAH

In 1995, Giad and Saleh reported that eNOS expression is substantially reduced in 
patients with primary pulmonary hypertension [17]. The reduction in eNOS expres-
sion level was linearly correlated with the development of plexiform lesions in 
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patients with the clinical diagnosis of primary pulmonary hypertension. The reduc-
tion in eNOS expression in this group of patients was more pronounced in small 
pulmonary arteries compared to medium or large pulmonary arteries. These find-
ings were corroborated by studies showing that targeted disruption of eNOS gene in 
the pulmonary vasculature led to pulmonary vasoconstriction and hypertension 
[18]. Consistently, cell-based transferring eNOS gene to the pulmonary vasculature 
in experimentally induced pulmonary hypertension reduced right ventricular pres-
sure [19]. Most recently, the eNOS gene-enhanced progenitor cell therapy for pul-
monary arterial hypertension – the PHACeT trial – was carried out as a phase 1 trial 
testing the tolerability of culture-derived endothelial progenitor cells transfected 
with eNOS in seven PAH patients unresponsive to PAH-specific therapies [20]. 
Only transient hemodynamic improvements were observed, but there were signifi-
cant improvements in the 6-min walk distance at 1, 3, and 6 months of therapy.

11.1.3  Alterations in eNOS Regulatory Inputs

Overall, studies of eNOS in PAH have been focusing on examination of changes in 
eNOS expression; whether changes in other regulatory inputs of eNOS activity play 
a role in PAH is currently not known. Regardless of eNOS expression, these regula-
tory inputs are essential in controlling NO production and availability. For example, 
interaction with Ca2+-saturated CaM is a prerequisite for eNOS activity. CaM bind-
ing per se is dependent on phosphorylation status of a number of residues, including 
Thr-495 [15], Ser-615 [12], Ser1177, and a combination thereof [13]. Phosphorylation 
at Thr495 substantially reduced eNOS-CaM interaction, while combined phosphor-
ylation at Ser615 and 1177 increases the Ca2+ sensitivity for eNOS interaction with 
CaM, eNOS activation, and NO production [13]. Hypoxia has been shown to sub-
stantially decrease store-operated Ca2+ entry, eNOS phosphorylation at Ser1177, 
and interaction between the synthase and its other regulatory proteins [21]. These 
are essential factors controlling eNOS functions and affect NO production indepen-
dently of eNOS expression levels. In line with this finding, statin treatment protects 
eNOS activity in hypoxia-induced pulmonary hypertension by increasing eNOS 
phosphorylation at Ser1177, promoting eNOS dissociation from inhibitory protein 
such as caveolin-1 and Hsp90 [22].

11.1.4  Arginase

In addition to eNOS expression and regulation, endothelial NO production depends 
on the amount of L-arginine, which is converted by arginase in the urea cycle to 
ornithine [23]. It was intuitive that increased arginase expression and activity might 
play a role in the reduction in NO availability seen in PAH patients. Xu et  al. 
observed that eNOS expression was not reduced in PAH patients, but serum 
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arginase activity was doubled. This increase was linearly correlated with the 
increases in right ventricular pressure [24]. It was also shown that pulmonary vas-
cular smooth muscle cell proliferation is induced by hypoxia via the induction of 
arginase [25]. Arginase expression was also increased in experimental pulmonary 
arterial embolism [26]. Cell-based studies suggested that increasing cAMP by acti-
vating adenylyl cyclase or inhibiting phosphodiesterase 3 prevents hypoxia-induced 
increases in arginase mRNA and proliferation of pulmonary arterial smooth muscle 
cells [27]. These studies are consistent with the well-known antiproliferative role of 
nitric oxide. However, to date, no clinical studies have explored an approach to 
downregulate arginase in patients with PAH.

11.1.5  Nitric Oxide and Nitric Oxide Donors in PAH

NO is a potent vasodilator that is rapidly inactivated by binding to hemoglobin. Due 
to its very short half-life and selective for the pulmonary vasculature when used via 
inhalation, exogenous NO offers several benefits for patients with PAH. A particular 
advantage of inhaled NO over systemic vasodilators is that it exerts its vasodilatory 
effects in well-ventilated areas of the lungs, thereby distributing blood flow from 
less ventilated areas to better ventilated areas for ideal ventilation-perfusion match-
ing [28]. With its potent vasodilator effect, nitric oxide has long been used for a 
number of respiratory diseases, including respiratory distress syndrome [29, 30], 
pulmonary hypertension due to heart failure [31], chronic obstructive lung diseases 
[32], or pulmonary arterial hypertension [33]. It is a very effective therapy for neo-
nates born with persistent pulmonary hypertension, improving systemic oxygen-
ation in 53 % subjects in comparison to 7 % treated with conventional method [34]. 
Inhaled nitric oxide also reduces the use of extracorporeal membrane oxygenation 
in these subjects, despite an unclear effect on mortality in critically ill infants with 
hypoxic respiratory failure [35]. However, a number of disadvantages limit the use 
of NO and nitrates in PAH. First, NO has to be delivered continuously due to its very 
short half-life. Second, withdrawal of inhaled NO may be associated with danger-
ous rebound pulmonary hypertension [36]. Additionally, the efficacy of nitrates is 
limited by the development of tolerance. Resistance to NO and nitrates can be 
developed as a result of changes in the redox state of the heme in sGC, resulting in 
reduced binding affinity of heme to sGC and as such eliminating the effect of NO 
[37].

11.2  Targeting Soluble Guanylyl Cyclase (sGC) in PAH

Soluble guanylyl cyclase functions to catalyze the conversion of GTP to cGMP. The 
enzyme exists as a heterodimer, consisting of a larger α-subunit and a smaller heme- 
binding β-subunit. In the resting state, the β-subunit contains a ferrous heme iron 

H. Watanabe and Q.-K. Tran



143

(Fe2+) that binds NO with picomolar affinity, which enhances sGC activity by sev-
eral hundredfold [38, 39]. Other circulating peptides such as natriuretic peptide can 
activate particulate (pGC) guanylyl cyclase to convert GTP to cGMP.  Overall, 
cGMP accumulation leads to vasodilatation, inhibits vascular smooth muscle prolif-
eration and fibrosis, and exerts antithrombotic and anti-inflammatory effects. These 
effects are controlled by cGMP-dependent protein kinases, cGMP-dependent ion 
channels, and phosphodiesterases [40]. Activation of cyclic GMP-dependent pro-
tein kinase I (cGKI) decreases cytosolic Ca2+ concentration indirectly via activation 
of membrane K+ channels leading to hyperpolarization of vascular smooth muscle 
cell membrane. Additionally, cGKI phosphorylates vasodilator-stimulated phos-
phoprotein (VASP), an actin-binding protein whose phosphorylation status is related 
to the proliferation of vascular smooth muscle cells [41]. These effects lead to relax-
ation of smooth muscle cells. Increases in sGC expression level have been described 
in hypoxia-induced PAH models as well as in patients with PAH [42, 43]; however, 
sGC oxidation and the related loss of sGC’s heme group have also been reported 
[44]. Oxidation of the heme iron to the ferric state (Fe3+) dramatically reduces the 
affinity of sGC for NO [45]. Given the limitations of NO and NO donors, direct 
stimulators or activators of sGC have been developed. Stimulators of sGC act by 
directly stimulating sGC and increasing the NO sensitivity of ferrous-iron heme 
sGC, thereby motivating sGC activity in the presence of low NO availability. 
Activators of sGC, on the contrary, substitute for the heme-NO complex and acti-
vate oxidized (ferric-iron heme) or heme-free sGC independently of NO [46–49]. 
Only sGC stimulators are now approved for PAH; sGC activators are currently still 
being tested.

11.2.1  Stimulation of sGC with Riociguat

Riociguat is the first approved medication from the novel class of sGC stimulators 
and the only agent approved for treating both chronic thromboembolic hypertension 
(CTEPH) and PAH. Riociguat is able to restore the homeostatic effects of NO that 
are diminished as a result of phenotypic alterations associated with PAH.  In a 
12-week randomized, double-blind, placebo-controlled trial in 443 patients, rio-
ciguat brought significant improvements in pulmonary vascular resistance 
(P<0.001), NT-proBNP levels (P<0.001), WHO functional class (P=0.003), time to 
clinical worsening (P=0.005), and Borg dyspnea score (P=0.002) [50]. The symp-
tomatic benefit appeared to be similar in patients who continued to take the endo-
thelin receptor inhibitors or prostanoids and in those who were not taking a 
vasodilator other than riociguat. In a 16-week, double-blind trial in 261 patients 
with chronic thromboembolic pulmonary hypertension in whom surgery was not 
feasible or had failed, riociguat was more effective than placebo on symptoms; there 
was improvement in functional class in, respectively, 33 % and 15 % of patients 
[51]. Improvements in 6-min walk distance (6MWD) in patients with PAH during 
the phase 3 PATENT-1 trial were comparable to other oral agents approved for the 
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treatment of PAH.  Improvements in 6MWD in patients with CTEPH during the 
phase 3 CHEST-1 trial were greater than those previously observed with other oral 
PAH-directed therapies [50, 51]. Hypotension is the dose-limiting adverse effect of 
riociguat, and dose titration needs to be performed to avoid substantial decreases in 
blood pressure.

11.3  Targeting Phosphodiesterase Type 5 (PDE5) in PAH

11.3.1  Increasing cGMP

Cyclic GMP signaling is terminated by cGMP-hydrolyzing phosphodiesterase 
enzymes. PDE5 has the effect of inactivating cGMP by catabolizing it to 5'GMP. In 
PAH, the expression and the activity of PDE5 are enhanced in smooth muscle cells 
and the right ventricular myocardium [52–54]. Reduced NO bioavailability and the 
enhancement of PDE5 activity both lead to lower cGMP concentration and result in 
vasoconstriction and smooth muscle cell proliferation and promote the resistance 
against apoptosis (Fig. 11.1). The PDE5A subtype selectively hydrolyzes 
cGMP. Sildenafil and tadalafil, inhibitors of PDE5A, block the breakdown of cGMP, 
increase cGMP concentration, relax smooth muscle cells, and finally cause vasore-
laxation. In addition, PDE5 inhibitors possess antiproliferative and proapoptotic 
effects and are expected to reverse the remodeling process taking place in pulmo-
nary arteries in PAH [55]. PDE5 is mainly distributed in smooth muscles of the 
corpus cavernosum in penile tissue and the lung blood vessels. Although PDE5 
expression in isolated myocytes has been reported, PDE5 activity is rather low 

Fig. 11.1 Pathophysiology and therapy of PAH. Red approved drug classes, green contemplated 
therapies, therapies being tested. PAH pulmonary arterial hypertension, NO nitric oxide, sGC sol-
uble guanylyl cyclase, cGMP cyclic guanylyl monophosphate, PDE5 phosphodiesterase type 5, 
ET-1 endothelin-1, PGI2 prostacyclin, TBX-A2 thromboxane A2 (Modified from [58])
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compared to that in lung tissue [56]. The main sites of action of PDE5 inhibitors are 
thus limited in these organs, and the selectivity of these agents for lung tissue is 
maintained, even when given by systemic oral administration.

11.3.2  Ameliorating Ventricular Function

PDE5 inhibition exerts little influence on baseline cardiac function [57]. However, 
increased cGMP by PDE5 inhibitors or sGC stimulators could inhibit the PDE3 
subtype, which in turn leads to increased levels of cAMP, resulting in a positive 
inotropic effect [58]. Furthermore, PKG activation following the rise of cGMP by 
PDE5 inhibition causes opening of the mitochondrial KATP channels in cardiac cells 
[59, 60]. Because the regulation of mitochondrial volume and electron transport are 
the preeminent mechanisms in maintaining mitochondrial function in the intact 
myocardium, opening of the mitochondrial KATP channels could bring cardioprotec-
tive effects [61, 62]. A direct effect on cardiac cells by PDE5 inhibitors has been 
suggested in patients with diabetic dilated cardiomyopathy after a 3-month admin-
istration of sildenafil (100 mg/day) along with the improvement of myocardial mor-
phology and function, reduction of circulating MCP-1, and reduction of TGF-β 
[63]. Additionally, cGMP-PKG is involved in the regulation of titin, which influ-
ences the myocardial cell flexibility and passive rigidity [64]. In vitro studies sug-
gest that phosphorylation of titin reduces myocyte/myofiber stiffness. Thus, titin 
can be phosphorylated by cGMP-activated protein kinase (PKG). Intracellular 
cGMP production is stimulated by B-type natriuretic peptide (BNP) and degraded 
by PDE5A. In animal studies, acute cGMP-enhancing treatment with sildenafil and 
BNP improves LV diastolic distensibility in vivo, in part, by phosphorylating titin 
[65].

11.3.3  Sildenafil

Sildenafil is selective and potent inhibitor of cGMP PDE5. Inhibition of PDE5 
increases the cellular levels of cGMP by blocking its degradation to 5'GMP, leading 
to vascular smooth muscle relaxation. Sildenafil is widely used to dilate penile 
arteries in patients with erectile dysfunction (ED). Because PDE5 is abundant in the 
lung as well as penile tissues, it has been hypothesized that the drug can also be used 
to dilate pulmonary arteries in patients with PAH as well as the patients with ED. In 
animal models, sildenafil induced pulmonary vasodilation by a NO-dependent 
mechanism without decreasing systemic artery pressure [66, 67]. Following several 
case reports suggesting that oral sildenafil may be beneficial as a selective pulmo-
nary vasodilator in patients with PAH [68, 69], SUPER, a double-blind, placebo-
controlled, randomized study, demonstrated that sildenafil improved exercise 
capacity, WHO functional class, and hemodynamics in patients with symptomatic 
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PAH [70]. In the SUPER study, 278 patients with symptomatic PAH were randomly 
assigned to placebo or sildenafil (20, 40, or 80  mg) orally three times daily for 
12 weeks. The primary end point was the change from baseline to week 12 in the 
distance walked in 6 min, which increased from baseline in all sildenafil groups; the 
mean placebo- corrected treatment effects were 45 m (+13.0 %), 46 m (+13.3 %), 
and 50 m (+14.7 %) for 20, 40, and 80 mg of sildenafil, respectively (P<0.001 for 
all comparisons). All sildenafil doses reduced the mean pulmonary artery pressure 
(P=0.04, P=0.01, and P<0.001, respectively), pulmonary vascular resistance 
(−171 dyn⋅s⋅cm−5, −192 dyn⋅s⋅cm−5, −310 dyn⋅s⋅cm−5, respectively), and improved 
the WHO functional class (P=0.003, P<0.001, and P<0.001, respectively). Flushing, 
dyspepsia, and diarrhea were observed as side effects [70]. Following the SUPER 
study, the long-term safety and tolerability of sildenafil treatment of PAH were 
assessed in SUPER-2, an open-label uncontrolled extension study that continued 
until the last patient completed 3 years of sildenafil treatment [71]. Patients titrated 
to sildenafil 80 mg tid; one dose reduction for tolerability was allowed during the 
titration phase. At 3 years post-SUPER-1 baseline, the majority of patients (60 %) 
improved or maintained their functional status, and 46 % maintained or improved 
6MWD. Data from SUPER-2 also suggest that the patients assigned to sildenafil 
treatment in SUPER-1 had better prognosis than the placebo group. This strongly 
suggests that earlier treatment with sildenafil could bring better outcome in the 
treatment for PAH.

11.3.4  Tadalafil

Tadalafil is also a phosphodiesterase type 5 inhibitor like sildenafil, yet with more 
prolonged half-life. The pulmonary arterial hypertension and response to tadalafil 
(PHIRST) study, a 16-week, double-blind, placebo-controlled study, randomized 
405 patients with PAH to placebo or tadalafil 2.5, 10, 20, or 40 mg orally once daily 
[72]. Tadalafil increased the distance walked in 6 min, the primary end point, in a 
dose-dependent manner. Overall, the mean placebo-corrected treatment effect was 
33 m (95 % confidence interval, 15 to 50 m). In the bosentan-naive group, the treat-
ment effect was 44 m (95 % confidence interval, 20 to 69 m) compared with 23 m 
(95 % confidence interval, −2 to 48 m) in patients on background bosentan therapy. 
Tadalafil 40 mg improved the time to clinical worsening (P=0.041), incidence of 
clinical worsening (68 % relative risk reduction; P=0.038), and health-related qual-
ity of life. Patients completing the 16-week study could enter a long-term extension 
study (PHIRST-2), which showed that long-term treatment with tadalafil was well 
tolerated in patients with pulmonary arterial hypertension. In patients receiving 
either T20 mg or T40 mg, the improvements in 6MWD demonstrated in the 16-week 
PHIRST study appeared sustained for up to 52 additional weeks of treatment in 
PHIRST-2 [73].
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11.4  Concluding Remarks

The NO-cGMP-PKG axis is an essential axis in the pathophysiology and treatment 
of PAH. Multiple classes of agents are now approved for the treatment of PAH that 
act on one or more components of this axis (Fig. 11.1). Additionally, certain gene 
therapies targeting eNOS and sGC have been contemplated. A desirable pharmaco-
logical agent for PAH should have little effect on the systemic circulation, selec-
tively decrease pulmonary vascular resistance, and increase inotropic function of 
the right ventricle. The phosphodiesterase type 5 inhibitors and the sGC stimulator 
riociguat, with careful dose titration, can satisfy these requirements.
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Chapter 12
Endothelin Receptor Antagonist

Noriaki Emoto

Abstract Endothelin (ET)-1, a peptide mainly produced by vascular endothelial cells, 
has potent and long-lasting vasoconstrictive effect. In addition, ET-1 has been shown to 
induce a variety of biological effects including cell proliferation, inflammation, and 
fibrosis. Thus, ET-1 has attracted considerable attention as a potential therapeutic target 
for cardiovascular diseases and has shown the greatest clinical potential in the treat-
ment of pulmonary arterial hypertension (PAH). In recent years, ET receptor antago-
nists (ERAs) have become a well-established class of therapeutic agents with obvious 
effects in the management of PAH. This chapter outlines the current knowledge and 
understanding of the physiological and pathogenic roles of the ET system as well as the 
clinical pharmacology of the ERAs used in the treatment of PAH.

Keywords Endothelin • Endothelin receptor antagonist • Bosentan • Ambrisentan 
• Macitentan

12.1  Endothelin (ET) System

Endothelin (ET)-1, a 21-amino acid peptide with two disulfide bonds, was identi-
fied in the supernatant of cultured porcine aortic endothelial cells as a potent vaso-
constrictive agent [1]. Shortly after the discovery of ET-1, two structurally related 
isopeptides, named ET-2 and ET-3, were isolated [2]. ET-1 is the predominant 
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isopeptide mainly involved in regulating the cardiovascular system, and vascular 
endothelial cells are the most abundant source of ET-1 [3]. In addition to endothe-
lial cells, ET-1 is expressed in a wide variety of cells including vascular smooth 
muscle cells, cardiomyocytes, fibroblasts, macrophages, bronchial epithelial cells, 
and neurons [4].

The ETs are produced from their corresponding approximately 200-residue pre-
propolypeptides that are encoded by three distinct genes (Fig. 12.1). These peptides 
are converted to inactive 38- or 39-amino acid intermediates called big ETs by 
furin-like endopeptidase. The big ETs are then proteolytically activated via a cleav-
age at Trp21-Val22 by the ET-converting enzymes (ECEs), ECE-1 and ECE-2 [5, 6].

ETs act on two pharmacologically and molecularly distinct subtypes of 
G-protein-coupled receptors termed ETA and ETB receptors [7, 8]. Both receptors 
are expressed in a wide range of cell types with distinct but partially overlapping 
tissue distributions. In the vasculature, both ETA and ETB receptors on smooth mus-
cle cells mediate the direct vasoconstrictor actions of ET-1, whereas endothelial 
ETB receptors induce vasodilation via the ET-induced release of prostacyclin (PGI2) 
and nitric oxide (NO) (Fig. 12.2). ETB receptors mediate the clearance of circulating 
ET-1, particularly in the vascular beds of the lungs and kidneys [9, 10].

big ET-1 big ET-3

ET-1 ET-3

ETA receptor ETB receptor

Vasodilation, Clearance of ET-1, 
Natriuresis

Vasoconstriction, Cell growth, 
Inflammation

ECE-1 
ECE-2

ET-2

big ET-2

preproET-1 preproET-2 preproET-3

ECE-1 
ECE-2

ECE-1 
ECE-2

Fig. 12.1 Components of the endothelin pathway. The endothelins (ETs) are a family of 
21- residue peptides consisting of three structurally related isoforms, namely, ET-1, ET-2, and 
ET-3. The corresponding preproendothelins are processed by furin-like enzymes into biologically 
inactive intermediates called big ETs. ET-converting enzymes, ECE-1 and ECE-2, proteolytically 
activate big ETs via cleavage at the common Trp21 residue. ETs act on two types of G protein- 
coupled receptors, ETA and ETB receptors, to mediate a variety of biological actions
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12.2  Physiology and Pathophysiology of ET System

12.2.1  ETs in Development

A series of gene knockout experiments in mice have revealed the importance of the 
ET system in the development of neural crest-derived cells (Fig. 12.3). ET-1- or 
ETA-deficient animals have craniofacial and cardiovascular abnormalities, which 
results in embryonic lethality or death shortly after birth [11, 12]. Furthermore, 
ET-3- or ETB-deficient animals exhibit aganglionic megacolon and coat color spot-
ting and die at 3–6 weeks of age [13, 14]. ECE-1 gene-deficient mice show the 
additive phenotypes of animals lacking ET-1/ETA and ET-3/ETB pathways [15].

12.2.2  ETs in Pulmonary Arterial Hypertension (PAH)

Preclinical studies in animal models of PAH and clinical studies in patients with 
PAH have shown a striking upregulation of ET-1 in the pulmonary arterial vascula-
ture in diseased but not normal pulmonary arteries [16, 17]. These observations led 

CysCys Ser
Ser

SerLeu

Met

Asp

Lys
Glu Cys Val Tyr Phe Cys His Leu Asp Ile Ile Trp

relaxation
inhibition of proliferation

contraction
proliferation

migration

ETAETB

ETB

clearance

NO, PGI2

Endothelin-1

big ET-1

prepro ET-1

ECE-1

bosentan
macitentan

ambrisentan
（sitaxsentan）

Endothelial cell

Smooth muscle cell

Fig. 12.2 Vascular endothelin system and representative endothelin receptor antagonists. 
Endothelin (ET)-1 is produced by endothelial cells and acts on ETA and ETB receptors located on 
the vascular smooth muscle cells to induce contraction, proliferation, and migration. ET-1 acts on 
ETB receptor in endothelial cells to produce nitric oxide (NO) and prostacyclin (PGI2), which leads 
to relaxation and inhibition of smooth muscle cell proliferation
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big ET-1 big ET-3

ET-1 ET-3

ETA receptor ET B receptor

Development of neural crest-derived 
epidermal melanocytes and enteric 

neurons

Development of cephalic and 
cardiac neural crest-derived 

craniofacial and cardiac outflow 
structures

ECE-1

Fig. 12.3 Role of endothelin (ET) system in developmental stage of gene knockout mice. 
Gene knockout experiments in mice have unexpectedly defined the importance of the ET system 
in development. ET-1–ECE-1–ETA axis is important for the development of embryonic cephalic 
and cardiac neural crest-derived craniofacial and cardiac outflow structures. ET-3–ECE-1–ETB 
axis is responsible for the development of neural crest-derived epidermal melanocytes and enteric 
neurons

to the hypothesis that ET-1 might be implicated in the pathogenesis of PAH and 
could be a novel therapeutic target for PAH. This was further supported by evidence 
that the plasma and lung levels of ET-1 increase in patients with PAH and correlate 
with disease severity and prognosis [18–22]. Moreover, in preclinical models of 
PAH, pharmacological blockade of the ET system improves the hemodynamics, 
right ventricular hypertrophy, and survival [23].

12.2.3  Pathophysiological Roles of ET System in genetically 
Modified PAH Mice

The embryonic lethality or juvenile death of mice with genetically modified 
ET-related genes hindered the analysis of the pathophysiological roles of the ET 
system in adult animals. Therefore, mice with a conditional knockout of ET-1 exclu-
sively in endothelial cells were generated and characterized [24]. These mice were 
born without developmental abnormalities and survived to adulthood. The genera-
tion and characterization of several disease models using this mouse strain revealed 
that ET-1 plays an essential role not only in the maintenance of blood pressure but 
also in the induction of inflammation and fibrosis [25–27]. In addition, ET-1 has an 
anti-apoptotic function in cardiomyocytes [28]. These observations suggest patho-
logical roles for ET-1 in PAH including the abnormal proliferation of endothelial 

N. Emoto



157

and smooth muscle cells, inflammation, and fibrosis in addition to excessive vaso-
constriction of the pulmonary vasculature (Fig. 12.4) [29, 30].

12.3  ERAs

There are currently three ERAs available on the market for the treatment of PAH, 
bosentan, ambrisentan, and macitentan (Table 12.1) [31]. Bosentan and macitentan 
are dual ET receptor blockers with similar affinity for the ETA and ETB receptors 
(Fig. 12.2), while ambrisentan is a relatively selective ETA receptor antagonist. 

Table 12.1 Pharmacological and pharmacokinetic properties of endothelin receptor antagonists

FDA approval
Bosentan Ambrisentan Macitentan
2001 2007 2013

Mechanism of 
action

Dual ETA/ETB 
antagonism

Selective ETA 
antagonism

Dual ETA/ETB 
antagonism

Selectivity 
ETA:ETB

30:1 4000:1 50:1

Half-life 5.4 h 15 h 17.5 h
Dosing range 62.5–125 mg 5–10 mg 10 mg
Dosing frequency Twice daily Once daily Once daily

CysCys Ser
Ser

SerLeu
Met

Asp
Lys

Glu Cys Val Tyr Phe Cys His Leu Asp Ile Ile Trp

Fibrosis

medial hypertrophy, fibrosis

Anti-apotosis

Intimal thickening

Inflammation

Vasocostriction, Vasospasm 

Fig. 12.4 Pathological roles of endothelin (ET)-1 in etiology of pulmonary arterial hyperten-
sion (PAH). Experimental observations of conditional knockout mice suggest that ET-1 is involved 
in the pathogenesis of PAH via multiple biological actions including vasoconstriction, vasospasm, 
antiapoptosis, inflammation, and fibrosis
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Sitaxsentan, another ETA-selective antagonist, was previously available in Europe, 
Australia, and Canada, but was withdrawn from the market in 2010 owing to several 
fatalities attributed to acute liver failure [32, 33].

12.3.1  Structure, Specificity, Pharmacokinetics, and Drug 
Interactions of ERAs

12.3.1.1  Bosentan

Bosentan, a non-peptide pyrimidine derivative, is a specific and competitive antago-
nist of both ETA and ETB receptors [34, 35]. The usual dosage of bosentan is 125 mg 
twice a day after a 4-week titration period (62.5 mg twice a day). Bosentan has 
multiple drug interactions due to its enzymatic induction of cytochrome P450 
(CYP) 2C9 and CYP3A4. The co-administration of bosentan and warfarin has been 
reported to reduce plasma warfarin concentrations and consequently decrease the 
international normalized ratio (INR) levels. Monitoring the prothrombin time (PT)-
INR is advised when the dosage of bosentan is changed; however, significant clini-
cal effects from co-administration of bosentan and warfarin are very rare in clinical 
practice, and the modification of the oral anticoagulant is seldom necessary.

Ketoconazole approximately doubles the exposure to bosentan because of the 
inhibition of CYP3A4. Furthermore, concomitant treatment with cyclosporine A 
increases the initial bosentan trough concentration, presumably by inhibiting the 
hepatic uptake transporter system. Therefore, the combined use of bosentan and 
cyclosporine A is contraindicated. In addition, the co-administration of gliben-
clamide and bosentan increases the incidence of elevated aminotransferase levels. 
Finally, co-administration of bosentan and sildenafil in PAH decrease the sildenafil 
level while that of bosentan is increased. However, current prescribing information 
does not recommend any dose adjustments for these combination therapies [36].

12.3.1.2  Ambrisentan

Ambrisentan, a carboxylic ERA, is the only selective antagonist of the ETA receptor 
currently available for the treatment of PAH at an approved dosage of 5 or 10 mg 
once daily [37–39]. Food does not affect the bioavailability of ambrisentan, which 
is metabolized primarily by glucuronidation and to a lesser extent by CYP3A4, 
CYP3A5, and CYP2C19. Ambrisentan has a low propensity for drug-drug interac-
tions because it only slightly induces and inhibits hepatic CYP450 [40]. Therefore, 
it can be safely administered with sildenafil or warfarin without any dose adjust-
ment [41]. A significant interaction has only been reported with cyclosporine A, 
which caused a twofold increase in the ambrisentan concentration [42]. Therefore, 
for co-administration with cyclosporine A, ambrisentan has a fixed dose adjustment 
of 5 mg daily.
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12.3.1.3  Macitentan

Macitentan is a new oral, dual ERA with a 50-fold higher affinity for ETA than for 
ETB receptors [43]. Macitentan belongs to the new chemical class of sulfamides, 
and its development led to an increased tissue penetration and more sustained recep-
tor blockade than that obtained with other ERAs. Macitentan has been approved for 
the treatment of PAH at a dose of 10 mg once daily [44].

In vivo, macitentan is metabolized to its major pharmacologically active metabo-
lite, ACT-132577, which is produced by oxidative depropylation by CYP3A4. 
While ACT-132577 is fivefold less potent than macitentan is, it achieves plasma 
levels that are four to five times higher because of its long half-life (approximately 
48  h) [45]. Although macitentan metabolism is affected by the inhibition of 
CYP3A4, the changes are not considered clinically relevant, and no dose adjust-
ment is required when it is combined with CYP3A4 inhibitors [46]. Furthermore, 
the concomitant administration of cyclosporine A had no clinically significant effect 
on the macitentan level or that of its metabolites at steady state [45]. Regarding drug 
interactions with warfarin or sildenafil, concomitant treatment with macitentan did 
not lead to a clinically relevant modification of the pharmacokinetics of each drug. 
Therefore, macitentan can be co-administered with warfarin or sildenafil without 
requiring a dose adjustment [47, 48].

12.3.2  Efficacy of ERAs in PAH

12.3.2.1  Bosentan

Bosentan was the first ERA approved for use in patients with PAH. Its availability 
represents a major advance in the management of PAH by improving the functional 
class, exercise capacity, and hemodynamic parameters, as well as delaying the clini-
cal worsening of the disease [49]. The first double-blind, placebo-controlled study, 
BREATHE-1, which included 213 patients with idiopathic PAH (IPAH) or connec-
tive tissue-associated PAH, showed an improved exercise capacity (assessed using 
the 6-minute walking distance) and functional class at both 125 and 250 mg daily 
doses of bosentan [50]. The risk of clinical disease progression was reduced by 
bosentan compared with the placebo. A later study, EARLY, showed improved pul-
monary vascular resistance (PVR) levels and a significantly delayed time to clinical 
progression in treated patients compared to that in patients with mildly symptomatic 
PAH treated with placebo [51]. Moreover, bosentan significantly improved the qual-
ity of life in patients with IPAH or PAH associated with connective tissue disease 
[52]. Bosentan therapy was also evaluated in a multicenter, double-blind, random-
ized, and placebo-controlled study in patients with functional class III Eisenmenger 
syndrome [53]. Bosentan did not worsen oxygen saturation, and compared to the 
placebo it reduced the PVR index and mean pulmonary arterial pressure, while it 
increased the exercise capacity. In addition, bosentan was proven to improve the 
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hemodynamics of patients with human immunodeficiency virus (HIV)-related PAH 
or portopulmonary hypertension [54, 55]. Table 12.2 summarizes the randomized 
controlled trials (RCTs) performed with bosentan and other ERAs.

12.3.2.2  Ambrisentan

Ambrisentan has been studied in two pivotal phase-III multicenter, randomized, 
placebo-controlled trials, ARIES-1 and ARIES-2 [56]. The 6-min walking distance 
increased in all ambrisentan-treated groups. Improvements in time to clinical wors-
ening, functional class, quality of life, Borg dyspnea score, and brain natriuretic 
peptide (BNP) were also observed. Furthermore, the 2-year extension study con-
firmed the improvements in the exercise capacity and good tolerability profile were 
persistent [57]. Ambrisentan was generally well tolerated and had a low risk of 
inducing liver dysfunction over the study period [58]. Recently, the randomized, 
double-blinded, multicenter, AMBITION study showed that initial combination 
therapy with ambrisentan/tadalafil in naïve PAH patients demonstrated a signifi-
cantly lower risk of clinical failure-related events than monotherapy with ambrisen-
tan or tadalafil did [59]. This result supports its rationale use for treating patients 
with PAH as part of an initial combination therapy to improve clinical outcomes.

12.3.2.3  Macitentan

Macitentan was studied in a multicenter, double-blind, placebo-controlled, long- 
term, event-driven, randomized study (SERAPHIN) [60]. This study was the first to 
use a morbidity-mortality composite endpoint. Furthermore, the study was designed 
to evaluate the efficacy and safety of macitentan using a primary endpoint of time 
from initiation of treatment to the first occurrence of a composite endpoint of death, 
atrial septostomy, lung transplantation, initiation of treatment with parenteral pros-
tanoids, or worsening PAH in 742 patients with symptomatic PAH and treated for 
up to 3.5 years. The patients were randomized to receive either the placebo or maci-
tentan 3 or 10 mg daily. There were 30 and 45 % risk reductions in the primary 
endpoint with the 3- and 10-mg doses, respectively. Interestingly, macitentan 10 mg 
significantly reduced the risk of the primary endpoint event versus the placebo in 
both treatment-naïve patients and those receiving background PAH-specific thera-
pies (such as sildenafil) at the study entry. Treatment with macitentan in the 
SERAPHIN study was well tolerated and the more frequently reported adverse 
events were nasopharyngitis, headache, and anemia. The incidence of peripheral 
edema and elevation of liver aminotransferases were similar in the placebo and 
macitentan groups.
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12.3.3  Safety of ERAs

12.3.3.1  General Side Effects

Treatment with ERAs is generally well tolerated, and their associated dose- 
dependent side effects, which are caused by vasodilatory properties, include periph-
eral edema, headache, nasal congestion, flushing, or nausea. Hypotension and 
palpitation have also been reported for treatment with ERAs. Among the ERAs 
currently available for PAH treatment, macitentan appears to be the best tolerated 
regarding liver dysfunction and peripheral edema [61].

12.3.3.2  Liver Dysfunction

Liver dysfunction is the main adverse effect observed with ERAs and bosentan is 
known to be associated with reversible, dose-dependent, and in most cases asymp-
tomatic, elevation of aminotransferases [62]. The increase in liver enzymes usually 
occurs during the first 6 months of treatment with bosentan but could also appear 
later on. To prevent this adverse event, a gradual dose increase is recommended 
(62 mg twice daily for the first month and 125 mg twice daily after that). Furthermore, 
aminotransferase elevation could normalize after the bosentan dosage is decreased 
or treatment is interrupted. The reported annual rate of aminotransferases level ele-
vation was approximately 10 %. Therefore, liver function testing should be per-
formed monthly in patients receiving bosentan. Similarly, monitoring is 
recommended in the case of dosage modification or possible drug-drug 
interaction.

Ambrisentan has not been shown to increase the risk of liver enzyme elevation 
over placebo [63, 64]. Ambrisentan belongs to the group of carboxylic ERAs, which 
unlike sulfonamide ERAs such as bosentan and sitaxsentan are devoid of hepatotox-
icity. Ambrisentan is a safe alternative when bosentan has to be discontinued 
because of increased liver aminotransferase levels.

Macitentan does not inhibit canalicular bile acid transport in rats, which could 
indicate a better liver safety profile than that of bosentan [65]. In the SERAPHIN 
study, no difference in the proportion of liver enzyme abnormalities was observed 
between the placebo and macitentan groups [60].

12.3.3.3  Edema

Peripheral edema is a notable side effect of the ERA, and its mechanism is currently 
unclear. One possible mechanism is that the edema may be mediated by primary 
effects on sodium and water retention by the nephrons [66]. Another explanation 
could be the activation of the myocardial ET system in heart failure in patients with 
PAH, which could be a compensatory mechanism to preserve cardiac contractility 
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[28, 67]. ERAs might potentially deteriorate cardiac function, which explains some 
of the peripheral edema observed clinically with these agents. Moreover, a higher 
incidence of peripheral edema is observed in PAH patients treated with ambrisentan 
than in those treated with dual ERAs [68]. This observation may support the hypoth-
esis that the peripheral edema is mediated by circulating ET-1 and its activation of 
the ETB receptor. Nevertheless, in numerous cases, peripheral edema may be man-
aged by the using an appropriate class and amount of the combined diuretic.

12.3.3.4  Anemia

Decreased hemoglobin levels and anemia are other side effects observed during 
ERA treatment and the mechanism underlying the decrease in hemoglobin level has 
not been fully elucidated. This decrease could be explained by the hemodilution 
induced by vasodilatation and intravascular fluid retention. Anemia may aggravate 
the symptoms (such as dyspnea and palpitation) and, hence, increase the risk of 
heart failure. Therefore, monitoring the hemoglobin level is recommended in 
patients treated with ERAs.

12.3.3.5  Teratogenicity

The teratogenic effects reported in animals treated with bosentan and developmen-
tal abnormalities observed in genetically modified mice with altered ET-related 
genes have led to its official contraindication in pregnancy [69]. Similar to bosentan, 
ambrisentan and macitentan are considered teratogens, which could cause early 
developmental fetal defects. In childbearing women, ERAs could be prescribed if 
contraception is proved, along with a negative pregnancy test performed before ini-
tiation of the treatment and, after that, monthly. In particular, bosentan may decrease 
plasma concentrations of estroprogestative oral contraceptives, and additional or 
alternative contraceptive methods are required when treatment with bosentan is pro-
posed in women of childbearing potential. Nevertheless, pregnancy is formally con-
traindicated in PAH treatment since it could be an aggravating factor in the prognosis 
of the disease.

12.4  Place of ERAs in PAH Treatment Algorithm

ERAs have been proven efficacious in PAH treatment with relatively few adverse 
effects, becoming an indispensable monotherapy or combination therapy with drugs 
targeting alternate pathways. Three ERAs are currently recommended as first-line 
therapy for patients with FC II and III PAH [31]. The current clinical data suggests 
that selective and dual ERAs are similarly efficacious in improving the clinical out-
come in patients with PAH, although they exhibit different safety profiles. The 
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advantage that ambrisentan and macitentan have over bosentan is their once daily 
oral dose, which improves the quality of life and adherence of patients with PAH to 
treatment regimens. Moreover, the adverse events and drug-drug interactions appear 
to be a clinical consideration for the choice of drug. Regarding the general safety 
profile, macitentan appears to be safer and has a lower potential for drug-drug inter-
actions than the other agents do.

12.5  Conclusions

The ERAs were the first oral therapy for PAH and remain a critical component of 
the therapeutic algorithm for this highly symptomatic, progressive, and life- 
threatening disease. ERAs have demonstrated improvements in exercise capacity, 
functional status, pulmonary hemodynamics, and clinical outcome in several ran-
domized placebo-controlled trials, thereby representing a pivotal therapy for 
PAH. However, it is important to note that treatment with ERAs is not a curative 
approach. Even without the aggravation of symptom or exercise capacity with ERA 
treatment, periodical monitoring of hemodynamics is mandatory, and the therapeu-
tic strategy should be reconsidered if and when needed.
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Chapter 13
Lung Transplantation

Hiroshi Date

Abstract Bilateral cadaveric lung transplantation (CLT) is the most common pro-
cedure for pulmonary arterial hypertension (PAH) according to the report from 
International Society for Heart and Lung Transplantation. The 5-year survival after 
CLT is approximately 50 %, and pulmonary hypertension (PH) is known to be a 
significant risk factor of early death after lung transplantation.

Because of severe shortage of cadaveric lungs in Japan, living-donor lobar lung 
transplantation (LDLLT) is often the only realistic option for very sick PAH patients 
especially for children.

Between 1998 and 2015, lung transplantation has been performed in 464 patients 
at nine lung transplant centers in Japan. Among these, the author and his colleagues 
have performed 184 lung transplants including 111 LDLLTs and 73 CLTs. Thirty- 
five of them (19 %) were diagnosed with PH. Twenty-four patients received LDLLT 
and 11 patients received CLT. The 5-year survival rate was 81.2 % for PH patients 
(n = 35) and was 72.2 % for non-PH patients (n = 149).

Lung transplantation is a viable treatment in patients with PAH who failed to 
respond medical treatment.

Keywords Pulmonary arterial hypertension • Pulmonary hypertension • Cadaveric 
lung transplantation • Living-donor lobar lung transplantation

13.1  History

The first successful heart-lung transplantation (HLT) was performed in 1981 in a 
patient with pulmonary arterial hypertension (PAH) at Stanford University by Dr. 
Bruce A Reitz [1]. It was believed that not only the lung but also the heart had to be 
replaced for a patient with severe PAH because of associated right heart failure.
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In 1983, Dr. Joel D Cooper performed the first successful single lung transplanta-
tion (SLT) for a patient with idiopathic pulmonary fibrosis at Toronto University [2]. 
The first application of SLT for pulmonary hypertension was reported by Dr. G 
Alexander Patterson in a patient with Eisenmenger’s syndrome due to patient duc-
tus arteriosus [3]. The recovery of right heart failure was demonstrated by the reduc-
tion of pulmonary arterial pressure. However, the following experience of SLT for 
PAH was not satisfactory because it was associated with high incidence of reperfu-
sion lung edema. It is for this reason that bilateral lung transplantation (BLT) has 
become the standard transplant procedure for PAH.

Bilateral living-donor lobar lung transplantation (LDLLT) was clinically devel-
oped at the University of Southern California as a procedure for patients considered 
too ill to await cadaveric transplantation [4]. It was originally applied almost exclu-
sively to patients with cystic fibrosis. We and others have expanded the indications 
for LDLLT to include both pediatric [4, 5] and adult [6, 7] IPAH patients. Although 
LDLLT was initially performed in the USA, its use has decreased there because of 
the recent change by the Organ Procurement and Transplantation Network to an 
urgency/benefit allocation system for cadaveric donor lungs. For the past several 
years, reports on LDLLT almost exclusively have been from Japan [8–10], where 
the average waiting time for a cadaveric lung is still more than 2 years.

13.2  Indication for Lung Transplantation

13.2.1  Recipient Selection

13.2.1.1  Cadaveric Lung Transplantation

Lung transplantation is indicated for patients with end-stage lung disease who are 
failing maximal medical therapy and whose life expectancy is limited. Because of 
the severe cadaveric donor shortage, upper age limit is set in Japan. Candidates 
should be less than 55 years old for bilateral lung transplantation, and they should 
be less than 60 years old for single lung transplantation at the time of registration on 
Japanese Organ Transplant Network (JOTN) waiting list.

Because of the remarkable improvements in medical treatment for PAH during 
the past decade, determining the indications and timing for transplantation as a PAH 
treatment is a difficult challenge. The US Registry to Evaluate Early and Long-Term 
PAH Disease Management (REVEAL) [11] reported the following factors to be 
associated with increased mortality: NYHA functional class IV, male gender with 
age >60 years old, pulmonary vascular resistance (PVR) >30 Wood units, PAH 
associated with portal hypertension, or a family history of PAH. NYHA functional 
class III, increased mean right atrial pressure, decreased resting systolic blood pres-
sure or an elevated heart rate, decreased 6-min walk distance, increased brain natri-
uretic peptide, renal insufficiency, PAH associated with connective tissue diseases, 
decreased DLCO, and the presence of pericardial effusion were also associated with 
increased mortality.
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The Pulmonary Scientific Council of the International Society for Heart and 
Lung Transplantation updated a consensus document for the selection of lung trans-
plant candidates in the guidelines for referral and transplantation in 2014 (Table 
13.1) [12].

13.2.1.2  Living-Donor Lobar Lung Transplantation

Patients being considered for LDLLT should meet the criteria for conventional 
bilateral CLT except that age should be less than 65 years old. Because LDLLT 
subjects healthy donors to a lower lobectomy procedure associated with potentially 
serious complications, hospitalization, discomfort and loss of work, as well as the 
irreversible reduction in lung function, we have accepted only critically ill PAH 
patients who failed maximal medical treatment including epoprostenol therapy 
(Table 13.2). Although knowledge of the predictors of survival in patients with PAH 
is helpful, ultimately the timetable must be set by the unique situation of each 
patient. In our LDLLT experience, most of PAH patients were on high-dose intrave-
nous epoprostenol with inotropic support and were bed bound.

Table 13.1 Selection of lung transplant candidates for patients with pulmonary vascular diseases

Timing for referal
NYHA functional class III or IV symptoms during escalating therapy
Rapidly progressive disease
Use of parenteral targeted pulmonary arterial hypertension therapy regardless of symptoms or 
NYHA functional class
Known or suspected pulmonary veno-occlusive disease or pulmonary capillary 
hemangiomatosis
Timing of transplant listing
NYHA functional class III or IV despite a trial of at least 3 months of combination therapy 
incuding prostanoids
Cardiac index of less than 2 liters/min/m2
Mean right atrial pressure > 15 mmHg
6-minute walk test < 350 m
Development of significant hemoptysis, pericardial effusion, or signs of progressive right heart 
failure

J Heart Lung Transplantation 2015 [12]

Table 13.2 Indication of living-donor lobar lung transplantation for patients with pulmonary 
arterial hypertension

Patients who fulfill the guidelines of cadaveric lung transplantation (Table 13.1)
Critically ill patients who fail in maximal medical treatment including epoprostenol therapy
Patients who would die or become unsuitable recipients before cadaveric lungs become 
available
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13.2.2  Donor Selection

13.2.2.1  Cadaveric Lung Transplantation

The Japanese transplant law finally became effective in October 1997 and cadaveric 
lung transplantation (CLT) was officially approved. However, it was somewhat a 
very strict law resulting in very small practice of CLTs for the next decade. In 2010, 
the Japanese Organ Transplant Law was amended so that the family of the brain- 
dead donors can make a decision for organ donation. The revision of the law signifi-
cantly increased the number of organ donations from brain-dead donors, and CLT 
has become a more realistic option for adult Japanese patients since then.

Ideal brain-dead donor should have clear chest X-ray, good blood gas (PaO2 > 300 
mmHg with 100% oxygen), and age less than 60 years old. Use of marginal donors is 
one of the strategies for organ shortage. A medical consult system has been estab-
lished in Japan to maintain various organ conditions suitable for the subsequent dona-
tion. The utility ratio of the lungs of brain-dead donors in Japan is indeed over 60%, 
and it is much higher than that reported in the United States (approximately 20%).

13.2.2.2  Living-Donor Lobar Lung Transplantation

Eligibility criteria for living lobar lung donation at Kyoto University are summa-
rized in Table 13.3. Potential donors should be mentally competent, willing to 
donate free of coercion, medically and psychosocially suitable, fully informed of 
the risks and benefits as a donor, and fully informed of risks, benefits, and alterna-
tive treatment available to the recipient. In our institutions, potential donors are 
interviewed by three physicians with an observer to safeguard against coercion and 
to ensure donor comprehension of the procedure. The interview is performed at 
least three times to provide potential donors multiple opportunities to question, 
reconsider, or withdraw as a donor.

Appropriate size matching between donor and recipient is important in LDLLT. It 
is often inevitable that small grafts are implanted in LDLLT, in which only two 
lobes are implanted. Excessively small grafts may cause high pulmonary artery 
pressure, resulting in lung edema. A pleural space problem may increase the risk of 
empyema. Overexpansion of the donor lobes may contribute to obstructive 
 physiology by early closure of small airways. We have previously proposed a for-
mula to estimate the graft forced vital capacity (FVC) based on the donor’s mea-
sured FVC and the number of pulmonary segments implanted. Given that the right 
lower lobe consists of five segments, the left lower lobe four segments, and the 
whole lung 19 segments, total forced vital capacity (FVC) of the two grafts is esti-
mated by the following equation [8]:

Total FVC of the 2 grafts = Measeured FVC of the right donor × 5/19 + 
Measured FVC of the left donor × 4/19

This “functional size matching” has been used to determine the lower threshold of 
undersized grafts. When the total FVC of the two grafts is more than 45 % of the 
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predicted FVC of the recipient (calculated from a knowledge of height, age, and sex), 
we accept the size disparity. For PH patients, the ratio should be more than 50%.

For “anatomical size matching,” three-dimensional (3D) computed tomography 
(CT) volumetric images are now in practice (Fig. 13.1). The upper and lower thresh-
olds of anatomical size matching have not been determined at the present time. We 
have accepted a wide range of volume ratios between the donor’s lower lobe graft 
and the corresponding recipient’s chest cavity [13].

13.3  Recipient Operation

13.3.1  Bilateral Cadaveric Lung Transplantation

Patients are anesthetized and intubated with a single-lumen endotracheal tube in 
children and with a left-sided double-lumen endotracheal tube in adults. When the 
patient’s hemodynamic instability is remarkable, partial cardiopulmonary bypass is 
initiated using the femoral vessels under local anesthesia. Then, the recipient is 
anesthetized and intubated. A Swan-Ganz catheter is placed. Intraoperative trans-
esophageal echocardiography is employed routinely. The “clamshell” incision is 
used and the sternum is transected. The sternum is notched at the level of transection 
by aiming the sternal saw at a 45° angle and cutting toward the midpoint to facilitate 
postoperative sternal adaptation. Pleural and hilar dissection is carried out before 

Table 13.3 The eligibility 
criteria for living lung 
donation (Kyoto University)

Medical criteria
Age 20–60 years
ABO blood type compatible with recipient
Relatives within the third degree or a spouse
No significant past medical history
No recent viral infection
No significant abnormalities on echocardiogram 
and electrocardiogram
No significant ipsilateral pulmonary pathology on 
computed tomography
Arterial oxygen tension ≧ 80 mmHg (room air)
Forced vital capacity, forced expiratory volume in 
one second ≧ 85 % of predicted
No previous ipsilateral thoracic surgery
No active tobacco smoking
Social and ethical criteria
No significant mental disorders proved by a 
psychiatrist
No ethical issues or concerns about donor 
motivation
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heparinization to reduce blood loss. The ascending aorta and the right atrium are 
cannulated after heparinization, and patients are placed on standard cardiopulmo-
nary bypass. We have utilized extracorporeal membrane oxygenation (ECMO) 
instead of conventional cardiopulmonary bypass (CPB) in most LDLLT procedures 
since 2012. Activated clotting time is maintained between 180 and 200 s. Use of 
ECMO with relatively low activated clotting time significantly reduces intraopera-
tive bleeding.

After right pneumonectomy, the right donor lung implantation is performed. The 
anastomosis sequence of the recipient is the bronchus, left atrium, and pulmonary 
artery. The bronchial anastomosis is begun with a running 4–0 polydioxanone suture 
for the membranous portion and completed with simple interrupted sutures or figure 
of eight suture for the cartilaginous portion. Bronchial wrapping is not employed. 
The left atrial anastomosis is performed using a running 5–0 Prolene suture. Finally, 
the pulmonary artery anastomosis is performed in an end-to-end fashion using a 
running Prolene suture. In pulmonary hypertension patients, pulmonary artery anas-
tomosis is often challenging due to marked size discrepancy. To compensate the 

Fig. 13.1 Anatomical size matching using three-dimensional volumetry in living-donor lobar lung 
transplantation. The recipient was an adult female with bronchiolitis obliterans whose right hemi-
thorax was 2475 ml. The right donor was her son whose right lower lobe was 1305 ml. Chest X-ray 
showed no detectable dead space after transplantation
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huge size discrepancy, one to four tack stitches are placed on the recipient pulmo-
nary artery (Fig. 13.2). Just before reperfusion, 500 mg of methylprednisolone is 
given intravenously, and nitric oxide inhalation is initiated at 10–20 ppm. Following 
right lung implantation, left pneumonectomy and left donor lung implantation is 
performed in the same manner.

A left atrial line is placed through the left appendage to monitor left atrial pres-
sure. Cardiopulmonary bypass is gradually weaned and then stopped. Heparin is 
reversed by protamine and careful hemostasis is performed. Two chest tubes are 
placed in each chest cavity, and the chest is closed in the standard fashion.

13.3.2  Living-Donor Lobar Lung Transplantation

The technique of living-donor lobar lung transplantation is quite similar to that of 
bilateral cadaveric lung transplantation. The venous anastomosis is placed between 
the donor’s inferior pulmonary vein and the recipient’s upper pulmonary vein. 
Native upper lobes may be preserved when two lower lobe grafts are too small [14].

Fig. 13.2 Right pulmonary artery anastomosis during cadaveric bilateral lung transplanta-
tion. In patients with pulmonary hypertension, the pulmonary artery is markedly dilated. A vascu-
lar clamp is placed behind the superior vena cava (SVC). The right pulmonary artery is transected 
proximal to the first branch. Leaving long pulmonary artery might increase the risk of arterial 
kinking after reperfusion. Note the huge size discrepancy between the recipient pulmonary artery 
(R-PA) and the donor lobar pulmonary artery (D-PA). To compensate the huge size discrepancy, 
two tack stitches (white arrows) were placed on the recipient pulmonary artery in this case
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13.4  Postoperative Management

The patient is kept intubated at a positive end-expiratory pressure of 5 cm H2O for 
at least 2 days. Weaning from the ventilator is intentionally slow, and a tracheos-
tomy is performed when patients show any signs of sputum retention. Suction of the 
chest drainage tubes starts at 10 cm H2O and gradually decreases to water seal in a 
couple of days. Fiber-optic bronchoscopy is performed every 12 h while the patient 
is intubated to assess donor airway viability and to suction any retained secretions. 
Postoperative immunosuppression is a triple drug therapy consisting of cyclospo-
rine (CSA) or tacrolimus (FK), mycophenolate mofetil (MMF), and corticosteroids. 
In CLT, transbronchial lung biopsy offers a safe and accurate means of diagnosis of 
acute rejection and has emerged as the procedure of choice. However, the risk of 
pneumothorax and bleeding from transbronchial lung biopsy may be higher in 
LDLLT because the small grafts are receiving high blood flow. It is for this reason 
that we judge acute rejection on the basis of radiographic and clinical findings. 
Early acute rejection episodes are characterized by dyspnea, low-grade fever, leuko-
cytosis, hypoxemia, and diffuse interstitial infiltrate on chest radiographs. Because 
two lobes are donated by different donors, acute rejection is usually seen unilater-
ally. A trial bolus dose of methylprednisolone 500 mg is administered, and various 
clinical signs are carefully observed. If acute rejection is indeed the problem, two 
additional daily bolus doses of methylprednisolone are given.

Because graft ischemic time is short in LDLLT, primary graft dysfunction is 
infrequently encountered as compared with CLT in general. However, we have 
encountered severe lung edema associated with left ventricular dysfunction in the 
early postoperative period both in LDLLT and CLT for patients with pulmonary 
hypertension. Some patients required ECMO support (Fig. 13.3). Contrary to the 
early right ventricular function recovery, the impaired left ventricular function per-
sists at 2 months despite findings that left ventricular geometry is restored earlier 
after reversal of pulmonary hypertension [15]. Chronic preoperative preload 
 reduction may adversely affect left ventricular compliance and muscle stiffness. 
Most of the patients developing lung edema respond to therapy including steroid 
pulse, inotropic drugs, afterload reduction with vasodilators, and nitric oxide inhala-
tion. We recommend that patients to be kept on a ventilator for at least 5 days and 
weaned from the ventilator very slowly along with inotropic support.

13.5  Outcome and Prognosis

According to the registry of International Society for Heart and Lung Transplantation 
(ISHLT), the 5-year survival after lung transplantation is approximately 50 % [16]. 
Pulmonary hypertension is known to be a significant risk factor of early death after 
lung transplantation.
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Between 1998 and 2015, lung transplantation has been performed in 464 patients 
at nine lung transplant centers in Japan. Among these, the author and his colleagues 
have performed 184 lung transplants including 111 LDLLTs and 73 CLTs.

Thirty-five of them (19 %) were diagnosed with pulmonary hypertension. 
Twenty-four patients received LDLLT and 11 patients received CLT. Final patho-
logic diagnoses of the excised lungs were idiopathic pulmonary arterial hyperten-
sion (IPAH) in 23 patients, pulmonary veno-occlusive disease (PVOD) in three 
patients, Eisenmenger syndrome in three patients, pulmonary hypertension associ-
ated with connective tissue diseases in two patients, pulmonary capillary hemagio-
matosis (PCH) in one patient, and others in three patients.

There were 25 females and 10 males with ages ranging from 6 to 63 years 
(average 26.4 years). Nine of the patients were children and 26 were adults. 
Chest X-rays showed dramatic improvement of cardiomegaly both in CLT and 
LDLLT (Fig. 13.4). Mean pulmonary artery pressure is normalized by the time 
of discharge and pulmonary hemodynamics continued to be excellent at 3 years 
(Fig. 13.5) posttransplant. The 5-year survival rate was 81.2 % for pulmonary 
hypertension (PH) patients (n = 35) and was 72.2 % for non-PH patients (n = 
149) (Fig. 13.6).

Fig. 13.3 Severe lung edema after cadaveric bilateral lung transplantation in an adult male 
patient with idiopathic pulmonary arterial hypertension. (a) On day 7, extracorporeal mem-
brane oxygenation (ECMO) was placed due to severe lung edema. (b) On day 10, chest X-ray 
showed marked improvement and ECMO could be removed
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Fig. 13.4 Dramatic improvement of cardiomegaly in a 14-year-old male with idiopathic pul-
monary arterial hypertension receiving LDLLT. (a) Pretransplant. (b) Six months after receiv-
ing living-donor lobar lung transplantation (LDLLT)

Fig. 13.5 Pulmonary hemodynamics in LDLLT. Changes of mean pulmonary artery pressure 
(mPAP) and cardiac index (CI) before and after living-donor lobar lung transplantation (LDLLT)
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13.6  Summary

Lung transplantation is a viable treatment in patients with PAH who failed to 
respond medical treatment. Because of severe shortage of cadaveric lungs in Japan, 
living-donor lobar lung transplantation is often the only realistic option for very sick 
PAH patients especially for children.
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Chapter 14
Medical Therapy for Chronic 
Thromboembolic Pulmonary Hypertension

Toru Satoh

Abstract Prior to the development of pulmonary endarterectomy (PEA), a surgical 
removal of organized chronic thrombi, there had long been no efficacious treatment 
to improve the prognosis of patients with chronic thromboembolic pulmonary 
hypertension (CTEPH). Anticoagulants are initiated when CTEPH is diagnosed to 
prevent progression, and treatment of hypoxia and right heart failure are added 
when these complications occur. In the meantime, because small pulmonary arterioles 
in CTEPH have the same histological abnormality as those in pulmonary arterial 
hypertension (PAH), which has been called “small vessel disease,” the pulmonary 
vasodilators used in PAH have started to be administered to patients with inoperable 
CTEPH with peripheral lesions. Retrospective studies showed effectiveness of these 
vasodilators in improving the prognosis of CTEPH, and riociguat, a newly devel-
oped soluble guanylate cyclase (sGC) stimulator, demonstrated significant clinical 
benefit in 6-min walk distance (6MWD) and pulmonary hemodynamics. However, 
the effectiveness of vasodilators in patients with operable CTEPH is not known.

Keywords Chronic thromboembolic pulmonary hypertension (CTEPH) • 
Anticoagulant • Small vessel disease • Riociguat • Pulmonary vasodilator

14.1  Preface: History of Chronic Thromboembolic 
Pulmonary Hypertension (CTEPH) Treatment

I first experienced a patient with CTEPH in 1983 when I was a second-year intern 
in medicine. The patient was a middle-aged man with chief complaint of dyspnea 
on exertion who was referred from another university hospital because the hospital 
in which I was trained and worked was a referral center for pulmonary hyperten-
sion. The patient was diagnosed as idiopathic pulmonary arterial hypertension and 
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had been treated for this entity. Being in NYHA functional class IV when he was 
admitted, he died about a month later. Postmortem examination was performed, and 
I still remember the pathologist swiftly making the diagnosis in the pathology 
 theater, stating that there were lots of new and old thrombi in the patient’s pulmo-
nary arteries, leading to PH and death. The clinical diagnosis had been incorrect; 
however, there was no effective treatment even if the patient had been diagnosed 
correctly.

I started PH practice in 1994 at the National Cardiovascular Center in Japan, the 
first center specialized  in PH in Japan, at which pulmonary endarterectomy (PEA) 
was about to be introduced. Several surgeons and internists had visited San Diego 
and learned and brought back the skills for this new surgery. Over several years, the 
technique progressed to the present advanced and stable procedure. This course of 
change in treatment signifies that surgical treatment preceded medical treatment, 
other than anticoagulants to prevent further thrombi, oxygen inhalation in hypoxic 
patients, and heart failure treatment such as diuretics, cardiac stimulants, and other 
general medical measures. Since those development, pulmonary vasodilators, 
originally used in pulmonary arterial hypertension (PAH) (type 1 PH), have been 
almost routinely used in patients with CTEPH in Japan.

14.2  Types of Medical Therapy in CTEPH

14.2.1  Anticoagulants

Anticoagulants inhibit thrombus formation in the pulmonary arteries and deep 
veins, which are possible sources of thrombi in chronic, organized pulmonary 
emboli [1]. There has been no randomized prospective study to prove the effective-
ness of anticoagulants for CTEPH [2]. However, many guidelines state that antico-
agulants are absolutely indicated in the treatment of CTEPH [3].

14.2.1.1  Types of Anticoagulants

Because of no prospective randomized study of the effectiveness of anticoagulants 
for CTEPH, studies on anticoagulants used for maintenance treatment for patients 
with acute pulmonary embolism may be applied to those with CTEPH. Coumadin 
has been used for this purpose, but there has been no report on the usefulness of new 
direct oral anticoagulants (DOAC) in this phase of chronic anticoagulation after the 
acute phase [4]. According to a recently published meta-analysis comparing the 
overall usefulness among the present anticoagulants, aspirin, Coumadin, and new 
drug, DOAC, DOAC gave more benefit than control, and the latter two drugs yielded 
more benefit than the first drug [5].
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14.2.2  Oxygen, Treatment for Right Heart Failure, and Other 
Medical Treatment

There has been no prospective study showing the benefit of oxygen administration, 
treatment for right heart failure, and other supportive treatment for PH. These treat-
ments are considered obviously necessary when indicated in Western guidelines, 
suggesting that inhaled ambulatory oxygen should be given when SpO2 is less than 
90–95 %, and loop diuretics, tolvaptan, and cardiotonics are indicated in cases of 
right heart failure.

14.2.3  Pulmonary Vasodilators

14.2.3.1  Types of Vasodilators

Pulmonay vasodilators have been applied to patients with PAH after they were 
validated as effective in randomized controlled trials (RCT) in those patients. These 
drugs are described in detail elsewhere. They are classified into three groups accord-
ing to their pharmacological mechanism of action: prostaglandin I2, nitric oxide 
(NO)-related compounds, and endothelin receptor antagonists. Among these vaso-
dilators, only riociguat (a guanylate cyclase stimulator) demonstrated significant 
efficacy in patients with CTEPH in RCT.

14.2.3.2  Mechanism of Action of Vasodilators in CTEPH

Because pulmonary arterial lesions, which are histopathologically similar to those 
in PAH, are also recognized in CTEPH [6], it has been thought that secondary 
changes in small pulmonary arterioles, thickened vascular medial smooth muscle 
and proliferated vascular intima, etc., also occur in CTEPH, the so-called small ves-
sel disease.

14.2.3.3  Positioning of Vasodilator Therapy in Chronic Thromboembolic 
Pulmonary Hypertension (CTEPH) Practice from Guidelines

According to the present guidelines prevailing in Western countries, medical ther-
apy in CTEPH is contemplated when it is impossible to perform surgical treatment 
(PEA) (Fig. 14.1) [7], which means that surgery always antecedes drug therapy and 
that the outcome of medical treatment in patients with CTEPH has not been well 
evaluated. Because reimbursement by medical insurance for drugs in general  is 
more affordable in Japan, medical therapy for patients with CTEPH is readily 
applied before surgical treatment.
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14.2.3.4  Efficacy of Vasodilators in Patients with Inoperable CTEPH

In 2013, one of the most recent retrospective studies on the prognosis of CTEPH 
using drug therapy was reported in Japan [8]. Ninety-five patients were enrolled 
from 1986 to 2010, including a majority of patients with peripheral lesions excluded 
from thromboendarterectomy with mean pulmonary arterial pressure (mPAP) of 43 
mmHg. The patients were divided into two groups, one with modern PAH drug 
therapy including sildenafil and/or bosentan and the other without such therapy. The 
5-year survival of the former group was 89 % and that of the latter was 60 %. 
Inoperable CTEPH patients with drug therapy had a significantly better outcome 
than those without. The 5-year survival in inoperable CTEPH patients with vasodi-
latory drugs was comparable to that of those with operable CTEPH [9]. According 
to other studies on medical therapy for CTEPH, Suntharalingam et al. reported in 
2007 that 3-year survival was 53 % in 35 CTEPH patients with distal lesions 

Fig. 14.1 Present treatment guidelines for chronic pulmonary thromboembolic pulmonary hyper-
tension (CTEPH) from 2015 ESC/ERS Guidelines for the diagnosis and treatment of pulmonary 
hypertension [7]
Medical treatment is chosen when patients are diagnosed as inoperable.
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receiving medical therapy [10]. Condliffe et al. reported in 2008 that 3-year survival 
was 76 % in 148 patients with distal lesions, with average mPAP of 49 mmHg, 90 
% of whom were receiving contemporary pulmonary vasodilators [11]. Without 
administration of vasodilators or PEA, the famous report concerning the natural 
history of CTEPH patients by Riedel demonstrated that 5-year survival was 10 % 
when mPAP exceeded 50 mmHg [12].

14.2.3.5  RCTs of Vasodilators in CTEPH

Prior to riociguat, of which clinical effectiveness in RCT was proved in 2013, there 
had been no vasodilatory drugs that attained the targets in studies for CTEPH [13]. 
Before riociguat, bosentan improved the hemodynamics in patients with CTEPH 
but not 6-minute walk distance (6MWD) resulting in regarded as ineffective, 
because the drug did not fulfill the primary target of the study (BENEFiT study) 
[14]. These results mean that vasodilators used for PAH can at least ameliorate the 
hemodynamics in CTEPH patients. Bosentan is an endothelin receptor blocker and 
has been used for patients with PAH since 2005 in Japan. A prospective study to 
investigate its usefulness in patients with inoperable CTEPH was conducted in 
Western countries, and the results were published in 2008 [14]. One hundred fifty-
seven patients were enrolled. Pulmonary vascular resistance (PVR) and cardiac 
index (CI) were statistically significantly improved compared to placebo, but 
6MWD was not. PVR was decreased from baseline by 24.1 % (95 % confidence 
interval [CI], 31.5 % to 16.0 %; p = 0.0001), cardiac index was increased by 0.3 L/
min/m2 (95 % CI, 0.14 to 0.46 L/min/m2; p = 0.0007), and mean change in 6-min 
walk distance was improved by 2.2  m (95 % CI, 22.5 to 26.8 m; p = 0.5449) 
(Table 14.1).

Table 14.1 Mean treatment effect in patients with or without previous PEA in PVR (n = 137a)

Placebo (n = 71) Bosentan (n = 66)
Baseline 
(dyn·s·cm−5)

Change 
(dyn·s·cm−5)

Baseline 
(dyn·s·cm−5)

Change 
(dyn·s·cm−5)

Treatment 
effectb (%)

PEAc 700 (561 to 
839)

+81 (−21 to 
183)

735 (596 to 
874)

−193 (−278 to 
−108)

−34.0 (−45.6 
to −20.0)

No 
PEAd

826 (729 to 
923)

+7 (−59 to 73) 795 (696 to 
894)

−127 (−206 to 
−48)

−19.5 (−28.7 
to −9.1)

Overall 787 (708 to 
866)

+30 (−25 to 
85)

778 (698 to 
857)

−146 (−207 to 
−85)

−24.1 (−31.5 
to −16.0)

Values are mean (95 % confidence interval)
PEA pulmonary endarterectomy, PVR pulmonary vascular resistance
aExcluding patients considered operable post-randomization by the Operability Evaluation 
Committee and those with missing baseline or post-baseline assessments
bShown as percentage of baseline
c41 patients (22 in placebo group, 19 in bosentan group)
d96 patients (49 in placebo group, 47 in bosentan group)

14 Medical Therapy for Chronic Thromboembolic Pulmonary Hypertension



190

Riociguat

Riociguat is a direct soluble guanylate cyclase (sGC) stimulant. sGC is an enzyme 
that intervenes in the reaction of production of cyclic guanosine monophosphate 
(cGMP) from guanosine triphosphate (GTP). Nitric oxide (NO) stimulates sGC and 
induces vasodilatation through the pathway mentioned above (Fig. 14.2) [15]. 
cGMP relaxes smooth muscle located in the pulmonary artery medial layer via 
 activation of protein kinase G.  Other NO-pathway-related vasodilators such as 
sildenafil and tadalafil inhibit a cGMP destruction enzyme, phosphodiesterase V.

PATENT-1[13] and PATENT-2[16] studies showed the clinical effect of rio-
ciguat. In PATENT-1, 443 patients enrolled were divided into a riociguat group with 
administration of 2.5  mg tid and placebo group. After 3 months, 6MWD was 
improved by 30 m, as well as significant improvements in PVR, NT-proBNP, WHO 
functional class, period until exacerbation, and Borg dyspnea score in exercise test 
(Fig. 14.3). Serious adverse events (AE) were syncope, hemoptysis, and pulmonary 
hemorrhage. Syncope was experienced by 1 % in the riociguat group and 4 % in 
placebo, indicating that it was attributable to PH worsening. Hemoptysis and 

Fig. 14.2 Guanylate cyclase and c NO/cGMP signaling pathway review [15]
cGMP, an arterial dilator, is produced from GTP aided by coenzyme guanylate cyclase, which is 
stimulated by NO (nitric oxide)
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Fig. 14.3 Improvement in 6-minute walk distance from baseline in CTEPH by riociguat [13]
Mean (±SE) change from baseline in 6-minute walk distance after 16 weeks’ treatment with 
 riociguat is shown compared to placebo. The mean difference in distance at 16 weeks was 46 m 
(95 % CI, 25 to 67; P < 0.001)

 pulmonary hemorrhage occurred in seven patients in the riociguat group and none 
in placebo. In open-label PATENT-2, 396 patients with CTEPH received riociguat, 
and 6MWD after 1 year was improved by 51 m on average and NYHA functional 
class by 33 %. Serious AEs were hemoptysis and pulmonary hemorrhage in eight 
patients in the riociguat group. The causal relationship of riociguat to hemoptysis 
and pulmonary hemorrhage was not determined; however, a warning regarding 
hemoptysis and pulmonary hemorrhage with riociguat was made. These two studies 
confirmed the efficacy of riociguat in inoperable CTEPH in Japan in 2015, as well 
as in Western countries.

14.2.3.6  Future Direction of Pulmonary Vasodilators

It is not still known how pulmonary vasodilators are effective in patients with 
 operable CTEPH.  Considering the progress of newly developed vasodilators, an 
application of vasodilators to even operable CTEPH patients should be considered. 
Nevertheless, complete replacement of PEA or pulmonary angioplasty with drug 
therapy is impossible in the current situation.
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Chapter 15
Balloon Pulmonary Angioplasty

Hiromi Matsubara and Aiko Ogawa

Abstract Balloon pulmonary angioplasty (BPA) is a promising treatment option 
for patients with chronic thromboembolic pulmonary hypertension who are consid-
ered ineligible for surgical treatment. Since 2012, the effect of balloon pulmonary 
angioplasty has been reported mainly in Japan, but currently, it is attracting the 
attention of many pulmonary hypertension specialists worldwide. Since balloon 
pulmonary angioplasty has not yet been established as an alternative treatment for 
these patients, we briefly explain its history, indication, fundamental techniques, 
complications and prevention methods, and treatment effects. Additionally, we 
address the limitations and future perspective of balloon pulmonary angioplasty in 
this chapter.

Keywords Angioplasty • Inoperable chronic thromboembolic pulmonary hyper-
tension • Pulmonary injury

15.1  Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH) is classified as group 4 
pulmonary hypertension, according to the clinical classification of pulmonary 
hypertension [1]. The main cause of this disorder is angiographically visible steno-
ses or obstructions of the pulmonary arteries due to organized thrombus formation. 
When an organized thrombus becomes a part of the vascular structures, thrombolytic 
therapy or anticoagulation is no longer effective for treating CTEPH. The surgical 
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removal of organized thrombi (i.e., pulmonary endarterectomy [PEA]) can resolve 
the stenoses or obstructions of the pulmonary arteries, and thus cure CTEPH [2]. 
However, some patients cannot be treated by PEA because of surgically inaccessi-
ble lesions or comorbidities [3, 4]. Although patients who are ineligible for PEA 
have been treated with pulmonary hypertension-specific vasodilators, none of these 
drugs can sufficiently decrease pulmonary arterial pressure [5–7]. Thus, alternative 
treatment for these patients is needed.

Balloon pulmonary angioplasty (BPA) was first used to treat CTEPH in 1988 [8]. 
In 2001, the results of BPA in 18 cases of inoperable CTEPH were reported [9]; 
however, the procedure was not yet widely used, because its effect was inferior to 
PEA, and it was associated with a high in hospital mortality rate. Recently, a few 
research groups, including ours, have reported results of various refinements to the 
BPA technique [10–12]. The efficacy and safety of BPA have been dramatically 
improved compared to those reported by Feinstein and colleagues in 2001. Now 
BPA would be a promising treatment option for patients with CTEPH who are ineli-
gible for PEA.

15.2  Indications and Contraindications of BPA

Although some facilities have initiated a BPA program and reported favorable out-
comes [13–16], BPA is not yet an established treatment for CTEPH [1]. It is still 
uncertain whether patients’ characteristics such as age, sex, and the duration of the 
disease affect the results of BPA. Currently, the standard treatment for CTEPH is 
PEA [1, 17]. Therefore, patients with CTEPH who are ineligible for PEA would be 
candidates for BPA. Even patients with residual pulmonary hypertension after PEA 
would be candidates for BPA [18].

The use of contrast medium is essential for performing BPA; thus, it is difficult 
to perform BPA in patients with an iodine allergy. The benefits of performing BPA 
in light of these aforementioned risks must be considered in cases with renal dys-
function, even though there was a reported case of improvement of renal function 
after BPA [19]. Patients with complete obstruction (i.e., a pouching defect) in one 
of the pulmonary artery trunks may not be candidates for BPA, because recanaliza-
tion of thick organized thrombi without resection is almost impossible in such cases.

15.3  Technique of BPA

Anticoagulants, which are commonly used in patients with CTEPH, can be replaced 
with heparin, but they may be continued during BPA. Also, pulmonary hypertension- 
targeted drugs can be continued if the drugs have been already prescribed before 
BPA. However, it can be expected that those drugs will only achieve minor reduc-
tions in the mean pulmonary arterial pressure [5–7, 11]. Thus, the additional use of 
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pulmonary hypertension-targeted drugs immediately before BPA should be avoided 
to save time and money.

The BPA procedure is approached either through the right internal jugular vein 
or the right femoral vein. For inexperienced operators, the internal jugular vein 
approach is recommended, because manipulation of the guiding catheter is easier. 
For those with sufficient experience, the femoral vein approach is recommended, 
because one operator can manipulate both the guiding catheter and the guidewire 
via the guiding catheter with little difficulty. After inserting a 6–7 French long intro-
ducer sheath through the vein into the pulmonary artery, 500–2500 units of heparin 
are administered to reach an activated clotting time of around 200 s, and an addi-
tional 500–1000 units of heparin are administered hourly. A 6–7 French guiding 
catheter (e.g., a multipurpose type, Judkins right type, or Amplatz left type) is 
advanced into the segmental pulmonary artery. After performing selective pulmo-
nary angiography (Fig. 15.1a), a 0.014-in. guidewire is used to cross the lesion. 
Then a balloon catheter of an appropriate diameter (1.5–10 mm) is selected to dilate 
the lesion (Fig. 15.1b). The balloon size is determined according to findings on vari-
ous diagnostic images, including selective pulmonary angiography [12, 20], intra-
vascular ultrasound [11, 16], and optical coherence tomography [21, 22]. Each 
imaging technique has advantages and disadvantages; therefore, it is difficult to 
determine which technique is the best. Whichever imaging technique is used, it is 
important to select a smaller-sized balloon to prevent overdilatation of the lesion, 
especially during initial treatment of the lesion [23]. Since lesions usually exist in 
almost all segments, the treatment of all lesions in one procedure is impossible. The 
number and distribution of targets for treatment should be decided according to the 
operator’s experience and the patients’ condition. In previous reports, the target area 
for one procedure was reported to be 2–4 segments in the unilateral lung [10–13]. 
To obtain sufficient reduction of the pulmonary arterial pressure, the procedure had 
to be repeated 4–8 times.

Special care after the BPA procedure would be unnecessary if no complications 
occurred during the procedure. However, if a BPA-related pulmonary injury occurs, 
appropriate devices such as artificial ventilation via intubation or extracorporeal 
membrane oxygenation should be used to maintain the patient’s oxygenation [11]. 
In cases with evident pulmonary bleeding (e.g., when the extravasation of contrast 
medium is observed during pulmonary angiography or when massive hemoptysis 
occurs after dilatation of the lesion), achieving hemostasis with these treatments is 
challenging. Stopping the bleeding with intravascular treatments may be required 
[11, 24]. In cases that experience pulmonary hemorrhage during or after the proce-
dure, pulmonary edema may occur ≥24 h after the BPA procedure. In such cases, 
methylprednisolone administration may be needed.
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15.4  Complications after BPA and Prevention Methods

Pulmonary injury after the procedure is a unique and major complication of BPA. It 
is characterized by a newly developed chest radiographic opacity that corresponds to 
the treated segment and the worsening of oxygen saturation (Fig. 15.2) [9, 11–13]. 
The incidence of BPA-related pulmonary injury was reported to be 9.6–51.9 % 
[9, 11–13]. Thus, BPA is an invasive treatment for CTEPH, although the percutane-
ous approach of BPA seems minimally invasive. Previously, it was believed that 
reperfusion itself was the cause of BPA-related pulmonary injury; therefore, it was 
considered to be unavoidable. To minimize the occurrence or severity of pulmonary 

Fig. 15.1 Representative fluoroscopic images before, during, and immediately after balloon pul-
monary angioplasty for chronic thromboembolic pulmonary hypertension
The target was the lateral branch of the right basal artery (A9). The upper panels (a–c) are images 
from the initial treatment of the lesion. The lower panels (d–f) are images from the second treat-
ment of the lesion (i.e., the third procedure, 1 month after the initial treatment). Before the initial 
procedure, the patient’s mean pulmonary arterial pressure was 40 mmHg, and it decreased to 33 
mmHg after treating 14 segments during two procedures with a 2-mm diameter balloon catheter. 
To complete the patient’s treatment, four procedures were required. After the fourth procedure, the 
patient’s mean pulmonary arterial pressure decreased to 24 mmHg
(a) Subtotal occlusion (arrowhead) was observed at the mid-part of the segmental artery
(b) The lesion was dilated with a 2-mm diameter balloon catheter
(c) Flow distal to the lesion was restored, although stenosis (arrowhead) remained
(d) The lesion (arrowhead) and the vessel distal to the lesion were spontaneously expanded with-
out additional dilatation
(e) The lesion was dilated again with a 3.5-mm diameter balloon catheter
(f) The lesion (arrowhead) was optimally dilated
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injury after BPA, the number of treated segments in a procedure was restricted to 
2–4 segments in previous reports [10–13]. However, the incidence of pulmonary 
injury after BPA was not decreased by limiting the number of treated segments  
[9, 11]. Conversely, the incidence of pulmonary injury after BPA was reported to 
decrease with the operator’s experience [11]. This indicates that the main cause of 
pulmonary injury after BPA is a technical issue. Unlike systemic or coronary arter-
ies, the vessel wall of the pulmonary artery is very thin. In patients with CTEPH, the 
vessel wall proximal to the lesion may be remodeled by being exposed to a high 
pulmonary arterial pressure and covered by mural organized thrombi. In contrast, 
the vessel wall distal to the lesion would maintain its original fragility because of 
the absence of a high internal pressure. Mechanical minor injury of the vessel wall 
caused by the tip of the wire and an abrupt increase in internal pressure due to dila-
tation of the lesion may result in a hemorrhage distal to the treated segment. Inserting 
the guidewire too deep and injecting contrast medium too strongly may be a cause 
of pulmonary injury after BPA. Both of these situations can be avoided by improv-
ing the operator’s experience.

Another cause of pulmonary injury after BPA may be overdilatation of the lesion. 
Organized thrombi in patients with CTEPH mainly consists of collagen fibers. It is 
hardly compressed by balloon dilatation. According to the pathological findings of 
post-BPA lesions, balloon dilatation seems to increase the lumen cross-sectional 
area of the lesion by detaching the organized thrombus partially from the vessel wall 

Fig. 15.2 Representative chest radiography and computed tomography images of the pulmonary 
injury after the initial balloon pulmonary angioplasty procedure
Treated segments included the apical branch of the right upper lobe (A1), anterior branch of the 
right basal artery (A8), and posterior branch of the right basal artery (A10)
(a) Chest radiography image obtained about 4 h after the procedure. Radiographic opacities were 
observed that corresponded to the treated segments. It appeared to be pulmonary edema, because 
an air bronchogram (arrowheads) was observed within the radiographic opacity
(b) Computed tomography image obtained immediately after the procedure. A high-density area 
(arrows) was observed only around A8 and A10, indicating the local hemorrhage around the 
treated site
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and stretching the thin vessel wall [23]. Although dilatation using a larger balloon 
seems to decrease residual stenosis at the lesion site, it also increases local dissec-
tion of the pulmonary artery at the treated lesion site, which may result in an oozing 
hemorrhage from the lesion. Dilatation using a smaller balloon would decrease the 
risks of an oozing hemorrhage at the treated site, and it would protect the fragile 
vessel wall distal to the lesion from an abrupt increase in perfusion pressure [25]. 
Currently, the most reasonable way to prevent pulmonary injury after BPA is by 
restricting the balloon size, not the number of target segments [26]. Of course, ste-
nosis remains immediately after dilatation when using a smaller balloon compared 
to the vessel diameter at the lesion site (Fig. 15.1c). However, the lumen at the 
treated lesion site and the vessel distal to the lesion spontaneously expand over time 
[11], probably because the thin vessel wall caused by detachment of the organized 
thrombi may be progressively stretched by a high pulmonary arterial pressure (Fig. 
15.1d). Additional dilatation using an optimal-sized balloon can be performed 1–3 
months after the initial treatment without the risk of vascular injury, if it is necessary 
(Fig. 15.1e, f).

15.5  Effect of BPA

The effect of BPA depends on the degree of restoration of lung perfusion. It has 
already been reported that the number of treated segments is directory correlated 
with the decrease in pulmonary arterial pressure [11]. In 2001, Feinstein et  al. 
reported that with an average of six dilations during 2.7 BPA procedures, the mean 
pulmonary arterial pressure of their patient group decreased by 9.3 mmHg [9]. In 
2012, we reported that with an average of 12 dilations during four BPA procedures, 
the mean pulmonary arterial pressure of the patient group decreased by 21.4 mmHg 
[11]. The effect of BPA in reducing pulmonary arterial pressure was approximately 
doubled by doubling the target segments. The degree of residual stenosis at the tar-
get lesion would also influence the effect of BPA. To maintain the treatment effect 
of the procedure using a smaller balloon, it may be necessary to increase the number 
of target segments treated in one procedure.

The number of target segments and procedures should be determined according 
to the treatment goal at each facility. Currently at our facility, the treatment goal of 
BPA for patients with CTEPH is to cure the disorder (i.e., achieve a mean pulmo-
nary arterial pressure <25 mmHg and stopping home oxygen therapy) (Fig. 15.3). 
We need to treat more lesions than we used to, in order to achieve this goal. The 
effectiveness of BPA is expected to be maintained in the long term, because reste-
nosis of the treated lesion after BPA is uncommon [11]. From November 2004 to 
December 2015, 1700 BPA procedures were performed at our hospital on 294 
patients with CTEPH who were deemed ineligible for PEA.  Among them, 252 
patients completed BPA and 197 returned for a follow-up (range 0.2–6 years, average 
1.8 years after the final BPA procedure) right heart catheter examination. Table 15.1 
shows changes in the hemodynamics and 6-minute walking distances before and 
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Fig. 15.3 Representative electrocardiograms, echocardiograms, and lung perfusion scintigrams 
before (a–c) and 6 months after (d–f) the final balloon pulmonary angioplasty (BPA) procedure in 
the same patient shown in Fig. 15.2
To complete the patient’s treatment, 15 segments were needed to be treated in six procedures. The 
patient’s mean pulmonary arterial pressure decreased from 63 to 23 mmHg
(a) Electrocardiogram before BPA indicating a right axial deviation and marked right ventricular 
hypertrophy
(b) Echocardiogram before BPA showing marked dilatation of the right atrium and ventricle
(c) Lung perfusion scintigram before BPA indicating multiple perfusion defects in bilateral lungs
(d) The right axial deviation and right ventricular hypertrophy on electrocardiogram disappeared 
after BPA
(e) The size of the right atrium and ventricle normalized after BPA
(f) Perfusion of bilateral lungs was remarkably improved after BPA

Table 15.1 The latest outcomes of balloon pulmonary angioplasty at Okayama Medical Center

Before BPA  
(n = 294)

After BPA  
(n = 252)

Follow-up  
(n = 197)

6MWD (m) 264 ± 138 380 ± 95* 409 ± 111*

Systolic PAP (mmHg) 73.9 ± 21.2 39.6 ± 10.1* 34.5 ± 8.5*

Mean PAP (mmHg) 42.6 ± 12.0 23.3 ± 5.4* 20.5 ± 4.9*

RAP (mmHg) 7.3 ± 4.5 3.2 ± 2.5* 3.7± 3.0*

CI (L/min/m2) 2.7 ± 0.8 3.0 ± 0.8* 2.6 ± 0.6
PVR (dyne·sec·cm−5) 727 ± 373 321 ± 130* 274 ± 109*

BPA, balloon pulmonary angioplasty; follow-up, 1.8 ± 1.3 years (range, 0.2–6.0 years) after the 
final BPA; 6MWD, 6-minute walking distance; PAP, pulmonary artery pressure; RAP, right atrial 
pressure; CI, cardiac index; PVR, pulmonary vascular resistance; * p < 0.05 vs. before BPA
The patient numbers before BPA include seven cases of inhospital death (inhospital mortality rate, 
2.4 %)
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after BPA and at the follow-up right heart catheter examination. Patients’ hemody-
namics and exercise capacity were significantly improved after BPA. The improve-
ment was maintained at the time of follow-up. Similarly, recent studies have shown 
evidence of an improvement in hemodynamics and exercise capacity [11–13, 27]. 
The 2-year survival rate after BPA treatment has been reported to be 100 % [10]. 
The 1-, 3-, and 5-year survival rates at our hospital are 97 %, 95 %, and 92 %, 
respectively. Thus, the long-term prognosis of patients with CTEPH treated with 
BPA seems to be comparable to the prognosis of those who have undergone 
PEA. All these effects of BPA are superior to those of medicinal treatment.

15.6  Limitations of BPA

As previously mentioned, there is a learning curve for reducing pulmonary injury 
after BPA [11]. In our experience, the effect of BPA is also influenced by the opera-
tor’s proficiency. Arteries in the middle or lingular lobes are difficult for inexperi-
enced operators to treat. When these four segments are left untreated, patients’ 
hemodynamic improvement will be insufficient. Accordingly, the safety and effi-
cacy of BPA depend on the operator’s experience and skill. This is the most difficult 
problem with BPA, which is similar to PEA.  Since CTEPH is a rare disease, it 
would be necessary to accumulate enough patients at BPA centers so that operators 
can experience a sufficient number of BPA procedures. Currently, devices (e.g., 
guiding catheters, guidewires, and balloon catheters) for coronary or peripheral 
arteries are diverted for BPA [11–13]. Of course, the anatomy of the pulmonary 
arteries is totally different from those of the coronary or peripheral arteries. 
Therefore, the development of BPA-specific devices is necessary to standardize the 
BPA procedure. Although the recently reported effects of BPA are superior to those 
of medicinal treatment, a prospective randomized control trial is necessary to con-
firm the superiority of BPA over medicinal treatment. The cost-effectiveness of the 
BPA procedures also needs clarification.

15.7  Conclusions

BPA would be an alternative treatment for patients with CTEPH who are ineligible 
for PEA. We believe that in the near future, BPA will be a standard treatment for 
patients, although further progress in the field of clinical research is needed.
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Chapter 16
Pulmonary Endarterectomy for Chronic 
Thromboembolic Pulmonary Hypertension

Hitoshi Ogino

Abstract For chronic thromboembolic pulmonary hypertension (CTEPH), well- 
established and standardized pulmonary endarterectomy (PEA) is still the first-line 
therapy with the favorable early and late outcome, particularly, for the proximal 
lesions of CTEPH. Reperfusion lung injury and residual pulmonary hypertension 
(PH) remain problematic as the complications related to adverse outcome. However, 
with the recent advancement of PEA including the adequate patients’ selection, the 
perioperative management, and the technical refinement with accumulation of expe-
riences, the early outcome has been improved with the significant hemodynamic 
improvement and the lower mortality rates of 5–10 % in general and of less than 
5 % in experienced centers. The late outcome is also promising with the low rates 
of recurrence of CTEPH. On the other hand, an alternative procedure of balloon 
pulmonary angioplasty (BPA) has been emerging as a less-invasive treatment 
mainly for difficult patients with inaccessible distal CTEPH lesions and for patients 
with residual PH after PEA. In these situations, it has been more important to choose 
the most adequate procedure for each patient and to do, if necessary, the combina-
tion therapies of PEA and BPA associated with medical treatments.

Keywords Chronic thromboembolic pulmonary hypertension • Pulmonary 
endarterectomy

16.1  Introduction

For chronic thromboembolic pulmonary hypertension (CTEPH), pulmonary 
thrombo-endarterectomy was first performed at the University of California, San 
Diego (UCSD), in 1970 [1], which was followed by the current techniques of pul-
monary endarterectomy (PEA) with deep hypothermic circulatory arrest (DHCA) 
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through a median sternotomy [2, 3]. Since then, this well-established and sophisti-
cated procedure of PEA has already been performed there for over 3200 cases up to 
2015 [4–6]. The recently published outcome of 500 patients was more favorable 
with only 2.2 % of the hospital mortality [6]. In Japan, Nakajima et al. at the National 
Cardiovascular (Research) Center (NCVC), Osaka, firstly reported on the similar 
type of surgery, mainly without cardiopulmonary bypass (CPB), through a lateral 
thoracotomy in 1986 [7]. In the 1990s, the UCSD original method of PEA with CPB 
and DHCA was introduced at NCVC and Chiba University [8–10]. According to the 
annual reports of the Japanese Association for Thoracic Surgery, PEA has been car-
ried out for approximately 50 cases per year with favorable outcome of 6.5 % (n= 
4/65) in-hospital mortality in 2013 [11].

The two major international guidelines of AHA/ACCF [12] in 2011 and ESC/
ERS in 2015 [13] and the Japanese one in 2012 [14] on PH recommended PEA as 
the first-line treatment for CTEPH (Figs. 16.1 and 16.2). However, in Japan, less- 
invasive balloon pulmonary angioplasty (BPA) was revived and has aggressively 
been attempted as the standard treatment, predominantly for inoperable or high-risk 
patients having inaccessible distal CTEPH lesions, on which the Japanese guideline 
has already recommended in 2012 [14]. In addition, medical treatment with the use 
of riociguat also has provided some beneficial effects to any types of CTEPH since 
the release. In these recent settings, the indication of each treatment has become 
more controversial.

Fig. 16.1 ESC/FRS diagnostic guideline of CTEPH
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In this chapter, regarding PEA for CTEPH, the current indications, the surgical 
techniques with perioperative management, the early and long-term outcomes, and 
the risk factors for mortality and poor hemodynamic improvement after PEA would 
be described.

16.2  Diagnosis Including Assessment of Operability 
and Indication of PEA

CTEPH is diagnosed by cardiac echo, enhanced computed tomographic scans (CT 
scans), pulmonary ventilation/perfusion (V/Q) scintigraphy, right heart catheteriza-
tion, and pulmonary angiography (PAG) [15, 16]. Predominantly according to the 
findings of the last two examinations, an adequate therapy is determined as follows: 
(1) mean pulmonary artery pressure (mPAP) >30 mmHg and pulmonary vascular 
resistance (PVR) >300 dyne/sec/cm−5, (2) WHO functional class (NYHA classifica-
tion) III or IV, (3) surgically accessible proximal lesions in the main-lobar or seg-
mental pulmonary artery (PA), and (4) absence of severe comorbidities [4]. In 

Fig. 16.2 ESC/WRS therapeutic guideline of CTEH
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addition, it is more important to assess the operability of each patient based on the 
institutional and surgeons’ experiences as well as the various patient’s imaging and 
hemodynamic data [15–17]. Unfortunately, in Japan, the number of PEA is much 
smaller and its experienced centers are also limited [11]. Without experienced PEA 
surgeons, it should be difficult for cardiologists and pulmonologists to indepen-
dently evaluate the operability, particularly, at less-experienced hospitals. This situ-
ation seems to be one reason for recent predominant prevalence of BPA rather than 
PEA.

In making decision of treatment such as PEA, BPA, and medical treatment, the 
location of PA disease is one of the most important determinants, which is measured 
with findings of enhanced CT scans, PAG, and pulmonary V/Q scintigraphy [15–
17]. Based on the predominant locations of PA lesions, CTEPH is morphologically 
classified into two categories such as the proximal and the distal types (Figs. 16.3 
and 16.4). Similarly, according to the findings of PEA specimens, CTEPH is classi-
fied into four categories: type 1 (incidence at UCSD <25 %), fresh thrombus in the 
main-lobar pulmonary arteries; type 2 (<40  %), intimal thickening and fibrosis 
proximal to the segmental arteries; type 3 (<30 %), disease within distal segmental 
arteries only; and type 4 (<5  %), distal arteriolar vasculopathy without visible 
thromboembolic disease [18]. Type 1 or 2 lesion, that is, the easily accessible proxi-
mal type, should obviously be indicated for PEA. On the other hand, in cases with 
the distal lesions of the type 3 or 4, PEA is too difficult to resect PA lesions precisely 
with remarkable reduction of PH. In terms of the location of CTEPH lesion, there 
seems to be some differences between the Western countries and Japan [16–20]. In 
the author’s experience, the proximal diseases were found in 58 % and the distal 

Fig. 16.3 Proximal type
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ones in 42 % [20]. In contrary, the proximal lesions were considerably predominant 
with the prevalence of type 1 in 37.4 %, type 2 in 49.0 %, type 3 in 12.0 %, and type 
4 in 1.6 % in the UCSD cohort [18]. One article from USCD dealing with the recent 
PEA series between 2006 and 2010 stated the increased incidence of type 3 lesions 
from 13.1 to 21.4 % through their more aggressive approach to difficult distal PA 
lesions with the favorable outcome [6]. However, the incidence of the distal PA 
lesion was still lower than that of Japanese patients, which is presumably due to 
racial differences in blood coagulation [16–20]. In CTEPH, vascular obstruction is 
caused by two mechanisms as follows: direct occlusion of the vessel lumen and 
inducing secondary endothelial changes of cellular hyperplasia, webbing, and 
incomplete clot remodeling. The incidence of CTEPH caused by the first mecha-
nism seems to be lower in Japanese patients. Actually, the number of Japanese 
patients having the past history of significant acute pulmonary embolism is much 
smaller, compared with Western patients: 37.2 % vs. 74.8 % [16]. As a result, a 
considerable number of difficult cases having distal PA diseases are involved in the 
Japanese CTEPH or PEA series. This setting is obviously another reason for widely 
spreading of BPA [21–23]. Furthermore, in the international registry, over one third 
of patients having CTEPH were also assessed as inoperable for high risks or diffi-
culties [19], some of whom should be good candidates for BPA. Consequently, with 
whether PEA or BPA, our own therapeutic strategy needs to be established for better 
entire outcome of treatment for CTEPH in Japan.

Another considerable determinant for making decision of treatment is degree of 
PH. Preoperative PVR measured with cardiac output is considered a more important 
predictor of the postoperative outcome after PEA than an absolute value of 
mPAP. Previous reports demonstrated PVR > 1100 dyne・sec・cm−5 and mPAP > 

Fig. 16.4 Distal type
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50 mmHg as risk factors for mortality [24]. However, due to evolving PEA with the 
accumulation of experience and the advances of PEA techniques and perioperative 
management, the upper limit of mPAP and PVR for safe PEA was not determined 
in the guideline [12–14]. In particular, proximal and easily accessible PA lesions 
would allow us to perform PEA successfully, even with severer PH such as mPAP > 
60 mmHg and PVR > 2000 dyne/sec/cm- 5, because remarkable PH reduction after 
PEA is expected [25]. However, in the author’s practice, there have been four inter-
esting exceptional cases with the proximal PA lesions associated with extremely 
high PVR > 2000 dyne/sec/cm−5. Despite of technically successful PEA, three of 
them died from unexpected residual PH and pulmonary bleeding. Only one patient 
managed to survive the PEA but required BPA eventually for residual PH. All of 
them had the longer duration of illness of CTEPH over 15 years, and two of them 
were at bed rest with support of dobutamine and prostaglandin I2 before surgery. 
Presumably, they had already developed “small arteriopathy” during such a long- 
term period of illness and pulmonary infarction with some collateral circulation, 
which adversely affected on the postoperative courses after PEA [26].

There have been no clear criteria of right ventricular function for PEA. The right 
ventricle is severely dilated, which causes secondary tricuspid regurgitation (TR). 
The right ventricular function also deteriorates due to long-standing severe 
PH.  However, with successful PEA, the overload of the right ventricle would 
decrease, resulting in significant size reduction and improvement of wall motion of 
the right ventricle [27–29]. Subsequently, the TR grade would reduce naturally after 
successful PEA and tricuspid valve repair would not be required in most.

Some of patients are in emergency settings with rapidly deteriorated heart and 
respiratory failure due to “acute on chronic” status of recurrent pulmonary embo-
lism. The outcome of PEA is relatively poorer on such an emergency basis [30]. It 
is more profitable to initially improve respiratory and hemodynamic conditions with 
adequate medical treatment. After the conditions are stabilized enough, PEA should 
be attempted. If impossible, prompt PEA would be the only alternative. Concerning 
other patient factors, PEA with prolonged CPB and DHCA is too invasive particu-
larly for the elderly. Advanced age is one independent predictor for poor outcome of 
PEA [20, 31]. Regarding the other conditions such as reoperation [32], PEA for 
pediatric cases [33], and PEA accompanied with cardiac surgical procedures for 
coexisting cardiac lesions [34], PEA can be successfully performed with favorable 
outcome.

As described above, the assessment for operability is based on the experience 
and skill of the surgeons and the institution with sufficient system for preoperative 
imaging and diagnosis, decision-making, surgery, and perioperative care [35]. For 
more favorable outcome of CTEPH treatment, the centralization of institutions 
dealing with both PEA and BPA would be necessary to perform multidisciplinary 
therapies by a CTEPH team of each center.
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16.3  PEA Procedures

At anesthesia, a twin-lumen endotracheal tube is routinely intubated in preparation 
for potential risk of serious respiratory tract hemorrhage. In addition with a central 
venous catheter, a Swan-Ganz catheter is inserted to monitor PA pressure and car-
diac output consistently during the perioperative care. At surgery [4–6], the bilateral 
PA lesions are approached through a median sternotomy. CPB is established with 
ascending aortic cannulation and bicaval venous drainage. PA venting from the 
main PA and left ventricular/atrial venting through the right upper pulmonary vein 
are carried out. The patient is cooled down to 16–18 °C with surface head cooling 
with ice bags. Initially, the right atrium is opened to recognize the presence of atrial 
septal defect or patent foramen ovale. If any, they are closed. The right PA is 
approached between the ascending aorta and the superior vena cava (SVC). It is 
incised longitudinally and the correct plane for PEA is found in the media of the 
posterior surface. The ascending aorta is clamped and cardiac arrest is achieved 
with cardioplegia. PEA is performed down to the segmental and sub-segmental 
branches using special suction dissectors [4]. Establishment of the correct plane is 
most crucial because an excessively deep plane is associated with a risk of pulmo-
nary artery perforation and massive airway bleeding, whereas a too superficial plane 
would result in poor PEA causing residual PH. PEA is carried out using a cycle of 
15 min of DHCA followed by 10 min of systemic reperfusion. After PEA, the right 
PA is closed with double-layered fine stitches. PEA of the left PA is followed with 
the similar technique. PEA of the left lower lobe is however technically difficult. 
After PEA, rewarming is commenced and the left PA and the right atrium are closed. 
The ascending aorta is de-clamped. After the gradual rewarming taking over 1 h, the 
patient is weaned from CPB carefully, because the hemodynamics is unstable in 
most as a result of residual PH arising from the adverse effect of hypothermia, CPB, 
and reperfusion lung injury.

For patients having difficulty in CPB weaning due to hypotension, hypoxia, and/
or pulmonary bleeding, percutaneous cardiopulmonary support or extracorporeal 
membrane oxygenation (ECMO) is indicated using a femoro-femoral circuit or the 
same unit of CPB [20, 35–37]. The latter, so-called central ECMO, is more prefer-
able for relief of the heart and lung, although the sternal closure is delayed. Intra- 
aortic balloon pumping (IABP) is also routinely used to produce a pulsatile arterial 
flow for beneficial organ perfusion. The weaning from it is tried after improvement 
of hemodynamics and oxygenation is obtained. Another argues regarding DHCA 
have emerged. Some articles reported on temporary or cognitive neurological dys-
function due to either deep hypothermia or circulatory arrest [38]. The safety and 
impact of moderate hypothermia with balloon occlusion of the bronchial arteries in 
the descending thoracic aorta was addressed, which did not any remarkable advan-
tages. One randomized control trial was done between DHCA alone and HCA with 
selective cerebral perfusion [39]. There were no significant shortcomings of the 
current brain protection with DHCA alone on the neurological function. The current 
PEA is consequently still carried out with DHCA alone.
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16.4  Perioperative Care

Although the guidelines did not recommend, postoperative outcome seems to be 
favorably affected by preoperative use of medical therapy including prostacyclin 
analogs, endothelin receptor antagonists, or phosphodiesterase-5 inhibitors to 
improve hemodynamic parameters before surgery [40, 41]. However, this has not 
been rigorously assessed in randomized, controlled trials. The author has already 
employed this strategy with administration of PGI2 in the past or currently riociguat 
before surgery to stabilize the conditions, in particular, for high-risk patients having 
distal PA lesions and high PVR [41]. After PEA, significant residual PH occurs at 
the incidences of 10–20 % mainly due to the inaccessible distal PA pathology and/
or of secondary small-vessel arteriopathy [42]. Another mechanism is inevitable 
reperfusion pulmonary injury of the PEA parts of the lung. Adequate mechanical 
ventilation with high PEEP of 10 cmH2O [43] and fluid restriction with diuretics are 
of great importance. If possible, nitric oxide is also used to reduce PH and to 
improve gas exchange [44, 45]. For serious complication of pulmonary bleeding, 
ECMO, particularly without use of anticoagulation, is indicated to reduce hemor-
rhage by decreasing the pulmonary circulation. Postoperatively, anticoagulation 
therapy involved intravenous heparin for the first week followed by oral warfarin 
therapy with the target INR around 2.0–3.0 for Japanese patients. Normally, postop-
erative cardiac catheterization and PAG are carried out before discharge to deter-
mine the impact of PEA.

16.5  Outcome

In terms of early outcome, the hospital mortality rates reportedly ranged from 2.2 to 
23.0 % [46]. Due to the establishment of PEA indications and the improvement of 
surgical techniques and perioperative management, the early outcome of PEA has 
been improved, even though higher-risk patients having distal PA disease and/or 
high PVR are increasingly accepted for surgery with the accumulation of experi-
ences. In the recent series of 500 patients at UCSD, the hospital mortality rate was 
only 2.2  % [6]. Even at the other institutions, the mortality rates have achieved 
between 5 and 10 %. According to the annual summary of the Japanese Association 
for Thoracic Surgery in 2013, the mortality rate was 6.5 % [11].

Regarding risk factors for mortality, location of PA disease and preoperative 
hemodynamics are important predictors of the postoperative outcome. At the begin-
ning of this procedure around the 1990s, preoperative mPAP >50 mmHg and PVR 
>1100 dyne/sec/cm−5 were predictors for hospital mortality [24]. In the 2000s, the 
risk factors were advanced age, high right atrial pressure, poor NYHA class, many 
lesions in PA branches [31], and preoperative blood gas with low-oxygen partial 
pressure [47]. In the UCSD report on the location of PA lesion, the mortality rates 
were type 1  =  1.3  %, type 2 = 2.5  %, type 3  =  13.2  %, and type 4  =  14.3  %, 
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 respectively, which means higher mortality and morbidity rates in cases with distal 
PA lesions of type 3/4 [18]. In another UCSD report, postoperative PVR > 500 dyne/
sec/cm−5 was an independent predictor for adverse outcome [5]. In the author’s 
practice, the multivariate analysis dealing with 88 patients demonstrated high age > 
60 years old as an independent predictor for mortality [20].

In assuming PVR > 500 dyne/sec/cm−5 immediately after PEA as residual PH, its 
incidence was reportedly from 10.1 to 16.0 % [46]. Given more strict criteria of 
PVR > 400 dyne/sec/cm−5, 33.7 % developed residual PH [47]. In the author’s expe-
rience of 130 patients at NCVC between 1995 and 2008, the incidence of residual 
PH (mPAP > 30 mmHg) was 17.7 % [20]. Advanced age, high right atrial pressure, 
and female gender were independent predictors for persistent PH in the multivariate 
analysis [31].

With regard to the long-term results, in the recent report from UCSD, the sur-
vival rates were reported to be 82 % at 5 years and 75 % at 10 years [6]. The author 
first reported that the survival rate was 90.7 % at 3 years and 86.4 % at 5 years [19]. 
Ishida et  al. also reported the favorable outcome with survival rate of 84.0 % at 
5 years and 82.0 % at 10 years [48]. In terms of the event-free rate in the long-term, 
in the author’s experience, it was 97.1 % at 3 years and 93.5 % at 5 years [20]. In 
another report, it was 78.0 % at 5 years and 70.0 % at 10 years [48]. Concerning the 
recurrences of CTEPH after successful PEA, Mayer et al. first reported some hemo-
dynamic deterioration in three patients (4.6  %) [49]. In the author’s experience, 
three patients (2.5 %) developed recurrence of PH. Two of them had been suffered 
from residual PH due to unsuccessful PEA for the distal PA lesions. Ishida et al. 
demonstrated postoperative mPAP >34  mmHg leading to some deterioration of 
NHYA class and late death [48].

16.6  Conclusions

Although PEA is invasive and depending on the high level of surgical expertise and 
the appropriate patients’ selection, it is favorably associated with the significant 
improvements in hemodynamics and exercise capacity and with the lower early and 
late mortality rates. Consequently, PEA is still the first-line therapy for CTEPH, 
particularly for the proximal PA lesions. Multidisciplinary therapies including PEA, 
BPA, and medical treatment by a CTEPH team would be required for more favor-
able outcome.
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Chapter 17
Right Ventricular Function

Kaoru Dohi, Norikazu Yamada, and Masaaki Ito

Abstract The right ventricle (RV) is highly sensitive to increments of pressure 
overload. Both acute and chronic excessive pressure overloads lead to right ven-
tricular (RV) maladaptation and subsequent RV failure, which is the main cause of 
death in patients with pulmonary hypertension (PH). RV function is strongly associ-
ated with the exercise capacity of patients and their survival in PH independently of 
pulmonary arterial pressure. Invasive right heart catheterization including the pres-
sure–volume loop method allows for definition of PH, assessment of pulmonary 
hemodynamics, RV contractility, and RV-arterial coupling. Noninvasively, echocar-
diography is widely used for not only screening for PH but also for assessment of 
the cardiac structure and function in daily clinical practice, and two-dimensional 
and three-dimensional echocardiography provide comprehensive and quantitative 
assessments of RV myocardial dynamics. Cardiac magnetic resonance imaging is 
also increasingly used as a standard tool in the evaluation of RV structure and function. 
We offer a clinical perspective on RV structure and function and review established 
and novel methods for measuring RV function in the present section.

Keywords Right ventricular function • Pressure–volume loop • Echocardiography

17.1  Introduction

In normal physiological conditions, the amount of blood ejected by the right ventricle 
(RV) is equal to that ejected by the left ventricle (LV). However, the structural and 
functional characteristics of the RV are quite different from those of the LV. The RV 
has a thin wall with high diastolic compliance to adapt to rapid changes in volume 
load and discharges blood into a very compliant pulmonary circulation. Conversely, 
right ventricular (RV) pump function is impaired to a much greater extent in com-
parison with that of the LV by comparable increases in pressure load. Both acute 
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and chronic excessive pressure overloads lead to RV maladaptation and subsequent 
RV failure, which is the main cause of death in patients with various types of pul-
monary hypertension (PH) including acute pulmonary thromboembolism (APTE) 
and pulmonary arterial hypertension (PAH). The clinical importance of RV function 
for the exercise capacity of patients and their survival has been confirmed in PH, 
and several indices of RV dysfunction and/or signs of RV failure have been identi-
fied as significant predictors of mortality. Right heart catheterization (RHC) is 
the “gold standard” measurement technique in the evaluation of hemodynamic 
status and is essential for the diagnosis of PH. Pressure–volume loops using a con-
ductance catheter allow for definition of not only RV contractility but also RV-arterial 
coupling, which indicates the mechanical efficiency of the cardiovascular system 
and the interaction between cardiac performance and vascular function. 
Echocardiography is widely used not only in screening for PH but also for the 
assessment of RV structure and function in daily clinical practice. Longitudinal 
shortening is the major contributor to overall RV performance, and measures of 
longitudinal RV function such as tissue Doppler-derived annular systolic velocity 
wave (S’) and tricuspid annular plane systolic excursion (TAPSE) are widely used 
in the clinical setting. Two-dimensional (2D) speckle-tracking echocardiography 
(STE) allows rapid and accurate analysis of RV longitudinal systolic mechanics, 
and global RV longitudinal strain provides prognostic value in patients with 
PH. Three-dimensional (3D) echocardiography allows for measuring RV volume 
and EF irrespective of its shape. The new development of 3D-STE provides 
comprehensive and quantitative assessment of RV myocardial dynamics including 
the area change of segmental and global endocardial surface that integrates longitu-
dinal and circumferential deformations. Cardiac magnetic resonance imaging 
(MRI) is also increasingly used as a standard tool in the evaluation of RV structure, 
function, and tissue characterization. The present chapter reviews the normal RV 
structural and functional characteristics and then focuses on the pathophysiology, 
evaluation, and diagnosis of RV dysfunction secondary to PH.

17.2  Anatomy of Right Ventricle

The RV is the most anteriorly situated cardiac chamber and lies immediately behind 
the sternum in the normal heart. In contrast to the ellipsoidal shape of the LV, the 
shape of the RV is complex and appears triangular when viewed from the frontal 
aspect and crescent shaped when viewed in cross section [1, 2] (Fig. 17.1). 
Anatomically, the RV is divided into three components: (1) the inlet, (2) the trabecu-
lated apical myocardium, and (3) the infundibulum (also known as conus arteriosus) 
[1, 2]. The inlet consists of the tricuspid valve, chordae tendineae, and papillary 
muscles. The infundibulum corresponds to the smooth myocardial outflow region. 
Additionally, the RV can also be divided into anterior, lateral, and inferior walls, as 
well as basal, mid, and apical sections [1]. The ventricles are composed of multiple 
layers that form a three-dimensional network of fibers. The RV wall is mainly 
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composed of superficial and deep muscle layers. The superficial fibers of the RV are 
arranged circumferentially with the continuity between the both ventricles with the 
RV being wrapped around the LV, which represents the anatomic basis of free ven-
tricular wall traction caused by LV contraction [1, 2]. The deep muscle fibers are 
longitudinally aligned from base to apex and contribute to longitudinal shortening 
of the RV endocardium.

17.3  Mechanical Aspects of Ventricular Contraction

The primary function of the RV is to receive systemic venous blood and to pump it 
into the pulmonary arteries. The RV contracts by three separate mechanisms: (1) 
inward movement of the free wall, which produces a bellows effect, (2) contraction 
of the longitudinal fibers, which shortens the long axis and draws the tricuspid annu-
lus toward the apex, and (3) traction on the free wall at the points of attachment 
secondary to LV contraction [3]. Shortening of the RV is greater longitudinally than 

Fig. 17.1 Examples of echocardiography views focusing on the right ventricle.
(a) Parasternal right ventricular (RV) three-chamber view, (b) parasternal short-axis view at the RV 
outflow level, (c) parasternal short-axis view at the mid ventricular level, (d) apical four-chamber 
view. AoV aortic valve, IVC inferior vena cava, LV left ventricle, LA left atrium,  RA right atrium
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radially, and rotational movements do not contribute significantly to RV contrac-
tion. Because of the higher surface-to-volume ratio of the RV, the thin free wall can 
adequately eject the required stroke volume with a small inward motion. RV con-
traction is sequential, starting with contraction of the inlet and trabeculated myocar-
dium and ending with the contraction of the infundibulum (approximately 25–50 
msec apart). Contraction of the infundibulum is of longer duration than that of the 
inflow region [1, 4].

In a normal heart, the RV promptly and adequately adapts to dynamic changes in 
systemic venous return, and an increase in RV volume load leads to an increase in 
ejection volume according to the Frank–Starling law within physiological limits. 
The RV is normally connected to a low impedance and highly distensible pulmo-
nary vascular system, and right-sided pressures are significantly lower than compa-
rable left-sided pressures [1, 5]. The RV is vulnerable to any acute rise in wall stress 
because of its thin-walled and crescent-shaped structure, designed to function as a 
flow generator accommodating the entire systemic venous return to the heart [1, 6], 
and a brisk increase in RV pressure load such as massive APTE induces acute 
dilatation and rapid pump failure of the RV [7, 8]. In contrast, a gradual increase in 
pressure load to a certain extent allows for RV adaptation to maintain stroke volume 
or cardiac output (CO) by increasing its wall thickness and contractility. However, 
when exposed to excessive pressure load even in the chronic form, the RV myocar-
dium has difficulty in normalizing ventricular wall stress (force per unit cross- 
sectional area) in the process of reactive myocyte hypertrophy, which results in RV 
dilatation, myocardial ischemia, mechanical dyssynchrony, functional tricuspid 
regurgitation, and subsequent RV pump failure with high filling pressure. Therefore, 
in some patients with severe and progressive RV failure, pulmonary artery pressure 
(PAP) generated by the RV may decrease as a consequence of reduced RV 
contractility.

RV pressure overload affects LV function not only by limiting the LV preload but 
also by abnormal pressure interaction via the interventricular septum and the peri-
cardium, known as ventricular interdependence. An inverted transseptal pressure 
gradient between the LV and RV leads to a leftward displacement and paradoxical 
motion of the interventricular septum, resulting in impaired LV systolic and dia-
stolic function. Recent clinical observation revealed that the LV myocardial perfor-
mance index (MPI), described in later sections, is significantly correlated with RV 
MPI in both acute and chronic RV pressure overload, indicating that LV myocardial 
performance is regulated by ventricular interdependence [9].

17.4  Hemodynamic Evaluation

Right heart catheterization (RHC) is considered the “gold standard” measurement 
technique for the evaluation of hemodynamic status and is accepted as essential for 
the confirmation of PH [1, 10]. RV pressure tracings show an early-peaking and a 
rapidly declining pressure (Fig. 17.2) in contrast to the rounded contour of LV pres-
sure tracing. RV isovolumic contraction time (ICT) is shorter because the RV systolic 
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pressure rapidly exceeds the low pulmonary artery diastolic pressure. A careful obser-
vation of the hemodynamic tracings and flow dynamics also reveals that end-systolic 
flow may continue in the presence of a negative ventricular–arterial pressure gradient 
[1, 4, 11]. This interval, which is referred to as the hangout interval, is most likely 
explained by the momentum of blood (inertia force) through the outflow. In the highly 
compliant (low-resistance, high-capacitance) pulmonary vascular bed in healthy indi-
viduals, the hangout interval may vary from 30 to 120 msec, contributing significantly 
to the duration of RV ejection [12]. In the presence of excessive pressure overload, RV 
ICT becomes longer due to elevated pulmonary artery diastolic pressure, and the RV 
ejection becomes shorter with the shorter hangout time.

During the course of chronic and progressive PH, rises in pulmonary vascular 
resistance lead to parallel elevation of PAP until RV CO is maintained. However, the 
deterioration of RV pump function in the late stages of PH causes a paradoxical 
decrease in PAP despite steady rises in pulmonary vascular resistance. Finally, RV 
pump failure in end-stage PH leads to elevated right atrial pressure (Fig. 17.3). 
Indeed, RHC-derived right atrial pressure, cardiac index, and mixed venous oxygen 
saturation are the most robust indicators of RV dysfunction and poor prognosis, 
whereas mean PAP provides little prognostic information [2].

Pressure–volume loops using a conductance catheter depict instantaneous pres-
sure–volume curves under different loading conditions. Suga et al. first showed that 
the LV end-systolic pressure–volume relationship can be approximated by a linear 
relationship during inferior vena caval occlusion and that the slope of this  relationship 
represents the end-systolic elastance (Ees), which provides an index of myocardial 
contractility [13]. Arterial elastance (Ea) is the expression of the total afterload 

Fig. 17.2 Simultaneously 
recorded ECG, RV analog 
signal of pressure 
development (dP/dt), 
phasic pulmonary artery 
flow, pulmonary artery 
pressure (PAP), and RV 
pressure (RVP) in a human 
subject. ICT isovolumic 
contraction time, ET 
ejection time, HOI hangout 
interval (Reproduced from 
Dell’Italia and Walsh [11] 
copyright © 1988, with 
permission from Elsevier)
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imposed on the ventricle and represents the complex association of different arterial 
properties including vascular wall stiffness, compliance, and outflow resistance 
[14]. Ventriculo-arterial coupling can be defined as the Ea/Ees ratio and represents 
the mechanical efficiency of the cardiovascular system and the interaction between 
ventricular performance and vascular function [14]. Interestingly, many studies 
have shown that a time-varying elastance model can also be applied to the RV 
(Fig. 17.4) despite it having markedly different ventricular geometry and hemody-
namics to those of the LV [15, 16]. As LV Ees is preserved or even higher despite 
impaired diastolic relaxation and ventriculo-arterial coupling in patients with arterial 
hypertension, RV Ees is commonly increased but RV diastolic relaxation is 
prolonged, and ventriculo-arterial coupling is impaired from the early stages of PH 
until decompensated RV failure occurs. McCabe et  al. performed conductance 
catheterization in ten patients with chronic thromboembolic pulmonary hypertension 
(CTEPH), seven with chronic thromboembolic disease without pulmonary hyper-
tension (CTED), and seven controls [17] and revealed that control and CTED groups 
had lower Ea and Ees compared with the CTEPH group (Ea: 0.30 ± 0.10 vs. 0.52 ± 
0.24 vs. 1.92 ± 0.70 mmHg/ml, respectively, P <0.001, and Ees: 0.44 ± 0.20 vs. 0.59 
± 0.15 vs. 1.13 ± 0.43 mmHg/ml, P <0.01) with more efficient ventriculo-arterial 
coupling (Ees/Ea: 1.46 ± 0.30 vs. 1.27 ± 0.36 vs. 0.60 ± 0.18, respectively, P <0.001). 
It is well recognized that changes in contractile performance alter Ees, but Ees 
is also influenced by the chamber geometry and by factors that alter myocardial 
stiffness. Chronic increase in RV afterload can be associated with tandem increase 
in both systolic and diastolic RV stiffness. Taken together with the findings of 
impaired systolic myocardial shortening despite increased Ees in patients with PH, 
the processes that contribute to diastolic stiffening in PH also influence systolic 

Fig. 17.3 Time course of hemodynamic changes in progressive pulmonary hypertension. CO car-
diac output, PVR pulmonary vascular resistance, PAP pulmonary arterial pressure, RAP right atrial 
pressure
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stiffness. The clinical utility of this method in the RV functional assessment in PH 
warrants further investigation mainly because of the nonlinearity and variability in 
slope values as well as their afterload dependency [18]. Notably, the conductance 
catheter technique does not take account of volume changes in the longitudinal 
direction in the assessment of the pressure–volume relationship, which may limit 
the precise assessment of global ventricular function.

17.5  The Role of the RV Function in Pulmonary 
Hypertension

RV failure is the main cause of death in patients with PH, and the ability of the RV 
to adapt to the progressive increase in afterload associated with changes in the pul-
monary vasculature is the main determinant of a patient’s functional capacity and 
survival [4, 19]. Excessive RV dilatation secondary to PH also leads to functional 
tricuspid regurgitation, caused by annular dilatation and chordal traction, which in 
turn results in RV volume overload, and thus further progressive annular dilation 
and right ventricle remodeling [19]. Importantly, the relationship between the 
degree of afterload and RV function is not so strong. Indeed, although endothelin–
receptor antagonists, nitric oxide, phosphodiesterase type 5 inhibitors, and prosta-
cyclin derivatives have improved the mobility and mortality of PAH, current 

Fig. 17.4 Pressure–volume relation, illustrating the concepts of ventricular elastance (Ees) and 
arterial elastance (Ea)
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therapies for right heart failure are still suboptimal [20–25]. In addition, recent clinical 
observation demonstrated that the RV ejection fraction (RVEF) can deteriorate 
despite a reduction in pulmonary vascular resistance after PAH-targeted therapy 
[26]. It is well recognized that right heart failure in PH is accompanied by extensive 
RV structural and extracellular matrix remodeling, but there is still no ideal therapy 
that reverses the progression of RV remodeling independent of the RV afterload-
reducing effect.

Exercise intolerance and dyspnea upon exertion are the predominant symptoms 
of patients with PH because of steep mean pressure/flow relationships (Fig. 17.5), 
and the ability of the RV to increase the CO during exercise is an important deter-
minant of exercise capacity and predicts prognosis in patients with PH [27, 28]. 
Therefore, measures of RV functional reserve during exercise contain much more 
important prognostic information than resting variables. Blumberg et al. studied 36 
consecutive patients (21 females, 54±15 years) with PAH (n =21) and inoperable 
CTEPH (n = 15). All patients underwent RHC at rest and during exercise, and car-
diopulmonary exercise testing. They revealed that exercise cardiac index was cor-
related with peak oxygen uptake (peakVO2: r =0.59, P < 0.001) and was the only 
independent predictor of peakVO2 in multivariate stepwise linear regression analy-
ses (P <0.001). They showed that peakVO2 was the strongest predictor of survival 
(χ2 = 14.5, P = 0.003). In addition, only exercise cardiac index (χ2 = 5.6, P = 0.018) 
and the slope of the pressure/flow relationship (χ2 = 4.1, P = 0.04) were significant 
prognostic indicators among hemodynamic variables [27]. At a given similar pres-
sure/flow relationship among patients with severe PH, an individual with higher RV 
functional reserve can have a great potential to raise PAP during exercise. Indeed, 
Grunig et al. revealed that a marked increase (>30 mmHg) of estimated systolic PAP 
during exercise reflects better RV function and is associated with a better long-term 
outcome than a modest or no increase [29].

Fig. 17.5 Pulmonary artery pressure-flow relationships. (a) In 11 normal studies and (b) in five 
pulmonary arterial hypertension (PAH) studies (Reproduced from Kusunose and Yamada [28] 
copyright © 2015, with permission from Springer). ΔmPAP/ΔQ the slope of the mean pulmonary 
artery pressure and cardiac output
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17.6  Assessment of RV Function Using Echocardiography

Accurate echocardiographic assessment of the geometry and function of the RV 
using conventional techniques is difficult because of its complex shape and trabecular 
structure. The retrosternal position of the RV also limits echocardiographic imaging. 
Nevertheless, echocardiography is still used predominantly for the assessment of RV 
function in daily clinical practice, as it is noninvasive, is relatively inexpensive, and 
has no adverse side effects [30, 31]. Recent improvements in image quality and new 
technologies such as tissue Doppler, 2D-STE and 3D-STE show great potential for 
more accurate measurements of RV structure and function.

Recent guidelines for cardiac chamber quantification by echocardiography pro-
vide updated reference values for RV dimensions and most parameters of systolic 
and diastolic function [31]. The normal ranges in echocardiography-derived RV 
chamber size and functional parameters are shown in Table 17.1. The guidelines 
recommend that parameters that can be measured include RV and right atrial (RA) 

Table 17.1 Normal values for RV chamber size

Parameter Mean ± SD Normal range

RV basal diameter (mm) 33 ± 4 25–41
RV mid diameter (mm) 27 ± 4 19–35
RV longitudinal diameter (mm) 71 ± 6 59–83
RVOT PLAX diameter (mm) 25 ± 2.5 20–30
RVOT proximal diameter (mm) 28 ± 3.5 21–35
RVOT distal diameter (mm) 22 ± 2.5 17–27
RV wall thickness (mm) 3 ± 1 1–5
RVOT EDA (cm2)
  Men 17 ± 3.5 10–24
  Women 14 ± 3 8–20
RV EDA indexed to BSA (cm2/m2)
  Men 8.8 ± 1.9 5–12.6
  Women 8.0 ± 1.75 4.5–11.5
RV ESA (cm2)
  Men 9 ± 3 3–15
  Women 7 ± 2 3–11
RV ESA indexed to BSA (cm2/m2)
  Men 4.7 ± 1.35 2.0–7.4
  Women 4.0 ± 1.2 1.6–6.4
RV EDV indexed to BSA (mL/m2)
  Men 61 ± 13 35–87
  Women 53 ± 10.5 32–74
RV ESV indexed to BSA (mL/m2)
  Men 27 ± 8.5 10–44
  Women 22 ± 7 8–36

EDA end-diastolic area, ESA end-systolic area, PLAX parasternal long-axis view, RVOT RV out-
flow tract
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size, a measure of RV systolic function, as assessed by at least one or a combination 
of the following: RV fractional area change (FAC), tricuspid annular plane systolic 
excursion (TAPSE), DTI-derived tricuspid lateral annular systolic velocity wave 
(S’), and RV myocardial performance index (MPI). Given the complex geometry of 
the RV, none of these variables alone is sufficient to describe RV function, and the 
overall impression of an experienced physician is often more important than single 
variables [32]. In addition, the magnitude of tricuspid regurgitation and its peak 
velocity, velocity time integral of RV outflow tract, inferior vena cava diameter and 
its respiratory variation, and the LV eccentricity index provide important information 
on the hemodynamics of the right heart as well as ventricular interdependence.

17.6.1  Right Ventricular Fractional Area Change

RV FAC provides an estimate of global RV systolic function. RV chamber areas are 
best estimated from a RV-focused apical four-chamber view obtained with either 
lateral or medial transducer orientation (Fig. 17.6 and Table 17.2). RV areas vary 

Fig. 17.6 Right ventricular end-diastolic area (RVEDA: left) and end-systolic area (RVESA) in a 
normal subject (top) and a patient with pulmonary arterial hypertension (bottom). RV fractional 
area change (RVFAC) is measured by the following formula: (RVEDA–RVESA)/RVEDA
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widely in the same patient with relatively minor rotations in transducer position, and 
therefore care should be taken to obtain the image with the largest basal RV diameter 
without foreshortening. RV FAC < 35 % indicates RV systolic dysfunction [30, 31].

17.6.2  Tricuspid Annular Plane Systolic Excursion

TAPSE is an index of RV longitudinal function, which is measured by M-mode 
echocardiography with the cursor optimally aligned along the direction of the tri-
cuspid lateral annulus in the apical four-chamber view (Fig. 17.7 and Table 17.2). 
TAPSE measures displacement of the annular plane toward the transducer. It is easy 
to measure, reliable, and reproducible and has been shown to correlate well with 
other measures of global RV systolic function. However, TAPSE is an angle- 
dependent parameter because of the one-dimensional measurement relative to the 
transducer position and is influenced by cardiac translation or rotation [31, 33, 34]. 
While TAPSE values may show minor variations according to age, gender, and phy-
sique, the abnormality threshold of TAPSE is <17 mm, which is highly suggestive 
of RV systolic dysfunction [31].

17.6.3  Tissue Doppler-Derived Tricuspid Lateral Annular 
Systolic Velocity

The DTI-derived S’ wave velocity of tricuspid lateral annulus is another reliable and 
reproducible index of RV longitudinal function (Fig. 17.8 and Table 17.2). Similar 
to TAPSE, S’ is angle dependent and is influenced by overall heart motion. An S’ 
velocity < 9.5 cm/sec indicates RV systolic dysfunction [31].

Table 17.2 Normal values for parameters of RV function

Parameter Mean ± SD Abnormality threshold

RV fractional area change (%) 49 ± 7 <35
TAPSE (mm) 24 ± 3.5 <17
Pulsed Doppler S wave (cm/sec) 14.1 ± 2.3 <9.5
Pulsed Doppler MPI 0.26 ± 0.085 >0.43
Tissue Doppler MPI 0.38 ± 0.08 >0.54
RV free-wall 2D straina(%) -29 ± 4.5 >−20
RV 3D EF (%) 58 ± 6.5 <45

TAPSE tricuspid annular plane systolic excursion, RV right ventricular, MPI myocardial perfor-
mance index, 2D two dimensional, 3D three dimensional, EF ejection fraction
aLimited data; values may vary depending on vendor and software version
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Fig. 17.7 M-mode recording through the lateral tricuspid valve annulus to measure the tricuspid 
annular plane systolic excursion (TAPSE) in a normal subject (left) and a patient with pulmonary 
arterial hypertension (right)

Fig. 17.8 Tissue Doppler image (TDI) of the lateral tricuspid valve annulus in a normal subject 
(left) and a patient with pulmonary arterial hypertension (right). S’ indicates peak systolic annular 
motion velocity of the right ventricular free wall. E’ and A’ indicate peak annular motion velocities 
at the early diastole and during atrial contraction, respectively. TDI-derived myocardial perfor-
mance index is measured by the following formula: (ICT+IRT)/ ET. ICT isovolumic contraction 
time, ET ejection time, IRT isovolumic relaxation time, MPI myocardial performance index

17.6.4  Right Ventricular Myocardial Performance Index

RV MPI is a global estimate of both systolic and diastolic function of the RV [30]. 
It is based on the relationship between ejection and non-ejection work of the RV. The 
MPI is defined as the ratio of isovolumic time divided by ejection time calculated as 
MPI = [(IRT + ICT)/ET], where IRT is isovolumic relaxation time and ET is ejec-
tion time. These time intervals can be obtained by simultaneous RV inflow and 
outflow recording. Alternatively, MPI can be calculated by measuring the RV 
outflow ET (time from the onset to the cessation of flow: Fig. 17.9) and the closure–
opening time of the tricuspid valve measured with pulsed Doppler of the tricuspid 
inflow (time from the end of the transtricuspid A wave to the beginning of the 
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transtricuspid E wave: Fig. 17.9). These measurements are taken from different 
images, and one must therefore attempt to use beats with similar R–R intervals to 
obtain a more accurate MPI value. RV MPI can also be obtained by the tissue 
Doppler imaging (TDI) method, and all time intervals are measured from a single 
beat by recording the velocity of the tricuspid lateral annulus (Fig. 17.8). RV MPI 
has prognostic value in patients with PH at a single point in time [35], and changes 
in MPI correlate with changes in clinical status in this patient group [36]. RV MPI 
> 0.43 by PW Doppler and > 0.54 by TDI indicate RV dysfunction (Table 17.2).

At first, this index was not thought to vary significantly with heart rate and load-
ing conditions. However, recent reports showed that RV MPI increases in response 
to increased loading conditions in animal models and patients with PH [37, 38]. 
Ogihara et al. demonstrated that RV MPI was strongly correlated with clinical and 
pulmonary hemodynamic variables, especially PVR, and the improvement in RV 
MPI was correlated with the improvement of afterload by PAH-specific therapy 
[39]. Interestingly, other systolic RV function variables including TAPSE did not 
significantly change, suggesting that RV MPI is much more sensitive to the response 
to medical treatment. Therefore, RV MPI can be an index of global RV function that 
takes into account the status of RV afterload.

17.6.5  RV Strain

RV longitudinal strain (LS) measurement derived from 2D speckle-tracking echocar-
diography is a relatively novel method for quantifying RV function [40] because longi-
tudinal shortening is the major contributor to overall RV performance (Fig. 17.10). 

Fig. 17.9 Transtricuspid inflow (top) and right ventricular (RV) outflow (bottom) signals in a 
normal subject (left) and a patient with pulmonary arterial hypertension (right). RV myocardial 
performance index is measured by the following formula: (ICT+IRT)/ ET. ICT isovolumic contrac-
tion time, ET ejection time, IRT isovolumic relaxation time, MPI myocardial performance index
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Pooled data suggest that global longitudinal RV free-wall strain < 20 % in absolute 
value is likely abnormal. Chia et al. performed RV functional assessment in 142 
healthy adult volunteers aged between 20 and 81 years. They revealed that the aver-
age of global RVLS was 27.3 ± 3.3 (male: 26.9 ± 3.1 and female: 27.8 ± 3.5) in 
absolute value, showing a reduction with age [41].

RVLS has been recently reported to have prognostic value in PH. Fine et al. per-
formed prospective echocardiography examinations in 575 patients (mean age, 
56±18 years; 63 % women) with known or suspected PH [42]. Eighteen-month 
survival was 92 %, 88 %, 85 %, and 71 % according to free-wall RV strain quartile 
(P<0.001), with a 1.46 higher risk of death (95 % CI: 1.05–2.12) per 6.7 % decline 
in RVLS. In addition, free-wall RV strain predicted survival when adjusted for pul-
monary pressure, pulmonary vascular resistance, and RA pressure and provided 
incremental prognostic value over conventional clinical and echocardiographic 
variables.

Fig. 17.10  Two-dimensional speckle-tracking strain images for the evaluation of right ventricular 
(RV) longitudinal deformation (top) and corresponding segmental and global time-strain curves. 
The RV myocardium is automatically divided into six segments (yellow, basal septum; light blue, 
mid septum; green, apical septum; magenta, apical RV free wall; blue, mid RV free wall; red, basal 
RV free wall). White dotted lines indicate the time-strain curves of global RV myocardium
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17.6.6  Three-Dimensional Echocardiography

RVEF is a powerful predictor of patient survival in PH, and real-time 3D echocar-
diography allows for measurement of RV volume and EF irrespective of its shape. 
Recent studies have determined age-, body size-, and sex-specific normal values of 
RV volumes and EF in a large number of healthy volunteers [43].

The newly developed 3D-STE that features a specialized algorithm for the RV 
provides comprehensive and quantitative assessment of RV myocardial dynamics 
including longitudinal strain (LS), circumferential strain (CS), and area change ratio 
(ACR), determined as the percentage decrease in the size of the endocardial surface 
area defined by the vectors of longitudinal and circumferential deformations. Atsumi 
et al. firstly quantified and characterized RV global and regional deformation in an 
experimental model and confirmed the reliability of this novel 3D-STE system by 
direct comparison with sonomicrometer measurements [44] (Fig. 17.11). They 
revealed that pressure overload produced by pulmonary artery banding resulted 
mainly in changes in the ACR and LS but not in CS in a sheep model, which sug-
gests that longitudinal contraction is more sensitive to pressure overload. A recent 

Fig. 17.11 Strain profiles in a representative case. The top panels depict baseline global and seg-
mental strain-time curves. The bottom panels depict global and segmental strain-time curves dur-
ing severe pulmonary artery banding. Each vertical broken line shows the surrogate point to 
measure deformation data corresponding to the maximum deformation point of the global defor-
mation data (Reproduced from Atsumi et al. [44] copyright © 2016, with permission from Elsevier)
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clinical study demonstrated that patients with PAH had reduced RV strain with 
much more dyssynchronous RV deformation pattern compared with controls when 
assessed by 3D-STE and revealed that ACR correlated best with RVEF and was an 
independent predictor of death [45]. The clinical applications and prognostic impli-
cation of 3D-STE-derived measures warrant further investigation.

17.7  Assessment of RV Volume and Function Using Cardiac 
Magnetic Resonance

Cardiac magnetic resonance (CMR) imaging is accurate and reproducible in the 
assessment of RV size, morphology and function, and is the gold standard for the 
quantitation of RVEF.  Short-axis or axial SSFP images and the summation disc 
method are used for calculations of RV volumes and EF without any geometrical 
assumption. Normal age and gender-specific values for RV volumes and EF have 
been published for adult and pediatric populations [46, 47]. Regional RV function 
can be evaluated qualitatively at rest and during pharmacological stress on SSFP 
short-axis cine loops. It can also be assessed quantitatively by using myocardial tag-
ging or strain-encoding CMR, and both techniques have been shown to be feasible in 
the RV and correlate well with echocardiographic evaluation [48–50]. However, their 
application in the RV is technically demanding, due to the thin wall and the need for 
extensive post processing, which may limit their clinical application [50, 51].

CMR also provides advanced imaging of the RV myocardium including tissue 
characterization [49]. Late enhancement imaging after gadolinium contrast admin-

Fig. 17.12 Short-axis cardiac magnetic resonance cine views showing leftward displacement of 
the interventricular septum (septal bowing) during early diastole (left) and late gadolinium 
enhancement of right ventricular insertion point in a patient with pulmonary arterial hypertension 
(right, white arrow)
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istration can be used for tissue characterization of the RV. Recent clinical studies 
have demonstrated that late gadolinium enhancement (LGE) occurs at the RV inser-
tion point in PAH patients and correlates with CMR-derived RV indices including 
RVEF and RV stroke volume (Fig. 17.12) [52]. In addition, the presence of LGE in 
patients with PAH is a marker for more advanced disease and poor prognosis [53].

Velocity-encoded phase contrast imaging is another important CMR tool for RV 
evaluation. Phase contrast imaging allows quantification of the RV stroke volume, 
pulmonary and/or tricuspid valve regurgitation, and intracardiac shunts as well as 
differential lung perfusion [50, 54–56].
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