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Pulmonary hypertension (PH) is a fatal disease caused by 
small pulmonary artery obstruction by vascular prolifera-

tion and remodeling.1 PH is characterized by elevated pul-
monary arterial pressure and increased pulmonary vascular 
resistance, frequently leading to right heart failure and death. 
PH is defined as a mean pulmonary arterial pressure ≥25 
mm Hg at rest with right heart catheterization.2

The classification of PH includes 5 major categories of 
the disorder.2 Group 1, which is called as pulmonary arterial 
hypertension (PAH), is a clinical condition defined as mean 
pulmonary arterial pressure ≥25 mm Hg and pulmonary capil-
lary wedge pressure ≤15 mm Hg, which is characterized by 
the presence of precapillary PH in the absence of other causes 
of precapillary PH, such as PH caused by lung diseases, 
chronic thromboembolic PH (CTEPH), or other rare diseases. 
Pulmonary veno-occlusive diseases and pulmonary capillary 
hemangiomatosis (Group 1) are caused by occlusion of pul-
monary vein and should be a distinct category. These diseases 
are not completely separated from PAH because they share 
similar characteristics with PAH. Group 2 PH is caused by left 
heart disease, which is characterized by the passive backward 
transmission of the pressure elevation (postcapillary PH). 
Group 3 PH is caused by lung diseases and hypoxia, which 
is caused by hypoxic vasoconstriction as a result of lung dis-
eases. Group 4 PH is called as CTEPH, which is caused by 
chronic and mechanical obstruction of central and distal pul-
monary arteries by organized thrombi. Group 5 PH is caused 
by rare diseases, such as sarcoidosis and aortitis.

Although the treatment of PH has been developed, includ-
ing prostaglandin I2

,3 endothelin receptor antagonists,4 phos-
phodiesterase V inhibitor,5 and soluble guanylate cyclase,6 PH 
still remains a fatal disease. Thus, the novel therapeutic targets 
for PH remain to be elucidated. Indeed, significant progresses 
have been made in this research field. We briefly review the 
recent progress on the novel therapeutic targets of PH.

New Therapeutic Targets in Vascular  
Smooth Muscle Cells in PAH

PAH is characterized as remodeling of small pulmonary arter-
ies, including proliferation of vascular smooth muscle cells 
(VSMCs) and endothelial cells (ECs), and microthrombus in 
small pulmonary arteries. Thus, the research for therapeutic 

targets of PAH has been performed with VSMCs and ECs. 
First, we review the new therapeutic targets in VSMCs. 
Recently, some therapeutic targets of VSMCs in PAH have 
been identified, including Rho-kinase pathway, cyclophilin A 
(CyPA) pathway, NADPH (nicotinamide adenine dinucleo-
tide phosphate) oxidase family of oxidases pathways (Nox-1 
and Nox-4),7,8 platelet-derived growth factor–dependent 
signaling pathway,9 lysyl oxidases,10 and carbon monoxide–
releasing molecules.11 Among these new therapeutic targets, 
we review Rho-kinase pathways and CyPA pathways.

RhoA/Rho-Kinase Pathway
Rho-kinase (ROCKs) is an effector protein of the small GTP-
binding protein Ras homolog gene family member A (RhoA). 
During the past 20 years, significant progress has been made 
in our knowledge on the molecular mechanisms and thera-
peutic importance of ROCKs in PH. RhoA is activated by the 
guanine nucleotide exchange factors12 that catalyze exchange 
of GDP for GTP and is inactivated by the GTPase-activating 
proteins.13 Under physiological conditions, there is a balance 
of the activate conformation and inactivate conformation in 
RhoA, and RhoA regulates the function of ROCKs.

There are 2 isoforms of ROCK, ROCK α/ROCK2 and 
ROCK β/ROCK1, which have been shown to play impor-
tant roles in the regulation of vasoconstriction.14,15 Agonists 
bind to G-protein–coupled receptors and induce contraction 
by increasing both cytosolic Ca2+ concentration and Rho-
kinase activity through guanine nucleotide exchange factors 
(Figure 1). Phosphorylation of myosin light chain (MLC) is 
crucial for VSMC contraction.16 MLC is phosphorylated by 
Ca2+/calmodulin-activated MLC kinase and is dephosphory-
lated by MLC phosphatase. The substrates of ROCKs include 
MLC, myosin phosphatase target subunit-1, ezrin/radixin/
moesin family, adducin, phosphatase and tensin homolog, and 
LIM-kinases (Figure 1).

ROCKs are involved in the pathogenesis of PH because 
it is associated with hypoxic exposure, endothelial dysfunc-
tion, VSMC proliferation, enhanced reactive oxygen species 
(ROS) production, inflammatory cell migration, and platelets 
activation.17–19 Pulmonary vascular remodeling is induced 
with chronic exposure to hypoxia in mice. We demonstrated 
that pulmonary vascular dysfunction plays a crucial role in the 
development of hypoxia-induced PH, for which ROCKs play 
crucial roles.20–24

We recently demonstrated the crucial role of ROCK2 
in the development of hypoxia-induced PH in mice.24 We 
also observed that ROCKs are activated in neutrophils and 
pulmonary VSMCs of patients with PAH.23 Moreover, both 
intravenous infusion and oral administration of fasudil, an 
inhibitor of ROCKs, significantly reduced pulmonary vas-
cular resistance in patients with PAH.25,26 In the lung tis-
sues from wild-type mice, ROCK2 expression and ROCK 
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activity were significantly increased in response to chronic 
hypoxia, and the development of PH and RV hypertrophy 
was suppressed in VSMC-specific ROCK2-deficient mice.24 
Furthermore, systemic and pulmonary arterial pressure was 
improved with intravenous injection of other Rho-kinase 
inhibitors in rats.27,28 Indeed, we obtained direct evidence 
for Rho-kinase activation with immunostaining of lung 
or evaluating the activity of ROCKs in neutrophil from 
patients with PAH.23 Furthermore, we demonstrated that 
the combination therapy using fasudil and sildenafil showed 
additional effects through inhibition of ROCKs activity in 
monocrotaline-induced PH rats.21 These results indicate that 
RhoA–Rho-kinase signaling pathways are the novel thera-
peutic targets of PAH.

CyPA—Basigin Pathway
CyPA is a ubiquitously distributed protein belonging to the 
immunophilin family. CyPA is initially recognized as the 
intracellular receptor for cyclosporine, which is an immuno-
suppressive drug.29 Although CyPA was thought to function 
primarily as an intracellular protein, it has been reported 
to be secreted from VSMCs through Rho-kinase activation 
(Figure 2).30,31 This extracellular CyPA binds to its receptor, 
basigin (Bsg, CD147), and regulates intracellular signaling 
pathways.32 Extracellular CyPA is also a chemoattractant 
for inflammatory cells.33,34 Furthermore, extracellular CyPA 
stimulates VSMCs proliferation and induces ECs adhe-
sion molecule expression and apoptosis35 and activation of 
platelets via Bsg.36 Moreover, intracellular CyPA plays a 

Figure 1. Signaling from endothelial cells (ECs) to vascular smooth muscle cells (VSMCs) and the function of Rho-kinase. Rho-kinase is 
a downstream effector of the active form of RhoA. Phosphorylation of myosin light chain (MLC) is a key event in the regulation of VSMCs 
contraction. MLC is phosphorylated by Ca2+/calmodulin-activated MLC kinase (MLCK) and dephosphorylated by MLC phosphatase 
(MLCP). Rho-kinase mediates agonist-induced VSMC contraction. DAG indicates diacylglycerol; GAP, GTPase-activating protein; GEF, 
guanine nucleotide exchange factor; IP3, 1,4,5-triphosphate; MYPT, myosin phosphatase target subunit; NO, nitric oxide; PDE, phospho-
diesterase; PGI2, prostacyclin; PKC, protein kinase C; and PLC, phospholipase C.

Figure 2. Cyclophilin A and basigin play a 
crucial role in cell proliferation in vascular 
smooth muscle cells (VSMCs). Hypoxia 
induces reactive oxygen species (ROS) 
in VSMCs, which promotes cyclophilin 
A (CyPA) secretion. Rho-kinase also 
promotes the secretion of CyPA. Extra-
cellular CyPA recruits and stimulates 
inflammatory cells and promotes secre-
tion of inflammatory cytokines. Extracel-
lular CyPA directly stimulates proliferation 
of VSMCs through basigin, promoting 
additional secretion of cytokines/chemo-
kines and growth factors. The interaction 
between extracellular CyPA and basigin 
in VSMCs may contribute to VSMC prolif-
eration and pulmonary vascular remodel-
ing. VAMP indicates vesicle-associated 
membrane protein.
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critical role in the translocation of NADPH oxidase fam-
ily of oxidases (Nox), such as Nox-1, Nox-4, and p47phox, 
leading to VSMCs proliferation and various cardiovascular 
diseases. The interaction between CyPA and Nox amplifies 
ROS formation in a synergistic manner, leading to increase 
oxidative stress as ROS production by Nox via activation 
of other oxidase systems (Figure 2).37,38 Furthermore, secre-
tion of CyPA requires ROS production in VSMCs, RhoA/
Rho-kinase activation, and vesicle formation.30 Thus, both 
intracellular and extracellular CyPA contribute to ROS 
production with Rho-kinase activation. We recently dem-
onstrated that CyPA and Bsg play crucial roles in PH and 
pressure overload heart failure.32,39

It has been reported that the secretion of CyPA from 
VSMCs is reduced with statins and Rho-kinase inhibitors.31 
Indeed, pravastatin ameliorated hypoxia-induced PH in 
mice.20,40 In addition, extracellular CyPA was significantly 
higher in the serum from patients with PAH, and the serum 
concentration of extracellular CyPA was correlated to the 
prognosis of PH.32 Thus, the inhibition of extracellular CyPA 
may be a novel therapeutic target of PH.

We further examined whether CyPA contributes to the 
progression of PH in mice and humans. Importantly, we dem-
onstrated that extracellular CyPA and Bsg were crucial for 
hypoxia-induced PH in mice.32 In addition, hypoxia-induced 
PH was ameliorated in Bsg+/− mice compared with Bsg+/+.32 
Mechanistic studies demonstrated that Bsg+/− VSMCs secreted 
less cytokines/chemokines and growth factors compared with 
Bsg+/+ VSMCs.32 On the basis of 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.32 These results suggest that extracel-
lular CyPA and vascular Bsg could be potential therapeutic 
targets of PH (Figure 2).

New Therapeutic Targets in ECs in PAH
Endothelial dysfunction is also considered as a key underly-
ing mechanism in PAH, which is enhanced by inflammatory 
cytokines/chemokines and growth factors. Indeed, we often 
experience rapid progression and worsening of PAH dur-
ing infectious diseases, leading to endothelial dysfunction. 
Pulmonary endothelial dysfunction in patients with PAH 
promotes pulmonary vascular remodeling through impaired 
release of vasodilators, such as nitric oxide and prostacy-
clin (Figure 1). Thus, the research for therapeutic targets in 
ECs is also important in PAH. Recently, several novel thera-
peutic targets, such as endothelial AMP-activated protein 
kinase (AMPK)41 and endothelial uncoupling protein 2,42 
have been reported. Moreover, the cell-based therapy with 
pulmonary arterial ECs overexpressing interleukin-8 recep-
tor has been reported in monocrotalin-induced PH rats.43,44 
Then, we review endothelial AMPK as a new therapeutic 
target in ECs.

Endothelial AMPK
AMPK is a heterotrimeric complex consisting of a catalytic 
subunit α and 2 regulatory subunits β and γ, being expressed 
in various tissues and subcellular locations.45 AMPK is a 

serine/threonine kinase that functions as an important energy 
sensor46 and is activated by inhibition of Rho-kinase.47,48 
AMPK has an antiapoptotic effect in ECs49,50 and a proapop-
totic effect in VSMCs51 because of the upregulation of endo-
thelial NO synthase and vascular cell adhesion molecule-1. 
Endothelial dysfunction and interaction between ECs and 
VSMCs in the pulmonary artery play a crucial role for pul-
monary vascular remodeling in PAH.

AMPK positively regulates nitric oxide production via 
endothelial NO synthase in ECs, whereas it reduces intracellu-
lar signaling and secretion of many growth factors, promoting 
VSMC proliferation, and vascular remodeling in VSMCs.47 
Indeed, several drugs (eg, statins and metformin) and mol-
ecules (eg, apelin) activate AMPK, all of which could be 
potentially protective against PAH.20,52 We have recently dem-
onstrated that endothelial-specific AMPK, as well as AMPK 
in VSMCs, plays a crucial role in PAH (Figure 3).41

We demonstrated that endothelial AMPK is downregu-
lated in the pulmonary arteries from PAH patients and mice 
with hypoxia-induced PH.41 Furthermore, we demonstrated 
that hypoxia-induced PH is accelerated in endothelial-specific 
AMPK-knockout mice (eAMPK−/−).41 Importantly, prolif-
eration of VSMCs from the pulmonary artery was induced 
with conditioned medium coincubated with ECs, which 
was enhanced by the treatment with AMPK inhibitor.41 
Consistently, the expression levels of AMPK in ECs were 
significantly reduced by the treatment with the serum from 
patients with PAH, which contained inflammatory cytokines, 
such as IFNγ and TNFα. Importantly, long-term treatment 
with metformin, which is an AMPK activator, significantly 
attenuated hypoxia-induced PH in mice.41 These results sug-
gest that endothelial AMPK could be potential novel thera-
peutic targets of PH (Figure 3).

New Therapeutic Targets in CTEPH
CTEPH is one of the distinct disease entities of PH, charac-
terized by the obstruction of major pulmonary artery by orga-
nized thrombus and pulmonary vascular remodeling.53 The 
prognosis of CTEPH has been significantly improved with 
pulmonary endarterectomy, riociguat,6 a stimulator of solu-
ble guanylate cyclase, and balloon pulmonary angioplasty.54 
The pathogenesis of CTEPH has not been fully elucidated, 
and thus the fundamental therapy remains to be developed. 
In residual thrombi after fibrinolysis with plasmin, thrombi 
is dissolved by angiogenesis and leukocyte recruitment with 
the expression of vascular endothelial growth factor and 
basic fibroblast growth factor.55 Because organized thrombus 
in the central pulmonary artery is a key pathological feature 
of CTEPH, key mechanism(s) may underlie in the process 
of thrombus resolution. Indeed, thrombus resolution was 
delayed in CTEPH because of the reduction of angiogenic 
factors, such as vascular endothelial growth factor and kinase 
insert domain protein receptor.56 However, the mechanism 
of residual thrombus remains to be elucidated. We found 
that thrombolysis is impaired in patients with CTEPH, for 
which thrombin-activatable fibrinolysis inhibitor (TAFI) is 
involved. Thus, we review TAFI as a new therapeutic target 
of CTEPH.57
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Thrombin-Activatable Fibrinolysis Inhibitor
TAFI is a plasma carboxypeptidase inhibitor produced by the 
liver. TAFI is activated by thrombin, thrombin/thrombomodu-
lin complex, and plasmin, whereas activated form of TAFI 
removes the C-terminal lysines from fibrin and reduces the 
binding of tissue-type plasminogen activator and plasmin to 
fibrin.58 Activated platelets promote thrombin generation with 
a resultant activation of TAFI.59 Indeed, TAFI has been reported 
to be a risk factor for recurrent deep vein thrombosis.60

It has been reported that fibrinolysis capacity is impaired 
in patients with CTEPH because of the mutation in fibrino-
gen.61 We further examined whether fibrinolysis capacity is 
impaired in CTEPH patients with a special reference to TAFI 
and whether TAFI is directly involved in the pathogenesis of 
CTEPH in humans.

We demonstrated that the clot from whole blood and 
plasma in patients with CTEPH is resistant to fibrinolysis ex 
vivo with whole-blood clot lysis assay and plasma clot lysis 
assay.57 Importantly, plasma levels of TAFI were significantly 
higher in CTEPH patients and were significantly correlated 
with the extent of impairment of fibrinolysis.57 Furthermore, 
we demonstrated that some patients with CTEPH had the 
single nucleotide polymorphisms, rs7999168, which has 
been reported that plasma levels of TAFI was increased.57 
Moreover, the impairment of fibrinolysis in patients with 
CTEPH was significantly improved with CPI-2KR, an inhibi-
tor of activated TAFI.57

Furthermore, we demonstrated that platelets from patients 
with CTEPH were highly activated with flow cytometric 
analysis.62 Especially, activation of RalA, which is a small 
GTPase and plays a role in granule secretion in platelets, was 
significantly higher in platelets from patients with CTEPH.62 
Indeed, platelets in patients with CTEPH were hyperrespon-
sive to thrombin stimulation ex vivo. Furthermore, platelets in 
patients with CTEPH induced the expression levels of vascular 
cell adhesion molecule-1, indicating that platelets in patients 
with CTEPH are involved in the inflammation in ECs.62

The possible correlation between TAFI and platelets has 
been reported59,63 because TAFI can be released from acti-
vated platelets and cause vascular damage and pathological 

thrombus formation. It was also demonstrated that TAFI was 
more activated on the surface of aggregating platelets and that 
activated platelets inhibit fibrinolysis through the activation 
of TAFI and clot retraction.59 Thus, we further examined the 
relation between TAFI and platelets in CTEPH. Indeed, TAFI 
levels released from platelets were significantly higher in 
CTEPH patients compared with controls, and the impairment 
of fibrinolysis in patients with CTEPH was improved with 
prostaglandin E

1
, an inhibitor of platelet activation.57 These 

results indicate that TAFI could be a potential therapeutic tar-
get of CTEPH.

Conclusions
PH remains a fatal disease, leading to right ventricular fail-
ure. Although significant research progress has been made on 
the pathogenesis, especially with regard to Rho-kinase, CyPA, 
endothelial AMPK, and TAFI, the detailed mechanisms of the 
disorder still remain to be elucidated. The usefulness of these 
new therapeutic targets remains to be fully examined in future 
studies.

Sources of Funding
The authors’ works presented in this article were supported in part by 
the grants-in-aid from the Japanese Ministry of Education, Culture, 
Sports, Science, and Technology, Tokyo, Japan, grants-in-aid for 
Scientific Research on Innovative Areas (research in a proposed 
research area), MEXT, Japan, and Tohoku University Global COE for 
Conquest of Signal Transduction Diseases with Network Medicine, 
Sendai, Japan.

Disclosures
None.

References
	 1.	 Humbert M, Morrell NW, Archer SL, Stenmark KR, MacLean MR, Lang 

IM, Christman BW, Weir EK, Eickelberg O, Voelkel NF, Rabinovitch 
M. Cellular and molecular pathobiology of pulmonary arterial hyperten-
sion. J Am Coll Cardiol. 2004;43(12 suppl S):13S–24S. doi: 10.1016/j.
jacc.2004.02.029.

	 2.	 Galiè N, Humbert M, Vachiery JL, et al. 2015 ESC/ERS Guidelines for 
the diagnosis and treatment of pulmonary hypertension: The Joint Task 
Force for the Diagnosis and Treatment of Pulmonary Hypertension of 

Figure 3. Endothelial AMP-activated protein kinase plays a crucial role in cell proliferation of vascular smooth muscle eells (VSMCs). Endo-
thelial AMP-activated kinase (AMPK) promotes AMPK in VSMCs through endothelial NO synthase (eNOS). In pulmonary arterial hypertension 
(PAH) patients, the expression levels of endothelial AMPK are reduced because of cytokines in the serum. This downregulation of endothelial 
AMPK leads to downregulation of AMPK in VSMCs and accelerated proliferation of VSMCs. As metformin activates endothelial AMPK, it 
inhibits cell proliferation of VSMCs. FGF-2 indicates fibroblast growth factor-2; PDGF-BB, platelet-derived growth factor-BB; and VCAM-1, 
vascular cell adhesion molecule-1.

 by guest on N
ovem

ber 22, 2016
http://atvb.ahajournals.org/

D
ow

nloaded from
 

http://atvb.ahajournals.org/


Yaoita et al    Novel Therapeutic Targets of PH    e101

the European Society of Cardiology (ESC) and the European Respiratory 
Society (ERS): Endorsed by: Association for European Paediatric and 
Congenital Cardiology (AEPC), International Society for Heart and Lung 
Transplantation (ISHLT). Eur Heart J. 2016;37:67–119. doi: 10.1093/
eurheartj/ehv317.

	 3.	 Barst RJ, Rubin LJ, Long WA, et al; Primary Pulmonary Hypertension 
Study Group. A comparison of continuous intravenous epoprostenol (pros-
tacyclin) with conventional therapy for primary pulmonary hypertension. 
N Engl J Med. 1996;334:296–301. doi: 10.1056/NEJM199602013340504.

	 4.	 Galiè N, Hinderliter AL, Torbicki A, et al. Effects of the oral endothelin-
receptor antagonist bosentan on echocardiographic and doppler measures 
in patients with pulmonary arterial hypertension. J Am Coll Cardiol. 
2003;41:1380–1386.

	 5.	 Guazzi M, Vicenzi M, Arena R, Guazzi MD. PDE5 inhibition with silde-
nafil improves left ventricular diastolic function, cardiac geometry, and 
clinical status in patients with stable systolic heart failure: results of a 
1-year, prospective, randomized, placebo-controlled study. Circ Heart 
Fail. 2011;4:8–17. doi: 10.1161/CIRCHEARTFAILURE.110.944694.

	 6.	 Ghofrani HA, D’Armini AM, Grimminger F, Hoeper MM, Jansa P, Kim 
NH, Mayer E, Simonneau G, Wilkins MR, Fritsch A, Neuser D, Weimann 
G, Wang C; CHEST-1 Study Group. Riociguat for the treatment of chronic 
thromboembolic pulmonary hypertension. N Engl J Med. 2013;369:319–
329. doi: 10.1056/NEJMoa1209657.

	 7.	 Iwata K, Ikami K, Matsuno K, et al. Deficiency of NOX1/nicotinamide 
adenine dinucleotide phosphate, reduced form oxidase leads to pulmonary 
vascular remodeling. Arterioscler Thromb Vasc Biol. 2014;34:110–119. 
doi: 10.1161/ATVBAHA.113.302107.

	 8.	 Barman SA, Chen F, Su Y, et al. NADPH oxidase 4 is expressed in pul-
monary artery adventitia and contributes to hypertensive vascular remod-
eling. Arterioscler Thromb Vasc Biol. 2014;34:1704–1715. doi: 10.1161/
ATVBAHA.114.303848.

	 9.	 Ten Freyhaus H, Berghausen EM, Janssen W, Leuchs M, Zierden M, 
Murmann K, Klinke A, Vantler M, Caglayan E, Kramer T, Baldus 
S, Schermuly RT, Tallquist MD, Rosenkranz S. Genetic ablation of 
PDGF-dependent signaling pathways abolishes vascular remodeling and 
experimental pulmonary hypertension. Arterioscler Thromb Vasc Biol. 
2015;35:1236–1245. doi: 10.1161/ATVBAHA.114.304864.

	10.	 Nave AH, Mižíková I, Niess G, Steenbock H, Reichenberger F, Talavera 
ML, Veit F, Herold S, Mayer K, Vadász I, Weissmann N, Seeger W, 
Brinckmann J, Morty RE. Lysyl oxidases play a causal role in vascular 
remodeling in clinical and experimental pulmonary arterial hyperten-
sion. Arterioscler Thromb Vasc Biol. 2014;34:1446–1458. doi: 10.1161/
ATVBAHA.114.303534.

	11.	 Abid S, Houssaïni A, Mouraret N, Marcos E, Amsellem V, Wan F, Dubois-
Randé JL, Derumeaux G, Boczkowski J, Motterlini R, Adnot S. P21-
dependent protective effects of a carbon monoxide-releasing molecule-3 
in pulmonary hypertension. Arterioscler Thromb Vasc Biol. 2014;34:304–
312. doi: 10.1161/ATVBAHA.113.302302.

	12.	 Schmidt A, Hall A. Guanine nucleotide exchange factors for Rho GTPases: 
turning on the switch. Genes Dev. 2002;16:1587–1609. doi: 10.1101/
gad.1003302.

	13.	 Bernards A. GAPs galore! A survey of putative Ras superfamily GTPase 
activating proteins in man and Drosophila. Biochim Biophys Acta. 
2003;1603:47–82.

	14.	 Kimura K, Ito M, Amano M, Chihara K, Fukata Y, Nakafuku M, Yamamori 
B, Feng J, Nakano T, Okawa K, Iwamatsu A, Kaibuchi K. Regulation of 
myosin phosphatase by Rho and Rho-associated kinase (Rho-kinase). 
Science. 1996;273:245–248.

	15.	 Amano M, Ito M, Kimura K, Fukata Y, Chihara K, Nakano T, Matsuura Y, 
Kaibuchi K. Phosphorylation and activation of myosin by Rho-associated 
kinase (Rho-kinase). J Biol Chem. 1996;271:20246–20249. doi: 10.1074/
jbc.271.34.20246.

	16.	 Somlyo AP, Somlyo AV. Signal transduction and regulation in smooth 
muscle. Nature. 1994;372:231–236. doi: 10.1038/372231a0.

	17.	 Zamanian RT, Kudelko KT, Sung YK, de Jesus Perez V, Liu J, Spiekerkoetter 
E. Current clinical management of pulmonary arterial hypertension. Circ 
Res. 2014;115:131–147. doi: 10.1161/CIRCRESAHA.115.303827.

	18.	 Tsai HJ, Huang CL, Chang YW, Huang DY, Lin CC, Cooper JA, Cheng 
JC, Tseng CP. Disabled-2 is required for efficient hemostasis and plate-
let activation by thrombin in mice. Arterioscler Thromb Vasc Biol. 
2014;34:2404–2412. doi: 10.1161/ATVBAHA.114.302602.

	19.	 Fukumoto Y, Shimokawa H. Rho-kinase inhibitors. Handb Exp Pharmacol. 
2013;218:351–363. doi: 10.1007/978-3-642-38664-0_14.

	20.	 Satoh K, Fukumoto Y, Nakano M, Sugimura K, Nawata J, Demachi J, 
Karibe A, Kagaya Y, Ishii N, Sugamura K, Shimokawa H. Statin ameliorates 

hypoxia-induced pulmonary hypertension associated with down-regulated 
stromal cell-derived factor-1. Cardiovasc Res. 2009;81:226–234. doi: 
10.1093/cvr/cvn244.

	21.	 Elias-Al-Mamun M, Satoh K, Tanaka S, Shimizu T, Nergui S, Miyata S, 
Fukumoto Y, Shimokawa H. Combination therapy with fasudil and silde-
nafil ameliorates monocrotaline-induced pulmonary hypertension and sur-
vival in rats. Circ J. 2014;78:967–976. doi: 10.1253/circj.CJ-13-1174.

	22.	 Ikeda S, Satoh K, Kikuchi N, Miyata S, Suzuki K, Omura J, Shimizu 
T, Kobayashi K, Kobayashi K, Fukumoto Y, Sakata Y, Shimokawa H. 
Crucial role of rho-kinase in pressure overload-induced right ventricu-
lar hypertrophy and dysfunction in mice. Arterioscler Thromb Vasc Biol. 
2014;34:1260–1271. doi: 10.1161/ATVBAHA.114.303320.

	23.	 Do e Z, Fukumoto Y, Takaki A, Tawara S, Ohashi J, Nakano M, Tada 
T, Saji K, Sugimura K, Fujita H, Hoshikawa Y, Nawata J, Kondo T, 
Shimokawa H. Evidence for Rho-kinase activation in patients with pul-
monary arterial hypertension. Circ J. 2009;73:1731–1739. doi: 10.1253/
circj.CJ-09-0135.

	24.	 Shimizu T, Fukumoto Y, Tanaka S, Satoh K, Ikeda S, Shimokawa H. 
Crucial role of ROCK2 in vascular smooth muscle cells for hypoxia-
induced pulmonary hypertension in mice. Arterioscler Thromb Vasc Biol. 
2013;33:2780–2791. doi: 10.1161/ATVBAHA.113.301357.

	25.	 Fukumoto Y, Matoba T, Ito A, Tanaka H, Kishi T, Hayashidani S, Abe 
K, Takeshita A, Shimokawa H. Acute vasodilator effects of a Rho-kinase 
inhibitor, fasudil, in patients with severe pulmonary hypertension. Heart. 
2005;91:391–392. doi: 10.1136/hrt.2003.029470.

	26.	 Fukumoto Y, Yamada N, Matsubara H, et al. Double-blind, placebo-
controlled clinical trial with a rho-kinase inhibitor in pulmonary arterial 
hypertension. Circ J. 2013;77:2619–2625. doi: 10.1253/circj.CJ-13-0443.

	27.	 Badejo AM Jr, Dhaliwal JS, Casey DB, Gallen TB, Greco AJ, Kadowitz 
PJ. Analysis of pulmonary vasodilator responses to the Rho-kinase inhibi-
tor fasudil in the anesthetized rat. Am J Physiol Lung Cell Mol Physiol. 
2008;295:L828–L836. doi: 10.1152/ajplung.00042.2008.

	28.	 Dhaliwal JS, Casey DB, Greco AJ, Badejo AM Jr, Gallen TB, Murthy 
SN, Nossaman BD, Hyman AL, Kadowitz PJ. Rho kinase and Ca2+ 
entry mediate increased pulmonary and systemic vascular resis-
tance in L-NAME-treated rats. Am J Physiol Lung Cell Mol Physiol. 
2007;293:L1306–L1313. doi: 10.1152/ajplung.00189.2007.

	29.	 Handschumacher RE, Harding MW, Rice J, Drugge RJ, Speicher DW. 
Cyclophilin: a specific cytosolic binding protein for cyclosporin A. 
Science. 1984;226:544–547. doi: 10.1126/science.6238408.

	30.	 Satoh K, Fukumoto Y, Shimokawa H. Rho-kinase: important new thera-
peutic target in cardiovascular diseases. Am J Physiol Heart Circ Physiol. 
2011;301:H287–H296. doi: 10.1152/ajpheart.00327.2011.

	31.	 Satoh K, Nigro P, Berk BC. Oxidative stress and vascular smooth mus-
cle cell growth: a mechanistic linkage by cyclophilin A. Antioxid Redox 
Signal. 2010;12:675–682. doi: 10.1089/ars.2009.2875.

	32.	 Satoh K, Satoh T, Kikuchi N, et al. Basigin mediates pulmonary 
hypertension by promoting inflammation and vascular smooth mus-
cle cell proliferation. Circ Res. 2014;115:738–750. doi: 10.1161/
CIRCRESAHA.115.304563.

	33.	 Damsker JM, Bukrinsky MI, Constant SL. Preferential chemotaxis of acti-
vated human CD4+ T cells by extracellular cyclophilin A. J Leukoc Biol. 
2007;82:613–618. doi: 10.1189/jlb.0506317.

	34.	 Katsumata N, Shimokawa H, Seto M, Kozai T, Yamawaki T, Kuwata 
K, Egashira K, Ikegaki I, Asano T, Sasaki Y, Takeshita A. Enhanced 
myosin light chain phosphorylations as a central mechanism for coro-
nary artery spasm in a swine model with interleukin-1beta. Circulation. 
1997;96:4357–4363. doi: 10.1161/01.CIR.96.12.4357.

	35.	 Jin ZG, Lungu AO, Xie L, Wang M, Wong C, Berk BC. Cyclophilin 
A is a proinflammatory cytokine that activates endothelial cells. 
Arterioscler Thromb Vasc Biol. 2004;24:1186–1191. doi: 10.1161/01.
ATV.0000130664.51010.28.

	36.	 Seizer P, Ungern-Sternberg SN, Schönberger T, Borst O, Münzer P, 
Schmidt EM, Mack AF, Heinzmann D, Chatterjee M, Langer H, Malešević 
M, Lang F, Gawaz M, Fischer G, May AE. Extracellular cyclophilin A 
activates platelets via EMMPRIN (CD147) and PI3K/Akt signaling, 
which promotes platelet adhesion and thrombus formation in vitro and 
in vivo. Arterioscler Thromb Vasc Biol. 2015;35:655–663. doi: 10.1161/
ATVBAHA.114.305112.

	37.	 Gray SP, Di Marco E, Kennedy K, Chew P, Okabe J, El-Osta A, Calkin 
AC, Biessen EA, Touyz RM, Cooper ME, Schmidt HH, Jandeleit-
Dahm KA. Reactive oxygen species can provide atheroprotection via 
NOX4-dependent inhibition of inflammation and vascular remodel-
ing. Arterioscler Thromb Vasc Biol. 2016;36:295–307. doi: 10.1161/
ATVBAHA.115.307012.

 by guest on N
ovem

ber 22, 2016
http://atvb.ahajournals.org/

D
ow

nloaded from
 

http://atvb.ahajournals.org/


e102    Arterioscler Thromb Vasc Biol    December 2016

	38.	 Pi X, Xie L, Portbury AL, Kumar S, Lockyer P, Li X, Patterson C. NADPH 
oxidase-generated reactive oxygen species are required for stromal cell-
derived factor-1α-stimulated angiogenesis. Arterioscler Thromb Vasc 
Biol. 2014;34:2023–2032. doi: 10.1161/ATVBAHA.114.303733.

	39.	 Suzuki K, Satoh K, Ikeda S, et al. Basigin promotes cardiac fibrosis and fail-
ure in response to chronic pressure overload in mice. Arterioscler Thromb 
Vasc Biol. 2016;36:636–646. doi: 10.1161/ATVBAHA.115.306686.

	40.	 Satoh K, Kagaya Y, Nakano M, et al. Important role of endogenous 
erythropoietin system in recruitment of endothelial progenitor cells 
in hypoxia-induced pulmonary hypertension in mice. Circulation. 
2006;113:1442–1450. doi: 10.1161/CIRCULATIONAHA.105.583732.

	41.	 Omura J, Satoh K, Kikuchi N, et al. Protective roles of endothelial 
AMP-activated protein kinase against hypoxia-induced pulmonary 
hypertension in mice. Circ Res. 2016;119:197–209. doi: 10.1161/
CIRCRESAHA.115.308178.

	42.	 Haslip M, Dostanic I, Huang Y, Zhang Y, Russell KS, Jurczak MJ, 
Mannam P, Giordano F, Erzurum SC, Lee PJ. Endothelial uncoupling 
protein 2 regulates mitophagy and pulmonary hypertension during inter-
mittent hypoxia. Arterioscler Thromb Vasc Biol. 2015;35:1166–1178. doi: 
10.1161/ATVBAHA.114.304865.

	43.	 Rogers NM, Isenberg JS. Endothelial cell global positioning system 
for pulmonary arterial hypertension: homing in on vascular repair. 
Arterioscler Thromb Vasc Biol. 2014;34:1336–1338. doi: 10.1161/
ATVBAHA.114.303877.

	44.	 Fu J, Chen YF, Zhao X, Creighton JR, Guo Y, Hage FG, Oparil S, Xing 
DD. Targeted delivery of pulmonary arterial endothelial cells overexpress-
ing interleukin-8 receptors attenuates monocrotaline-induced pulmonary 
vascular remodeling. Arterioscler Thromb Vasc Biol. 2014;34:1539–1547. 
doi: 10.1161/ATVBAHA.114.303821.

	45.	 Ewart MA, Kennedy S. AMPK and vasculoprotection. Pharmacol Ther. 
2011;131:242–253. doi: 10.1016/j.pharmthera.2010.11.002.

	46.	 Cheang WS, Tian XY, Wong WT, Lau CW, Lee SS, Chen ZY, Yao X, 
Wang N, Huang Y. Metformin protects endothelial function in diet-
induced obese mice by inhibition of endoplasmic reticulum stress through 
5’ adenosine monophosphate-activated protein kinase-peroxisome pro-
liferator-activated receptor δ pathway. Arterioscler Thromb Vasc Biol. 
2014;34:830–836. doi: 10.1161/ATVBAHA.113.301938.

	47.	 Fisslthaler B, Fleming I. Activation and signaling by the AMP-activated 
protein kinase in endothelial cells. Circ Res. 2009;105:114–127. doi: 
10.1161/CIRCRESAHA.109.201590.

	48.	 Noda K, Nakajima S, Godo S, Saito H, Ikeda S, Shimizu T, Enkhjargal B, 
Fukumoto Y, Tsukita S, Yamada T, Katagiri H, Shimokawa H. Rho-kinase 
inhibition ameliorates metabolic disorders through activation of AMPK path-
way in mice. PLoS One. 2014;9:e110446. doi: 10.1371/journal.pone.0110446.

	49.	 Ido Y, Carling D, Ruderman N. Hyperglycemia-induced apoptosis in 
human umbilical vein endothelial cells: inhibition by the AMP-activated 
protein kinase activation. Diabetes. 2002;51:159–167. doi: 10.2337/
diabetes.51.1.159.

	50.	 Enkhjargal B, Godo S, Sawada A, Suvd N, Saito H, Noda K, Satoh K, 
Shimokawa H. Endothelial AMP-activated protein kinase regulates blood 
pressure and coronary flow responses through hyperpolarization mecha-
nism in mice. Arterioscler Thromb Vasc Biol. 2014;34:1505–1513. doi: 
10.1161/ATVBAHA.114.303735.

	51.	 Igata M, Motoshima H, Tsuruzoe K, Kojima K, Matsumura T, Kondo T, 
Taguchi T, Nakamaru K, Yano M, Kukidome D, Matsumoto K, Toyonaga 
T, Asano T, Nishikawa T, Araki E. Adenosine monophosphate-activated 
protein kinase suppresses vascular smooth muscle cell proliferation 
through the inhibition of cell cycle progression. Circ Res. 2005;97:837–
844. doi: 10.1161/01.RES.0000185823.73556.06.

	52.	 Chandra SM, Razavi H, Kim J, Agrawal R, Kundu RK, de Jesus 
Perez V, Zamanian RT, Quertermous T, Chun HJ. Disruption of the 
apelin-APJ system worsens hypoxia-induced pulmonary hyperten-
sion. Arterioscler Thromb Vasc Biol. 2011;31:814–820. doi: 10.1161/
ATVBAHA.110.219980.

	53.	 Pengo V, Lensing AW, Prins MH, Marchiori A, Davidson BL, Tiozzo F, 
Albanese P, Biasiolo A, Pegoraro C, Iliceto S, Prandoni P; Thromboembolic 
Pulmonary Hypertension Study Group. Incidence of chronic thromboem-
bolic pulmonary hypertension after pulmonary embolism. N Engl J Med. 
2004;350:2257–2264. doi: 10.1056/NEJMoa032274.

	54.	 Sugimura K, Fukumoto Y, Satoh K, Nochioka K, Miura Y, Aoki T, Tatebe 
S, Miyamichi-Yamamoto S, Shimokawa H. Percutaneous transluminal 
pulmonary angioplasty markedly improves pulmonary hemodynam-
ics and long-term prognosis in patients with chronic thromboembolic 
pulmonary hypertension. Circ J. 2012;76:485–488. doi: 10.1253/circj.
CJ-11-1217.

	55.	 Waltham M, Burnand KG, Collins M, Smith A. Vascular endothelial growth 
factor and basic fibroblast growth factor are found in resolving venous 
thrombi. J Vasc Surg. 2000;32:988–996. doi: 10.1067/mva.2000.110882.

	56.	 Alias S, Redwan B, Panzenböck A, et al. Defective angiogenesis delays 
thrombus resolution: a potential pathogenetic mechanism underlying 
chronic thromboembolic pulmonary hypertension. Arterioscler Thromb 
Vasc Biol. 2014;34:810–819. doi: 10.1161/ATVBAHA.113.302991.

	57.	 Yaoita N, Satoh K, Satoh T, Sugimura K, Tatebe S, Yamamoto S, Aoki T, 
Miura M, Miyata S, Kawamura T, Horiuchi H, Fukumoto Y, Shimokawa 
H. Thrombin-activatable fibrinolysis inhibitor in chronic thromboembolic 
pulmonary hypertension. Arterioscler Thromb Vasc Biol. 2016;36:1293–
1301. doi: 10.1161/ATVBAHA.115.306845.

	58.	 Bouma BN, Meijers JC. Thrombin-activatable fibrinolysis inhibitor 
(TAFI, plasma procarboxypeptidase B, procarboxypeptidase R, procar-
boxypeptidase U). J Thromb Haemost. 2003;1:1566–1574.

	59.	 Carrieri C, Galasso R, Semeraro F, Ammollo CT, Semeraro N, Colucci 
M. The role of thrombin activatable fibrinolysis inhibitor and fac-
tor XI in platelet-mediated fibrinolysis resistance: a thromboelasto-
graphic study in whole blood. J Thromb Haemost. 2011;9:154–162. doi: 
10.1111/j.1538-7836.2010.04120.x.

	60.	 Eichinger S, Schönauer V, Weltermann A, Minar E, Bialonczyk C, Hirschl 
M, Schneider B, Quehenberger P, Kyrle PA. Thrombin-activatable fibrino-
lysis inhibitor and the risk for recurrent venous thromboembolism. Blood. 
2004;103:3773–3776. doi: 10.1182/blood-2003-10-3422.

	61.	 Morris TA, Marsh JJ, Chiles PG, Auger WR, Fedullo PF, Woods VL 
Jr. Fibrin derived from patients with chronic thromboembolic pul-
monary hypertension is resistant to lysis. Am J Respir Crit Care Med. 
2006;173:1270–1275. doi: 10.1164/rccm.200506-916OC.

	62.	 Yaoita N, Shirakawa R, Fukumoto Y, Sugimura K, Miyata S, Miura Y, 
Nochioka K, Miura M, Tatebe S, Aoki T, Yamamoto S, Satoh K, Kimura 
T, Shimokawa H, Horiuchi H. Platelets are highly activated in patients 
of chronic thromboembolic pulmonary hypertension. Arterioscler Thromb 
Vasc Biol. 2014;34:2486–2494. doi: 10.1161/ATVBAHA.114.304404.

	63.	 Schadinger SL, Lin JH, Garand M, Boffa MB. Secretion and anti-
fibrinolytic function of thrombin-activatable fibrinolysis inhibitor 
from human platelets. J Thromb Haemost. 2010;8:2523–2529. doi: 
10.1111/j.1538-7836.2010.04024.x.

Key Words: AMP-activated kinase ◼ cyclophilin ◼ heart failure  
◼ pulmonary hypertension ◼ rho-associated kinase ◼ thrombin-activatable 
fibrinolysis inhibitor

 by guest on N
ovem

ber 22, 2016
http://atvb.ahajournals.org/

D
ow

nloaded from
 

http://atvb.ahajournals.org/


Nobuhiro Yaoita, Kimio Satoh and Hiroaki Shimokawa
Novel Therapeutic Targets of Pulmonary Hypertension

Print ISSN: 1079-5642. Online ISSN: 1524-4636 
Copyright © 2016 American Heart Association, Inc. All rights reserved.

Greenville Avenue, Dallas, TX 75231
is published by the American Heart Association, 7272Arteriosclerosis, Thrombosis, and Vascular Biology 

doi: 10.1161/ATVBAHA.116.308263
2016;36:e97-e102Arterioscler Thromb Vasc Biol. 

 http://atvb.ahajournals.org/content/36/12/e97
World Wide Web at: 

The online version of this article, along with updated information and services, is located on the

  
 http://atvb.ahajournals.org//subscriptions/

at: 
is onlineArteriosclerosis, Thrombosis, and Vascular Biology  Information about subscribing to Subscriptions:

  
 http://www.lww.com/reprints

 Information about reprints can be found online at: Reprints:
  

document. Question and Answer
Permissions and Rightspage under Services. Further information about this process is available in the

which permission is being requested is located, click Request Permissions in the middle column of the Web
Copyright Clearance Center, not the Editorial Office. Once the online version of the published article for 

 can be obtained via RightsLink, a service of theArteriosclerosis, Thrombosis, and Vascular Biologyin
 Requests for permissions to reproduce figures, tables, or portions of articles originally publishedPermissions:

 by guest on N
ovem

ber 22, 2016
http://atvb.ahajournals.org/

D
ow

nloaded from
 

http://atvb.ahajournals.org/content/36/12/e97
http://www.ahajournals.org/site/rights/
http://www.ahajournals.org/site/rights/
http://www.lww.com/reprints
http://atvb.ahajournals.org//subscriptions/
http://atvb.ahajournals.org/



