Tohoku J. Exp. Med., 2007, 211, 309-320

Invited Review

Recent Progress in the Treatment of Pulmonary Arterial
Hypertension: Expectation for Rho-Kinase Inhibitors

1 1 1,2
Yosumiiro FukumoTto, SHUNSUKE TAwARA  and HIROAKI SHIMOKAWA

lDepartment of Cardiovascular Medicine, Tohoku University Graduate School of Medicine,
Sendai, Japan
*Technology Agency, CREST, Tokyo, Japan

Fukumoro, Y., Tawara, S. and SHiMmokawa, H. Recent Progress in the Treatment of
Pulmonary Arterial Hypertension: Expectation for Rho-Kinase Inhibitors. Tohoku J. Exp.
Med., 2007, 211 (4), 309-320 —— Pulmonary arterial hypertension (PAH) is a disease with
poor prognosis characterized by progressive elevation of pulmonary arterial pressure and
vascular resistance due to pulmonary artery hyperconstriction and remodeling. However,
the precise mechanism of PAH still remains to be elucidated. Although anticoagulant
agents, vasodilators (e.g., prostaglandins, sildenafil, and bosentan), and lung transplanta-
tion are currently used for the treatment of PAH, more effective treatment needs to be
developed. Rho-kinase causes vascular smooth muscle hyperconstriction and vascular
remodeling through inhibition of myosin phosphatase and activation of its downstream
effectors. In a series of experimental and clinical studies, we have demonstrated that Rho-
kinase-mediated pathway plays an important role in various cellular functions, not only in
vascular smooth muscle hyperconstriction but also in actin cytoskeleton organization, cell
adhesion and motility, cytokinesis, and gene expression, all of which may be involved in
the pathogenesis of arteriosclerosis. We also have recently demonstrated that Rho-kinase
is activated in animal models of PAH with different etiologies (monocrotaline and chronic
hypoxia) associated with enhanced pulmonary vasoconstricting and proliferating respons-
es, impaired endothelial vasodilator functions, and pulmonary remodeling. Indeed, we
were able to demonstrate that intravenous fasudil, a selective Rho-kinase inhibitor, exerts
acute pulmonary vasodilator effects in patients with severe PAH who were refractory to
conventional therapies. Taken together, our findings indicate that Rho-kinase is a novel
and important therapeutic target of PAH in humans and that Rho-kinase inhibitors are a
promising new class of drugs for the fatal disorder. —— pulmonary arterial hyperten-
sion; pulmonary arteriosclerosis; pulmonary arterial hyperconstriction; Rho-kinase
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Pulmonary hypertension (PH) is defined as a hypertension (PAH) is characterized by progres-
mean pulmonary arterial pressure greater than 25 sive elevation of pulmonary artery pressure and
mmHg at rest or greater than 30 mmHg during vascular resistance with poor prognosis (Barst et
exercise (Barst et al. 2004). Pulmonary arterial al. 2004). In 2003, World Health Organization
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(WHO) established the etiology-based new classi-
fication (Table 1) (Simonneau et al. 2004), which
serves as a useful guide to physicians to evaluate
a patient and develop a therapeutic plan.
Although some progress has been made for the
diagnosis and treatment of PAH (e.g., anticoagu-
lant agents, vasodilators, and lung transplanta-
tion), more effective treatments need to be devel-

oped.

The Rho/Rho-kinase pathway has recently
attracted much attention in various research fields,
especially in the cardiovascular research field, for
several reasons. First, the Rho/Rho-kinase path-
way plays an important role in various cellular
functions that are involved in the pathogenesis of
cardiovascular diseases (Shimokawa 2000, 2002;

TaBLE 1. World Health Organization classification of pulmonary hypertension.

1. Pulmonary arterial hypertension (PAH)
Idiopathic (IPAH)
Familial (FPAH)
Associated with (APAH):
Collagen vascular disease

Congenital systemic-to-pulmonary shunts

Portal hypertension
HIV infection
Drugs and toxins

Other (thyroid disorders, glycogen storage disease, Gaucher’s disease, hereditary

hemorrhagic telangiectasia, hemoglobinopathies, myeloproliferative disorders,

splenectomy)

Associated with significant venous or capillary involvement

Pulmonary veno-occlusive disease (PVOD)

Pulmonary capillary hemangiomatosis (PCH)

Persistent pulmonary hypertension of the newborn

2. Pulmonary hypertension with left heart disease
Left-sided atrial or ventricular heart disease

Left-sided valvular heart disease

3. Pulmonary hypertension associated with lung diseases and/or hypoxemia

Chronic obstructive pulmonary disease
Interstitial lung disease
Sleep-disordered breathing

Alveolar hypoventilation disorders
Chronic exposure to high altitude
Developmental abnormalities

4. Pulmonary hypertension due to chronic thrombotic and/or embolic disease (CTEPH)

Thromboembolic obstruction of proximal pulmonary arteries

Thromboembolic obstruction of distal pulmonary arteries

Nonthrombotic pulmonary embolism (tumor, parasites, foreign material)

5. Miscellaneous

Sarcoidosis, histiocytosis X, lymphangiomatosis, compression of pulmonary vessels

(adenopathy, tumor, fibrosing mediastinitis)

The table has been adapted from Simonneau et al. (2004)
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Shimokawa and Takeshita 2005; Shimokawa and
Rashid 2007). Second, this intracellular signaling
pathway is substantially involved in the effects of
many vasoactive substances that are implicated in
the pathogenesis of cardiovascular diseases
(Shimokawa 2000; Shimokawa and Takeshita
2005). Third, the so-called “pleiotropic” effects
of statins may be mediated, at least in part, by
their inhibitory effects on Rho with a resultant
inhibition on Rho-kinase (Takemoto and Liao
2001; Shimokawa 2000; Shimokawa and
Takeshita 2005). Indeed, we were recently able to
demonstrate the roles of the Rho-kinase pathway
in the pathogenesis of PAH (Shimokawa 2002;
Abe et al. 2004; Fukumoto et al. 2005; Abe et al.
2006; Jiang et al. 2007; Tawara et al. 2007). In
this article, we will briefly summarize the recent
progress in the treatment of PAH, with a special
reference to Rho-kinase inhibitors.

PatHoprHYSIOLOGY OF PAH

Normal pulmonary circulation

The lung is supplied by the pulmonary and
bronchial arteries and drained by the pulmonary
and azygos veins. The bronchial arteries arise
from the aorta and supply the capillary plexus in
the full length of the airway wall from the hilus to
the respiratory bronchiole. The pulmonary artery
branches run with the airways and the accompa-
nying bronchial arteries in a single connective tis-
sue sheath. The pulmonary artery goes into a
capillary bed only when it reaches the alveoli of
the respiratory bronchiole. It supplies all capillar-
ies in the alveolar walls, which constitute the
respiratory surface of the lung. The pulmonary
veins drain the regions supplied by the pulmonary
artery and also the airways within the lung that is
supplied by the bronchial artery.

Pulmonary gas exchange is performed in the
pulmonary circulation with a high-flow and low-
pressure system. Therefore, the right ventricle
can operate at a low-energy cost, although the
pulmonary circulation is very sensitive to
mechanical influences because of the low pres-
sures. The normal pulmonary vascular bed offers
less than one-tenth the resistance to flow offered
by the systemic bed. Pulmonary vascular resis-

tance reflects a composite of variables that
includes, but is not limited to, the cross-sectional
area of small muscular pulmonary arteries and
arterioles (Mandegar et al. 2004). Other determi-
nants of pulmonary vascular resistance include
blood viscosity, total mass of lung tissue, proxi-
mal vascular obstruction, and extramural com-
pression of blood vessels (Rich and McLaughlin
2005).

Abnormal pulmonary circulation in PAH

Pulmonary vascular remodeling involves
structural and functional changes in pulmonary
arterial walls (Fig. 1). The process of pulmonary
vascular remodeling may occur as endothelial
dysfunction of pulmonary arteries, which can
enhance pulmonary vasoconstriction and contrib-
ute to the development of PAH (Higenbottam and
Laude 1998).

Pathohistological studies have demonstrated
that idiopathic PAH (IPAH) is associated with
abnormal vascular structures (Fig. 2), including
medial and/or intimal hypertrophy, concentric
and/or eccentric intimal fibrosis, obstruction in
the arterial lumen, and aneurysmal dilatation
(Palevsky et al. 1989). Pulmonary vascular
remodeling characterized by these changes can
easily elevate pulmonary vascular resistance and
pulmonary arterial pressure in the high-flow and
low-resistance vascular bed (Fig. 1). In the patho-
genesis of PH, various mechanisms in all the three
layers of pulmonary arteries appear to be
involved, leading to vascular remodeling, hyper-
constriction, and thrombosis, resulting in the
increased pulmonary vascular resistance and vas-
cular lesion formation (Fig. 1).

Genetic mutations

Several genetic mutations are associated
with the occurrence of PAH, including bone mor-
phogenetic protein receptor 2 (BMPR2) and
activin-like kinase type-1 (ALK-1). BMPR?2 is a
member of the transforming growth factor-f
(TGF-p) receptor superfamily, and has been
shown to interrupt the bone morphogenetic pro-
tein signaling pathway, resulting in proliferation,
rather than apoptosis of cells, within small arteri-



312 Y. Fukumoto et al.

Unknown trlggers

(_ Rho-kinase )

-Endothelial dysfunction -Changes in phenotype

=Inflammatory cell
migration 1
-Vasa vasorum T

*NO production | - Proliferation 1

*Inflammatory cell *Migration T
migration 1 'ApoptOSls.l' .

-Ca?* sensitization T

ascular
modell N i

|—> [PVR1T,PAP 1, Vascular lesion 1 I«—,

Fig. 1. Schematic illustration of pathophysiological components contributing to the development of pul-
monary hypertension. Rho-kinase activation may be involved in the pathological changes in all the
three layers of pulmonary arteries. NO, nitric oxide; VSMC, vascular smooth muscle cell; PVR,
pulmonary vascular resistance; PAP, pulmonary arterial pressure.

oles (Morse et al. 2001). ALK-1 is another TGF-
f family, and its mutations are found in a minority
of patients with hereditary hemorrhagic telangiec-
tasia and PAH as well (Newman et al. 2004).

Molecular and cellular mechanisms
prostacyclin

In patients with PAH, the release of vasodila-
tor prostacyclin is reduced, whereas the release of
the potent vasoconstrictor, thromboxane A2, is
increased in patients with PAH, suggesting the
involvement of platelet activation in the disorder
(Christman et al. 1992).

200 pm
Fie. 2. Histol £ oul reries f Endothelin
18 2. [ISIOI08Y O bumonary artefies ‘rom Endothelin-1 (ET-1) is an endothelium-
a patient with idiopathic pulmonary arterial . . . .
hypertension. Medical hypertrophy and inti- derived 21-residue peptide, which has been shown
mal fibrosis of small pulmonary arteries cause to be one of the most potent endogenous vasocon-
vascular obstruction. Bar indicates 200 ym. strictors (Yanagisawa et al. 1988). The expression

of ET-1 is increased in patients with PAH, which
may contribute to the elevated pulmonary vascu-
lar resistance and the development of the disorder
(Stewart et al. 1991; Giaid et al. 1993). Further-
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more, circulating levels of ET-1 correlate with the
severity of PAH and predict the prognosis of
patients with the disorder (Rubens et al. 2001).

Nitric oxide

Nitric oxide (NO) is a potent endothelium-
derived vasodilator and an inhibitor of smooth
muscle proliferation, which is synthesized in
endothelial cells from L-arginine by endothelial
NO synthase (eNOS) in pulmonary arteries (Abe
et al. 2006). NO pathway involves the production
of cyclic guanosine monophosphate (cGMP) in
vascular smooth muscle cells (VSMCs) (Moncada
and Higgs 2006), and then activates cGMP kinase
with resultant opening of potassium channels,
membrane hyperpolarization, and calcium chan-
nel inhibition (Moncada and Higgs 2006).
Decrease in calcium entry and calcium release
from sarcoplasmic stores diminishes activation of
the contractile apparatus and leads to vasodilata-
tion (Moncada and Higgs 2006). Since the
expression of eNOS is diminished in patients with
PAH (Giaid and Saleh 1995), the impaired NO
release may contribute to pulmonary vasocon-
striction and pulmonary vascular remodeling seen
in patients with PAH.

Serotonin (5-hydroxytryptamine)

Serotonin (5-HT) is a potent vasoconstrictor
(Shimokawa et al. 1983; Fukumoto et al. 1996;
Fukumoto et al. 1997) and has long been impli-
cated in PAH. Indeed, elevated plasma levels of
serotonin and reduced serotonin content in plate-
lets have been observed in patients with PAH
(Herve et al. 1995). Serotonin transporter facili-
tates the proliferation of pulmonary arteries by
transporting the indolamine into pulmonary
VSMCs (Eddahibi et al. 2002). Furthermore, the
expression of 5-HTy receptor, which mediates
serotonin-induced vasoconstriction, is increased in
small pulmonary arteries of patients with PAH
(Morecroft et al. 1999).

Inflammation

A number of studies have suggested that
inflammation may be involved as a mechanism of
some forms of PAH (Tuder et al. 1994;

Dorfmuller et al. 2003). Some patients with [IPAH
have immunological disturbances (e.g., circulat-
ing auto-antibodies, such as antinuclear antibod-
ies) and elevated circulating levels of pro-inflam-
matory cytokines (e.g., interleukin-1 and -6)
(Dorfmuller et al. 2003).

Platelet activation and hypercoagulable state
It has been reported that increased platelet
activation and thrombin-antithrombin III levels
are, at least in part, associated with PAH (Singer
et al. 2006). Hypercoagulable state can be associ-
ated with endothelial dysfunction and PAH as
well. It has been reported that in patients with
PAH, circulating levels of pro-coagulants (e.g.,
von Willebrand factor, plasma fibrinopeptide A,
plasminogen activator inhibitor [PAI]-1, serotonin,
and thromboxane) are increased while those of
anti-coagulants (e.g., tissue plasminogen activator,
thrombomodulin, NO, and prostacyclin) are
reduced (McLaughlin and McGoon 2006).

Adrenomedullin

Adrenomedullin is synthesized by several
cell populations in the normal lung and dilates
pulmonary vessels and thus increases pulmonary
blood flow (de Vroomen et al. 1997). The plasma
levels of adrenomedullin are elevated in patients
with PAH (Kakishita et al. 1999). There noted a
significant correlation between plasma levels of
adrenomedullin and mean right atrial pressure,
stroke volume, total pulmonary resistance, mean
pulmonary arterial pressure, the natural logarithm
of plasma atrial natriuretic peptide, and total pul-
monary resistance (Kakishita et al. 1999).

CURRENT TREATMENT OF PAH

In the treatment of PAH, as well as PH due
to chronic thrombotic and/or embolic disease
(CTEPH), it is important to first examine the
acute pulmonary vasodilator response to conven-
tional medical therapy, including O, and NO
inhalation and calcium channel blockers (Fig. 3).
The positive response to NO inhalation is defined
as more than 30% reduction in pulmonary vascu-
lar resistance. After PAH/CTEPH is diagnosed,
disease severity should be assessed in order to
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Fig. 3. Diagnosis and treatment algorithm for pulmonary arterial hypertension (PAH). NO, nitric oxide;
CCBs, calcium channel blockers; ET-R, endothelin receptor; PG, prostaglandin; PDES, phosphodi-

esterase-5.

accurately determine the risk-benefit profiles for
various therapeutic options. Predictors of PAH
include functional class, exercise capacity (e.g., 6
minute-walking test), pulmonary hemodynamics,
acute vasoreactivity, right ventricular function, as
well as plasma levels of brain natriuretic peptide,
ET-1, uric acid, and troponin (Nagaya et al. 1999,
2000; Rubens et al. 2001; Barst et al. 2004).
These examinations need to be repeated at an
interval of 0.5-1 years in order to closely follow-
up the patients with PAH/CTEPH. Patients with
PAH/CTEPH are currently treated with anticoagu-
lants plus vasodilators (e.g., prostacyclin, sildena-
fil, and bosentan) as a monotherapy or in combi-
nation, and in advanced stage, with lung
transplantation (Fig. 3) (Fuster et al. 1984; Rich et
al. 1992; Chapelier et al. 1993; Barst et al. 1996;
Michelakis et al. 2002). However, since the
effects of the current therapy are not satisfactory,
more effective and non-invasive treatments need
to be developed.

Lifestyle modification

Heavy physical activity or isotonic exercise
often causes right ventricular failure in patients
with PAH/CTEPH (Mereles et al. 2006). Thus,
low-level of exercise is recommended for those
with PAH/CTEPH in their daily life, since low-
level of physical training rather improves endo-
thelial function, exercise capacity and quality of
life, not only in those with coronary artery disease
but also in those with PAH (Hambrecht et al.
2000; Belardinelli et al. 2001; Mereles et al.
2006). High-altitude and infections should also
be avoided; since high-altitude may produce
hypoxic pulmonary vasoconstriction, and infec-
tions are fatal in some patients. Special attention
should also be paid for the drug interactions with
warfarin, bosentan and/or sildenafil. Pregnancy is
not recommended in young women with PAH in
general.

Anticoagulation
Anticoagulation with warfarin is important
for the treatment of PAH/CTEPH and should be
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maintained in the range of an international nor-
malized ratio between 1.5 and 3.0 (McLaughlin
and McGoon 2006). However, the effect of war-
farin on PH is controversial because only a few
studies have examined them in small, uncon-
trolled trials (Fuster et al. 1984; Rich et al. 1992).

Calcium channel blockers

Some patients with PAH have an acute pul-
monary vasodilator response to calcium channel
blockers, for whom those drugs may be indicated
(Fig. 3). However, it was reported that only 6.8%
of patients with PAH had a favorable response to
long-term treatment with calcium channel block-
ers (Sitbon et al. 2005).

Prostacyclins

Intravenous epoprostenol improves symp-
toms, 6 minute-walk distance, hemodynamics,
and survival in patients with IPAH (Barst et al.
1996). It was also reported that intravenous epo-
prostenol improved survival rate in comparison
with historical controls, with 1-, 2-, 3-, and 5-year
survival rates of 85%, 70%, 63%, and 55%,
respectively (Sitbon et al. 2002), although this
drug needs to be delivered by continuous intrave-
nous infusion. Thus, it is important for the
patients with PAH/CTEPH to learn the techniques
of sterile preparation of the drug, operation of the
ambulatory infusion pump, and sterile handling of
a central venous catheter. The epoprostenol ther-
apy should be started during hospitalization and
the starting dose of epoprostenol ranges 0.5~1 ng/
kg/min (Sitbon et al. 2002). Its dose should be
carefully increased in a step-wise manner on the
basis of symptoms and side effects of the drug,
whereas chronic overdose can lead to high cardiac
output failure. The side effects include headache,
jaw pain, flushing, nausea, diarrhea, skin rash, and
musculoskeletal pain (McLaughlin and McGoon
2006). In addition, infections and infusion inter-
ruptions can be life threatening. Due to its con-
siderable complexity, the epoprostenol therapy
should be performed in experienced centers.

Phosphodiesterase (PDE) inhibitors
Sildenafil, a potent and highly specific

PDE-5 inhibitor, has been demonstrated to
improve exercise capacity, symptoms, and hemo-
dynamics in patients with PAH in the Sildenafil
Use in Pulmonary Hypertension (SUPER) trial
(Galie et al. 2005). Side effects of sildenafil
include headache, flushing, dyspepsia, and epi-
staxis.

Endothelin receptor antagonists

Bosentan is the first drug in this class of ET
antagonists that block both ET, and ETj recep-
tors. Clinical trials have shown that the treatment
with bosentan increases exercise capacity, and
improves symptoms and pulmonary hemodynam-
ics, not only in patients with PAH but also in
those with Eisenmenger syndrome (Channick et
al. 2001; Galie et al. 2003; Roman et al. 2006).
The adverse effects of bosentan include headache,
hypotension, and liver dysfunction (McLaughlin
et al. 2005). Therefore, careful dosing of bosen-
tan is required, starting at a low dose (15.5~62.5
mg/day) with a close follow-up, in order to avoid
the adverse effects, especially in those with heart
failure and liver dysfunction.

Ru0-KINASE AS A NOVEL THERAPEUTIC
TArRGET oF PAH

Important role of Rho-kinase in the pathogene-
sis of PAH

Recent advances in molecular biology have
elucidated the substantial involvement of intracel-
lular signaling pathways mediated by small GTP-
binding proteins (G proteins), such as Rho, Ras,
Rab, Sarl/Arf, and Ran families (Fukata et al.
2001; Takai et al. 2001). In mid 1990s, 2
Japanese groups and 1 Singapore group indepen-
dently identified one of the effectors of Rho and
termed it as Rho-kinase (Ishizaki et al. 1996).
The Rho/Rho-kinase pathway has recently attract-
ed much attention in various research fields, espe-
cially in the cardiovascular research field
(Shimokawa 2000, 2002; Shimokawa and
Takeshita 2005; Shimokawa and Rashid 2007).

We have previously demonstrated that Rho-
kinase is a novel therapeutic target in ischemic
heart disease (Shimokawa 2002; Shimokawa and
Takeshita 2005). Rho-kinase suppresses myosin
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phosphatase activity by phosphorylating the myo-
sin-binding subunit of the enzyme and thus aug-
ments VSMC contraction at a given intracellular
calcium concentration (Fig. 4) (Uehata et al.
1997; Somlyo and Somlyo 2000). It also has
been demonstrated that the Rho-kinase pathway is
associated with enhanced myosin light chain
(MLC) phosphorylations at the hyperconstrictive
artery segments in animals (Shimokawa 2000;
Shimokawa and Takeshita 2005). The activity
and the expression of Rho-kinase are enhanced at
the hyperconstrictive coronary segments, thereby
suppressing myosin phosphatase through phos-
phorylation of its myosin-binding subunit with a
resultant increase in MLC phosphorylations and
hyperconstriction (Shimokawa 2000; Shimokawa
and Takeshita 2005; Hizume et al. 2006). Thus,
VSMC hyperconstriction mediated by activated
Rho-kinase plays a key role in patients with coro-
nary artery spasm (Masumoto et al. 2001, 2002;
Shimokawa 2002; Shimokawa and Takeshita
2005), suggesting that Rho-kinase inhibition is an

important therapeutic strategy for vasospastic
angina (Masumoto et al. 2002; Shimokawa 2002).
Moreover, we have recently demonstrated that
Rho-kinase inhibition increases eNOS expression
and decreases inflammatory cell migration and
anigiotensin II-induced upregulation of athero-
genic molecules (e.g., monocyte chemoattractant
protein [MCP]-1, PAI-1, and NADPH oxidase)
and cardiovascular hypertrophy both in vitro and
in vivo (Shimokawa 2002; Higashi et al. 2003;
Shimokawa and Takeshita 2005).

Increased pulmonary vascular resistance in
PAH is caused by both pulmonary vascular
remodeling and sustained pulmonary vasocon-
striction (Giaid and Saleh 1995; Higenbottam and
Laude 1998; Yuan et al. 1998), in which endothe-
lial dysfunction (Higenbottam and Laude 1998)
and VSMC hyperconstriction (Yuan et al. 1998)
may be involved (Fig. 1). Indeed, in patients with
PAH, eNOS expression is reduced (Giaid and
Saleh 1995) and pulmonary VSMC are hyperreac-
tive (Yuan et al. 1998). It is thus conceivable that
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the Rho-kinase pathway plays an important role
in the pathogenesis of PAH (Figs. 1 and 4).

Potential importance of Rho-kinase inhibitors
for the treatment of PAH

We have recently demonstrated that Rho-
kinase is a novel therapeutic target not only in
ischemic heart disease and essential hypertension
but also in PAH (Shimokawa 2002; Abe et al.
2004; Fukumoto et al. 2005; Abe et al. 2006;
Jiang et al. 2006; Tawara et al. 2007). Fasudil is a
potent and selective inhibitor of Rho-kinase
(Uehata et al. 1997; Shimokawa et al. 1999) with
its inhibitory effect on Rho-kinase being 100
times and 1,000 times more potent than on protein
kinase C and myosin light chain kinase, respec-
tively (Shimokawa et al. 1999; Shimokawa 2002;
Shimokawa and Rashid 2007). Rho-kinase inhi-
bition ameliorates VSMC hyperconstriction,
increases eNOS expression, and decreases inflam-
matory cell migration and anigiotensin II-induced
up-regulation of MCP-1 and PAI-1 (Morishige et
al. 2001; Shimokawa 2002).

In the rat model of monocrotaline-induced
PAH, fasudil markedly suppressed the develop-
ment of PAH when started simultaneously with
monocrotaline, and even induced a regression of
the disorder when started after the establishment
of PAH (Abe et al. 2004). Oral treatment with
fasudil is also effective to inhibit the development
of PAH induced by chronic hypoxia in mice, in
which both eNOS-dependent and -independent
mechanisms were involved (Abe et al. 2006).
Inhalation of fasudil is effective to reduce pulmo-
nary vascular resistance in animal models of PAH
with various etiologies (Nagaoka et al. 2005).
Rho-kinase inhibitors appear to have pulmonary
vasodilator effects through mechanism different
from conventional drugs (Fig. 4). Therefore, it is
possible that the combination of a Rho-kinase
inhibitor and conventional drugs exerts additive
or synergistic effects. Indeed, prostacyclin lacks
direct inhibitory effects on Rho-kinase (Abe et al.
2005) and the combination of oral prostacyclin
analogue, beraprost, and a Rho-kinase inhibitor,
fasudil, is more effective than each monotherapy
for ameliorating monocrotaline-induced PH in

rats (Tawara et al. 2007). Finally, we were
recently able to demonstrate the acute beneficial
effects of intravenous fasudil in patients with
severe PAH without adverse effects (Fukumoto et
al. 2005).

We plan to perform clinical trials with a
long-term oral treatment with fasudil in patients
with PAH/CTEPH in Japan. Through those trials,
we expect to learn whether the long-term inhibi-
tion of Rho-kinase is a novel therapeutic strategy
for the treatment of PAH/CTEPH in humans.

FutureE DIRECTIONS AND CONCLUSIONS

PAH is characterized by a progressive eleva-
tion of pulmonary artery pressure and pulmonary
vascular resistance, leading to right ventricular
failure and premature death. Although several
treatments are currently used, the outcome still
remains unsatisfactory. Animal studies have dem-
onstrated that Rho-kinase pathway plays an
important role in the pathogenesis of PAH and
that long-term treatment with a Rho-kinase inhibi-
tor ameliorates the disorder. Recent clinical stud-
ies have suggested that this is indeed the case in
humans. It is expected that clinical trials with
long-term oral treatment with Rho-kinase inhibi-
tors will elucidate their effectiveness and safety
for the treatment of PAH in humans.
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