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ulmonary arterial hypertension (PAH) is a fatal dis- 
ease caused by small pulmonary artery obstruction 
as a result of vascular proliferation and remodeling.1 

PAH is characterized by markedly elevated pulmonary 
artery pressure and increased pulmonary vascular resistance, 
which frequently leads to right-sided heart failure and 
death.1 The pathological changes in the pulmonary arteries 
of PAH patients include endothelial injury, proliferation 
and hypercontraction of vascular smooth muscle cells 
(VSMCs), and migration of inflammatory cells.2,3 Although 
anticoagulant agents, vasodilators and lung transplantation 
are currently used for the treatment of PAH, more effective 
treatments need to be developed.4
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In 1990s, Rho-kinase (ROK/ROCK) was identified as an 
effecter of the small GTP-binding protein Rho,5,6 which 
plays an important role in various cellular functions, includ-
ing smooth muscle contraction, actin cytoskeleton organi-
zation, cell adhesion and motility, cytokinesis, and gene 
expressions.7–9 Indeed, we and others have previously dem-

onstrated that long-term inhibition of Rho-kinase amelio-
rates monocrotaline (MCT)-induced PAH and hypoxia-
induced PAH in animal models.10–13 In those studies, 
Rho-kinase activity of the pulmonary arteries was enhanced, 
irrespective of the different etiologies,10–13 and long-term 
treatment with Rho-kinase inhibitors ameliorated endo-
thelial dysfunction and suppressed hypercontraction and 
proliferation of VSMCs and migration of inflammatory 
cells.10 Subsequently, we and others have demonstrated 
that a Rho-kinase inhibitor, fasudil, acutely reduces pulmo-
nary vascular resistance in patients with severe PAH.14,15 
However, direct evidence for Rho-kinase activation in 
patients with PAH is still lacking and its discovery would 
validate the development of Rho-kinase inhibitors for the 
treatment of PAH. In the present study, we thus addrressed 
this important issue in patients with PAH.

Methods
The Ethical Committees of Tohoku University Hospital 
approved the study protocol and all patients provided written 
informed consent. In the present study, we performed two 

(Received February 25, 2009; revised manuscript received March 27, 2009; accepted April 14, 2009; released online July 9, 2009)
Department of Cardiovascular Medicine, *Department of Thoracic Surgery, Tohoku University Graduate School of Medicine, Sendai, Japan
This work was performed in Tohoku University Graduate School of Medicine, Sendai, Japan.
The Guest Editor for this article was Masaaki Ito, MD.
Mailing address:  Hiroaki Shimokawa, MD, Department of Cardiovascular Medicine, Tohoku University Graduate School of Medicine, 1-1 

Seiryo-machi, Aoba-ku, Sendai 980-8574, Japan.    E-mail: shimo@cardio.med.tohoku.ac.jp
All rights are reserved to the Japanese Circulation Society.  For permissions, please e-mail: cj@j-circ.or.jp

Evidence for Rho-Kinase Activation in Patients  
With Pulmonary Arterial Hypertension

Zhulanqiqige Do.e, MD; Yoshihiro Fukumoto, MD; Aya Takaki, PhD; Shunsuke Tawara, PhD;  
Junko Ohashi, MD; Makoto Nakano, MD; Tomohiro Tada, MD; Kenya Saji, MD;  

Kohichiro Sugimura, MD; Hiroshi Fujita, MD; Yasushi Hoshikawa, MD*;  
Jun Nawata, MD; Takashi Kondo, MD*; Hiroaki Shimokawa, MD

Background:  Direct evidence for Rho-kinase activation in patients with pulmonary hypertension (PH) is still 
lacking.
Methods and Results:  Rho-kinase activity in circulating neutrophils was examined by determining the ratio of 
phosphorylated/total forms of myosin-binding subunit, a substrate of Rho-kinase, in 40 consecutive PH patients 
and 40 healthy controls. Next, Rho-kinase expression and activity was examined in isolated human lung tissues 
(5 patients with idiopathic pulmonary arterial hypertension [IPAH], 5 controls) and vascular reactivity of isolated 
small human pulmonary arteries in vitro (4 IPAH, 4 controls). Rho-kinase activity in circulating neutrophils was 
significantly increased in the PH patients overall compared with controls (P<0.0001). Significant correlations 
were noted between Rho-kinase activity and the severity and duration of PAH (all P<0.05). Rho-kinase expres-
sion and activity in isolated lung tissues also were significantly increased in the IPAH patients compared with the 
controls (both P<0.0001). Endothelium-dependent relaxation was markedly impaired and serotonin-induced 
contraction (in the absence of the endothelium) markedly enhanced in the PAH patients compared with the con-
trols, and the hypercontraction to serotonin was abolished by hydroxyfasudil, a specific Rho-kinase inhibitor.
Conclusions:  These results provide the first direct evidence for Rho-kinase activation in patients with PAH, 
suggesting the therapeutic importance of Rho-kinase in the disorder.    (Circ J 2009; 73: 1731 – 1739)
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protocols.

Protocol 1
In this protocol, we examined whether Rho-kinase is  
systemically activated in patients with PH by measuring 
Rho-kinase activity in circulating neutrophils.

Study Population and Leukocyte Isolation    We pro-
spectively enrolled 40 consecutive patients with PH, includ-
ing the subtypes of idiopathic PAH (IPAH), PAH associated 
with connective tissue disease (CTD-PAH), PAH associated 
with congenital heart disease (CHD-PAH), and PH because 

of chronic thromboembolism (CTEPH) (Table 1). We also 
enrolled 40 healthy age- and gender-matched controls 
(Table 1). None of the PH patients or the controls received 
statins, which can reduce Rho-kinase activity.16,17 None of 
the PH patients smoked or had infections. Connective tissue 
disease and liver disease were diagnosed clinically and  
by blood tests. Congenital heart disease was diagnosed by 
echocardiography, and CTEPH was evaluated by ventila-
tion–perfusion RI scans or computed tomography (CT). 
Pulmonary function tests, arterial blood gases and chest  
X-ray or CT scan were used to diagnose lung disease and 
hypoxia. In the patients diagnosed with IPAH, the afore-
mentioned abnormalities were ruled out. Circulating neutro-
phils were isolated from a venous blood sample, as previ-
ously reported.16

Rho-Kinase Activity    To quantify Rho-kinase activity 
in circulating neutrophils, we performed western blot analy-
sis for phosphorylated myosin-binding subunit (p-MBS) 
and total MBS (t-MBS), a substrate of Rho-kinase, as previ-
ously described.16,17

Protocol 2
In this protocol, we examined whether Rho-kinase activity 
is locally upregulated in the lungs and pulmonary arteries 
isolated from patients with PAH.

Study Population    We prospectively examined lung 
tissues from 5 consecutive patients with IPAH who under-
went lung transplantation, and normal lung tissues in the 
lung cancer tissues from 5 control subjects with cancer who 
underwent operation (Table 2). All 5 control subjects had 
lung cancer and thus did not receive any anti-cancer drugs 
before the surgery. Moreover, none of the IPAH patients or 
the lung cancer subjects received statins, which can reduce 
Rho-kinase activity16,17 (Table 2).

Western Blot Analysis    Protein was extracted from 
human lung tissues, and the same amount of extracted 
protein (10–30 μg) was loaded for SDS-PAGE/immunoblot 
analysis. There are 2 isoforms of Rho-kinase, ROCK1 and 
ROCK2,5,9 and to quantify Rho-kinase expression in human 
lung tissue, we used anti-mouse ROCK1 antibody (BD 
Biosciences, Tokyo, Japan) and anti-mouse ROCK2 antibody 
(BD Biosciences). We also quantified protein kinase C and 
CPI-17 (protein kinase C potentiated inhibitor protein 17) 
expression in human lung tissue, by using anti-mouse PKCα 
(BD Biosciences) and/or anti-mouse PKCδ antibody (BD 
Biosciences), anti-rabbit CPI-17 antibody (Epitomics).18,19 
Signaling was visualized with an ECL detection kit.

Immunohistological Analysis    All patients with IPAH 
were treated with intravenous epoprostenol with or without 
other oral vasodilators. Compared with the controls with 
lung cancer, the patients with IPAH who underwent lung 
transplantation were characterized by younger age and 
comparable levels of C-reactive protein (CRP; Table 2). 
We carefully dissected under microscope apparently normal 
lung tissues from the lung resected from the patients with 
lung cancer. Immunostaining was performed using anti-
mouse ROCK1 antibody (BD Biosciences), anti-mouse 
ROCK2 antibody (BD Biosciences), anti-rabbit phospho-
MBS antibody (Upstate, Tokyo, Japan) and anti-mouse 
MBS antibody (BD Biosciences),20–22 and CPI-17 antibody 
(Epitomics).18,19 Diaminobebzidine and hydrogen dioxide 
were applied to develop color. Immunostraining was per-
formed by the biotin–avidin complex method (Histofine 
SAB-PO(M) Kit/SAB-PO(R) Kit). Slides were viewed with 
a standard light microscope (Olympus BX51, Olympus 

Table 1.	 Characteristics of the Control Subjects and Patients With PH  
(Protocol 1)

		  Control	 PH

	 N	 40	 40
	 Age (years)	 43.8±6.9 	  44.8±7.1 	
	 Gender
	     Male, N (%)	   8 (20%)	   7 (18%)
	     Female, N (%)	 32 (80%)	 33 (82%)
	 Type of PH, N (%)
	     IPAH	 –	 18 (44%)
	     CTD-PAH	 –	   8 (20%)
	     CHD-PAH	 –	   7 (18%)
	     CTEPH	 –	   7 (18%)
	 Treatment
	     Epoprostenol	 –	 17 (43%)
	     Beraprost	 –	 16 (40%)
	     Bosentan	 –	 18 (45%)
	     Sildenafil	 –	   4 (10%)
	     Oxygen therapy	 –	 38 (95%)
	 Laboratory data
	     BNP (pg/ml)	 –	 213±34 	
	     White blood cells (/μl)	 –	 2,410±380  	
	     CRP (mg/dl)	 –	 0.58±0.19
	 Hemodynamic variables
	     Heart rate (beats/min)	 –	 75±12
	     Mean PAP (mmHg)	 –	 52±8 	
	     Mean PVR (dyne · s–1 · cm–5)	 –	 915±145
	     SaO2	 –	 94.3±2.1 	

Values are mean ± SEM.
PH, pulmonary hypertension; Control, control subjects; IPAH, idiopathic 
pulmonary arterial hypertension; CTD, connective tissue disease; CHD, 
congenital heart disease; CTEPH, chronic thromboembolic pulmonary 
hypertension; BNP, brain natriuretic peptide; CRP, C-reactive protein; PAP, 
pulmonary arterial pressure; PVR, pulmonary vascular resistance; SaO2, 
oxygen saturation.

Table 2.	 Clinical Characteristics of Controls and Patients With IPAH 
(Protocol 2)

		  Control	 IPAH	 P value

	 N	 5	 5	 NS
	 Age (years)	 58.4±1.9 	  33.8±6.3 	  <0.05 	
	 Gender
	     Male, N (%)	 0 (0%)  	   2 (40%)	

NS
	     Female, N (%)	 5 (100%)	 3 (60%)
	 Diagnosis	 Lung cancer	 IPAH
	 Treatment	 Anticancer drugs	 Epoprostenol
			   Bosentan
			   Sildenafil
			   O2 therapy
	 Laboratory data
	     White blood cells (/μl)	 5,100±473  	  8,675±232  	  NS
	     CRP (mg/dl)	 0.10±0.00	 0.13±0.03	 NS
	     SaO2	 –	 97.4±0.8 	

Values are mean ± SEM.
Abbreviations see in Table 1.
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Optical, Tokyo, Japan) and analyzed by DP manager 
(ver.2.2.1.195) and DP controller (ver.2.2.1.227). The inten-
sity of immunostaining was scored with a semi-quantitative 
method. Briefly, in the lung tissues, 131 lesions from the  
5 control subjects and 131 lesions from the 5 IPAH patients 
were studied. The intensity of the specific immuno-positive 
pulmonary arterioles, smaller than 200 μm in diameter, was 
categorized visually into 3 levels (negative, slightly posi-
tive, and positive) by 2 independent well-trained persons in 
a blinded manner.23,24

Organ Chamber Experiments    Endothelial and VSMC 
functions of the pulmonary arteries were examined in 4 
patients with IPAH and 4 controls. Because of the limited 
availability of blood vessels, these examinations were not 
performed in 1 patient with IPAH and 1 control. Under a 
microscope, small pulmonary arteries (400–600 μm in diam-
eter) were carefully isolated and cleaned of any connective 
tissue in Krebs solution, as previously reported.10 Endo-
thelium-dependent relaxation to acetylcholine (ACh, 10–10 
to 10–5 mol/L) or bradykinin (BK, 10–11 to 10–6 mol/L) was 
examined in rings of artery with endothelium during a  
contraction evoked by prostaglandin F2α 3–10–6 mol/L).10 
Endothelium-independent contraction to serotonin (5HT, 
10–9 to 10–5 mol/L) and endothelium-independent relaxation 
to sodium nitroprusside (SNP, 10–10 to 10–5 mol/L) were 
also examined in rings without endothelium.10 The acute 
inhibitory effect of hydroxyfasudil (10–5 mol/L for 30 min 

preincubation), a specific Rho-kinase inhibiter, on serotonin-
induced VSMC contraction also was examined.10

Statistical Analysis
Results are expressed as the mean ± SEM. Throughout the 
text, N is the number of subjects and n is the number of 
small pulmonary arteries in the lung tissue samples. Inde-
pendent-sample t-test and Dunnett t-test were used to 
compare mean values of Rho-kinase activity between PAH 
and control subjects. Independent-sample t-test was used  
to compare mean values of Rho-kinase expression and CPI-
17 expression between lung tissue of IPAH and control 
subjects. The Mann-Whitney test was used to compare the 
number of immuno-positive pulmonary arteries between 
control and IPAH lung tissues. Statistical analyses were 
performed using SPSS (SPSS Inc, Chicago, IL, USA) and 
P values less than 0.05 were considered to be statistically 
significant.

Results
Rho-Kinase Activity in Circulating Neutrophils
Rho-kinase activity, as evaluated by the p-MBS/t-MBS 
ratio,16 was significantly increased in patients with PH as 
compared with the controls (Figures 1A,B). Among the  
4 subgroups of PH, Rho-kinase activity was significantly 
increased in patients with PAH (IPAH, CTD-PAH, and 

Figure 1.    Rho-kinase activity in circulating neutrophils is enhanced in patients with PAH. (A) Representative western 
blotting for p-MBS and t-MBS of circulating neutrophils from a control subject and a PH patient. (B) Rho-kinase activity, 
as determined by the p-MBS/t-MBS ratio, was significantly increased in patients with PH compared with control subjects. 
(C) Representative western blotting for p-MBS and t-MBS of circulating neutrophils from a control subject and a patient 
with IPAH, CTD-PAH, CHD-PAH or CTEPH. (D) Among the 4 subgroups of PH, Rho-kinase activity was significantly 
increased in patients with IPAH, CTD-PH, and CHD-PAH, but not in those with CTEPH. Results are expressed as 
mean ± SEM. CHD-PAH, pulmonary arterial hypertension (PAH) associated with congenital heart disease; CTD-PAH, 
PAH associated with connective tissue disease; CTEPH, pulmonary hypertension because of chronic thromboembolism; 
IPAH, idiopathic pulmonary arterial hypertension; PH, pulmonary hypertension; p-MBS and t-MBS, phosphorylated and 
total forms of myosin-binding subunit, respectively.
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CHD-PAH), but not in those with CTEPH (Figures 1C,D).

Correlation Between Rho-Kinase Activity and Severity/
Duration of PAH
In patients with PAH, weak but significant correlations were 
noted between Rho-kinase activity in circulating neutrophils 
and mean pulmonary arterial pressure and duration of the 
disorder (Figures 2A,B). In contrast, there were no signifi-
cant correlations between Rho-kinase activity and pulmo-
nary vascular resistance, cardiac index, right atrial pressure 
or plasma levels of brain natriuretic peptide (BNP) (data not 
shown).

Rho-Kinase Expression and Activity in Human Lung 
Tissues
The expression of PKC (PKCα and PKCδ) was signifi-
cantly increased in the lung tissues from the IPAH patients 
as compared with the control subjects (Figures 3A,B). The 
expression of ROCK1 and ROCK2 proteins in the whole 
lung tissues tended to be increased in the IPAH patients 
(Figures 3C,D). Furthermore, immunohistochemical anal-
yses demonstrated that the expression of both ROCK1 and 
ROCK2 was significantly increased in the intima and media 
of pulmonary arteries from the IPAH patients compared 
with those from the controls (Figure 4). In order to examine 
Rho-kinase activity in the pulmonary arteries, we further 
performed immunohistochemical analyses for p-MBS and 
t-MBS.20 The endothelium of the pulmonary arteries in the 
control subjects was negative for p-MBS and positive for 
t-MBS only, whereas VSMC in the media were negative for 
p-MBS and t-MBS. By contrast, the thickened intima and 
the media of the pulmonary arteries from the PAH patients 
were positive for both p-MBS and t-MBS (Figure 5). In 
contrast, the expression of PKC-potentiated inhibitor protein 
17 (CPI-17), another potential inhibitor of myosin phos-
phatase,9 was comparable between the IPAH patient and 
the control subjects (Figure 6).

Figure 2.    Correlation between Rho-kinase activity in circulating 
neutrophils and the severity or duration of PAH. In patients with PAH, 
weak but significant correlations were noted between Rho-kinase 
activity in circulating neutrophils and mPAP (A) and the duration of 
the disorder (B). mPAP, mean pulmonary arterial pressure. See Figure 1 
for other abbreviations.

Figure 3.    Western blot analysis. Representative western blotting and quantitative results of the protein expression of 
PKCα (A), PKCδ (B), ROCK1 (C), and ROCK2 (D) of the whole lung tissues from the control subjects and the IPAH 
patients. The expression of PKCα and PKCδ was significantly increased and that of ROCK1 and ROCK2 tended to be 
increased in patients with IPAH. Results are expressed as the mean ± SEM. IPAH, idiopathic pulmonary arterial hyperten-
sion; PKC, protein kinase C; ROCK1, ROCK2, isoforms of Rho-kinase.
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Figure 4.    Rho-kinase expression is enhanced in pulmonary arteries of patients with IPAH. (A,C) Representative immu-
nostaining for ROCK1 and ROCK2 expressions in lung tissue from a control subject and an IPAH patient. (B,D) Expres-
sions of ROCK1 and ROCK2 were low in the small pulmonary arteries of the controls, whereas it was significantly higher 
in both the thickened intima and media of small pulmonary arteries of the IPAH patients. Results are expressed as mean ±  
SEM. n=131 each from 5 patients and 5 controls. Scale bar, 50 μm. See Figure 3 for abbreviations.

Figure 5.    Rho-kinase activity is enhanced in small pulmonary arteries of patients with IPAH. (A,C) Representative 
immunostaining for p-MBS and t-MBS of lung tissue from a control subject and an IPAH patient. (B) Expression of p-MBS 
was low in the small pulmonary arteries of the controls, whereas it was significantly increased in both the thickened intima 
and the media of small pulmonary arteries in the IPAH patients. (D) t-MBS was immuno-positive in the endothelium but 
negative in the media of the small pulmonary arteries of the controls, whereas its expression was significantly higher in 
both the thickened intima and the media of small pulmonary arteries in the IPAH patients. Results are expressed as 
mean ± SEM. n=131 each in 5 IPAH patients and 5 controls. Scale bar, 50 μm. See Figures 1,3 for abbreviations.
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Vascular Reactivity of Isolated Pulmonary Arteries
Endothelium-dependent relaxation to both ACh and BK 
was significantly impaired in isolated small pulmonary 
arteries of the PAH patients compared with the controls 
(Figures 7A,B). In contrast, endothelium-independent 

relaxation to SNP was comparable between the 2 groups 
(Figure 7C). Serotonin-induced contractions of VSMC 
were significantly enhanced in the PAH patients as com-
pared with the controls (Figure 7D). Although hydroxy-
fasudil, a specific Rho-kinase inhibitor, had no effect on 

Figure 6.    CPI-17 expression. (A) Western 
blotting for CPI-17 in lung tissues from the 
control subjects and the IPAH patients. (B) 
Immunostaining for CPI-17 int he pulmonary 
arteries from the control subjects and the 
IPAH patients. There was no significant dif-
ference in the expression of CPI-17 between 
the 2 groups. Results are expressed as the 
mean ± SEM. The number of histological sec-
tions examined was 131 each in the 2 groups. 
CPI-17, protein kinase C potentiated inhibitor 
protein 17; IPAH, idiopathic pulmonary arte-
rial hypertension. Scale bar, 50 μm.

Figure 7.    Impaired endothelial function and enhanced vascular smooth muscle cell contraction in the pulmonary arteries 
of patients with IPAH. (A,B) Endothelium-dependent relaxation of isolated small pulmonary arteries to acetylcholine 
(ACh) (A) and to bradykinin (BK) (B) was significantly impaired in the IPAH patients compared with the control sub-
jects. (C) No significant difference in endothelium-independent relaxation to sodium nitroprusside (SNP) of isolated 
small pulmonary arteries (without endothelium) between the IPAH patients and the control subjects. (D) Contraction to 
serotonin (5HT) of isolated small pulmonary arteries (without endothelium) was markedly enhanced in the PAH patients 
as compared with the control subjects and the hypercontractions were abolished by hydroxyfasudil (HF, 10–5 mol/L), a 
specific Rho-kinase inhibitor. Results are expressed as the mean ± SEM. See Figure 1 for other abbreviations.
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basal tension, it abolished the hypercontraction to serotonin 
in the PAH patients, but did not affect the responses to 
serotonin in the controls (Figure 7D).

Discussion
The novel finding of the present study is that Rho-kinase is 
activated in both the circulating blood cells and the pulmo-
nary arteries of patients with PAH, resulting in hypercon-
traction of the artery. The present findings support our previ-
ous findings in animal models of PAH, and during right-heart 
cardiac catheterization in patients with PAH.9,25–32 To the 
best of our knowledge, this is the first study to provide direct 
evidence for Rho-kinase activation in patients with PAH.

Role of Rho-Kinase Activation in the Pathogenesis  
of PAH
Increased pulmonary vascular resistance in PAH can be 
caused by both pulmonary vascular remodeling and sustained 
pulmonary vasoconstriction, in which endothelial dysfunc-
tion and VSMC hypercontraction may be involved.33–35 It 
has previously been demonstrated that expression of endo-
thelial nitric oxide synthase (eNOS) is reduced and pulmo-
nary VSMC are hyper-reactive in patients with PAH.33–35 
Accumulating evidence indicates that Rho-kinase activation 
causes several important abnormalities, including downreg-
ulation of eNOS in endothelial cells,36 VSMC hypercon-
traction through inhibition of myosin phosphatase, VSMC 
proliferation and migration, and inhibition of VSMC apop-
tosis.9,26,37,38 Indeed, previous findings from our own and 
other laboratories suggested the involvement of Rho-kinase 
activation in the pathogenesis of PAH in animals and 
humans,9–15 although direct evidence for Rho-kinase activa-
tion was still lacking. In the present study, we thus addressed 
this important issue in patients with PAH.

Systemic Activation of Rho-Kinase in Patients  
With PAH
It is an interesting though somewhat unexpected finding  
of the present study that Rho-kinase is systemically acti-
vated in patients with PAH, as evidenced in the increased 
Rho-kinase activity in circulating neutrophils. The present 
study also demonstrated a significant correlation between 
Rho-kinase activation and the severity (mean pulmonary 
arterial pressure) and duration of the disorder. However,  
no significant correlation was noted between Rho-kinase 
activity and the cardiac index, right atrial pressure or plasma 
levels of BNP. These results suggest that the systemic Rho-
kinase activation is not a simple result of PAH, because 
activation was associated with progression of the disorder, 
but not with development of right-sided heart failure (eg, 
cardiac index, BNP). Interestingly, Rho-kinase was acti-
vated in patients with IPAH, CTD-PAH, and CHD-PAH, 
but not in those with CTEPH. Indeed, although CTEPH is 
regarded as a consequence of pulmonary thromboembolism 
(PTE) because of venous thromboembolism, the occur-
rence of CTEPH in patients with acute PTE is rare.39,40 
Thus, it is conceivable that the pathophysiology of IPAH 
and CTEPH differs.

Upregulation and Activation of Rho-Kinase in  
the Pulmonary Arteries of Patients With PAH
The 2 isoforms of Rho-kinase, ROCK1 and ROCK2, are 
widely expressed in various organs.41 ROCK1 is ubiqui-
tously expressed, except in the brain and skeletal muscle, 

whereas ROCK2 is expressed abundantly in brain, muscle, 
heart and lung.41 In the present study, western blot analyses 
showed that the levels of ROCK1 and ROCK2 proteins in 
the whole lung tissue tended to be increased in the IPAH 
patients compared with the control subjects. Furthermore, 
immunostaining showed that in normal lung tissues from 
patients with lung cancer low levels of ROCK1 and ROCK2 
were expressed. In contract, lung tissues from IPAH 
patients highly expressed both ROCK1 and ROCK2 in both 
the intima and the media of small pulmonary arteries. Fur-
thermore, Rho-kinase activity (expression of p-MBS)20 was 
increased in both the intima and media of pulmonary 
arteries of IPAH patients compared with control subjects. 
Therefore, it is conceivable that myosin phosphatase is 
upregulated in the media of the pulmonary arteries of IPAH 
patients. These results suggest that Rho-kinase expression 
and activity are increased in the small pulmonary arteries 
of patients with IPAH.

Rho-Kinase-Mediated Pathway and Vascular  
Hypercontraction in PAH
Vascular smooth muscle tension is determined by the 
balance between myosin light chain kinase and myosin light 
chain phosphatase (MLCP) activities. Regarding the inhibi-
tion of MLCP activity, there are 2 major pathways involved: 
phosphorylation of MBS and that of CPI-17.9,26,37 In the 
present study, western blot analysis demonstrated that 
expression of PKC (PKCα and PKCδ), but not that of CPI-
17, was significantly increased in the lung tissues from the 
IPAH patient as compared with the control subjects. Al- 
though there was no significant increase in total CPI-17, it 
is also conceivable that CPI-17 phosphorylation is increased 
in the pulmonary arteries of IPAH patients, enhancing the 
pulmonary artery tone. The present finding in patients with 
PAH is consistent with our previous finding in a porcine 
model of coronary spasm that PKC (especially PKCδ) and 
Rho-kinase coexist in the intracellular signaling pathway, 
with PKC located upstream of RhoA/Rho-kinase, suggest-
ing that a strategy to inhibit Rho-kinase rather than PKC 
would be more specific and useful for the treatment of the 
vasospastic disorders.28

Endothelial Dysfunction and VSMC Hypercontraction  
of Pulmonary Arteries From Patients With PAH
In the present study, we were able to directly demonstrate  
that endothelial vasodilator function was impaired and 
VSMC contraction enhanced in isolated pulmonary arteries 
from patients with PAH. These findings are consistent with 
our previous studies with MCT-induced PH in rats and 
hypoxia-induced PH in mice,10,11 and previous clinical 
studies of patients with PAH.23–35 Furthermore, we were 
able to demonstrate that inhibition of Rho-kinase abolished 
VSMC hypercontraction of pulmonary arteries from IPAH 
patients. This finding also is consistent with our previous 
clinical study that found acute inhibition of Rho-kinase 
improves pulmonary hemodynamics in PAH patients.14,15 
Although we only tested the vasoconstrictor responses to 
serotonin in the present study, the vasoconstrictor responses 
also could be enhanced to other Rho-kinase-dependent  
agonists. We consider that Rho-kinase activation plays an 
important role because we have previously demonstrated 
that Rho-kinase activation downregulates eNOS36 and that 
long-term inhibition of Rho-kinase markedly ameliorates 
endothelial dysfunction in animal models of PH.10 These 
findings are the first to directly demonstrate endothelial 
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dysfunction and VSMC hypercontraction associated with 
Rho-kinase activation in the pulmonary arteries from patients 
with PAH. It remains to be examined in future studies 
whether those functional abnormalities of the pulmonary 
arteries can be ameliorated by long-term treatment with a 
Rho-kinase inhibitor.37,38

Rho-Kinase Inhibitors for the Treatment of PAH
Despite the recent advances in the medical treatment of 
PAH, such as the use of prostacyclin and bosentan, none of 
the monotherapies is sufficient in many patients and com-
bination therapy is frequently needed to treat this fatal  
disorder.42,43 We recently demonstrated that prostacyclin or 
its oral analog, beraprost sodium (BPS), lacked an inhibi-
tory effect on Rho-kinase44 and that the combination of 
fasudil and BPS was more effective than each monotherapy 
for ameliorating PH in a rat model of MCT-induced PH.45 
Indeed, we have demonstrated that IPAH patients admin-
istered intravenous prostacyclin therapy showed favorable 
acute responses to a Rho-kinase inhibitor.14 Thus, it is 
highly expected that combination therapy with prostacyclin 
and a Rho-kinase inhibitor would exert more beneficial 
effects in the treatment of PAH.

Bosentan, a dual inhibitor of ETA and ETB endothelin 
receptors, is another effective drug for the treatment of PAH 
in the clinical setting.46–49 However, not only endothelin but 
also many other vasoactive substances (eg, serotonin, 
thrombin and platelet-derived growth factor) are likely to 
be involved in the pathogenesis of PAH, and importantly, 
all of them could activate the Rho-kinase pathway.9,26,37,38 
Because Rho-kinase inhibitors could inhibit signal trans-
ductions initiated by all these vasoactive substances, it is 
possible that they exert more broadly beneficial effects than 
each single receptor antagonist.9,26,37,38

Study Limitations
Several limitations should be mentioned. First, although  
we were able to demonstrate Rho-kinase activation in both 
circulating neutrophils and lung tissues from PAH patients, 
the interactions between the 2 remain to be examined. It is 
conceivable that Rho-kinase in circulating neutrophils is 
activated when they go through the lung where Rho-kinase 
is activated. Indeed, we have previously demonstrated that 
Rho-kinase can be upregulated by inflammatory stimuli 
(eg, angiotensin II and interleukin-1β).50 It was recently 
reported that Rho-kinase activity in circulating neutrophils is 
increased in patients with metabolic syndrome.17 However, 
in the present study, plasma levels of CRP were only slightly 
elevated in patients with PAH. Thus, enhanced systemic 
Rho-kinase activity may not be a simple result of the sys-
temic inflammatory responses in those patients. The under-
lying mechanism of Rho-kinase activation in the circulating 
neutrophils of PH patients remains to be examined in future 
studies. Second, because we obtained the control lung 
tissues from patients with lung cancer, we were unable to 
match the age and gender of the PAH patients and controls 
in protocol 2 for obvious ethical reasons. We have previ-
ously demonstrated that loss of estrogen (eg, menopause) 
can upregulate Rho-kinase in cultured human coronary 
VSMCs in vitro.51 It is noteworthy that in the present study 
the relatively older postmenopausal women with lung cancer 
showed lower levels of Rho-kinase expression and activity 
in their otherwise normal lung tissues as compared with 
young patients with PAH. Third, we were unable to directly 
establish the cause–result relationship between Rho-kinase 

activation in the pulmonary arteries and increased pulmo-
nary vascular resistance in patients with PAH. Obviously, 
the next step for us is to follow-up the time-course of  
Rho-kinase activity in those patients during treatment with 
Rho-kinase inhibitors. In fact, we have started a clinical 
trial with the oral form of long-acting fasudil in patients 
with PAH in Japan. Also, we need further investigation 
into whether Rho-kinase activity in circulating neutrophils 
could be used as a biomarker for early detection of PH. 
Fourth, there was some overlap in the Rho-kinase activity in 
circulating neutrophils between the control and PH groups. 
Therefore, not only the Rho-kinase activity in neutrophils 
but also other diagnostic methods (eg, cardiac ultrasound 
and cardiac catheterization) are necessary to diagnose PH.

In conclusion, the present study provides the first direct 
evidence that Rho-kinase is activated both systemically in 
circulating neutrophils and locally in the pulmonary arteries 
of patients with PAH, suggesting the therapeutic importance 
of Rho-kinase in the disorder in humans.

Acknowledgments
This work was supported in part by the grants-in-aid from the Japanese 
Ministry of Education, Culture, Sports, Science and Technology, Tokyo, 
Japan, the Japanese Ministry of Health, Labor and Welfare, Tokyo, Japan, 
the Japan Foundation of Cardiovascular Research, Tokyo, Japan. We thank 
N. Yamaki, H. Hase, and H. Tatebayashi for excellent technical assistance 
and Asahi Kasei Pharma Co, Tokyo, Japan, for providing hydroxyfasudil 
and rabbit anti-phospho-MBS (Thr696) polyclonal antibody.

Disclosures
None.

References
  1.	 Humbert M, Sitbon O, Simonneau G. Treatment of pulmonary arte-

rial hypertension. N Engl J Med 2004; 351: 1425 – 1436.
  2.	 Humbert M, Morrell NW, Archer SL, Stenmark KR, MacLean MR, 

Lang IM, et al. Cellular and molecular pathobiology of pulmonary 
arterial hypertension. J Am Coll Cardiol 2004; 43: 13S – 24S.

  3.	 McLaughlin VV, McGoon MD. Pulmonary arterial hypertension. 
Circulation 2006; 114: 1417 – 1431.

  4.	 Fukumoto Y, Tawara S, Shimokawa H. Recent progress in the treat-
ment of pulmonary arterial hypertension: Expectation for Rho-kinase 
inhibitors. Tohoku J Exp Med 2007; 211: 309 – 320.

  5.	 Ishizaki T, Maekawa M, Fujisawa K, Okawa K, Iwamatsu A, Fujita 
A, et al. The small GTP-binding protein Rho binds to and activates a 
160 kDa Ser/Thr protein kinase homologous to myotonic dystrophy 
kinase. EMBO J 1996; 15: 1885 – 1893.

  6.	 Amano M, Chihara K, Kimura K, Fukata Y, Nakamura N, Matsuura 
Y, et al. Formation of actin stress fibers and focal adhesions enhanced 
by Rho-kinase. Science 1997; 275: 1308 – 1311.

  7.	 Narumiya S. The small GTPase Rho: Cellular functions and signal 
transduction. J Biochem 1996; 120: 215 – 228.

  8.	 Loirand G, Guerin P, Pacaud P. Rho kinases in cardiovascular physi-
ology and pathophysiology. Circ Res 2006; 98: 322 – 334.

  9.	 Shimokawa H, Takeshita A. Rho-kinase is an important therapeutic 
target in cardiovascular medicine. Arterioscler Thromb Vasc Biol 
2005; 25: 1767 – 1775.

10.	 Abe K, Shimokawa H, Morikawa K, Uwatoku T, Oi K, Matsumoto 
Y, et al. Long-term treatment with a Rho-kinase inhibitor improves 
monocrotaline-induced fatal pulmonary hypertension in rats. Circ Res 
2004; 94: 385 – 393.

11.	 Abe K, Tawara S, Oi K, Hizume T, Uwatoku T, Fukumoto Y, et al. 
Long-term inhibition of Rho-kinase ameliorates hypoxia-induced 
pulmonary hypertension in mice. J Cardiovasc Pharmacol 2006; 48: 
280 – 285.

12.	 Oka M, Homma N, McMurtry IF. Rho kinase-mediated vasoconstric-
tion on rat models of pulmonary hypertension. Methods Enzymol 
2008; 439: 191 – 204.

13.	 Oka M, Fagan KA, Jones PL, McMurtry IF. Therapeutic potential of 
RhoA/Rho kinase inhibitors in pulmonary hypertension. Br J Pharma-
col 2008; 155: 444 – 454.

14.	 Fukumoto Y, Matoba T, Ito A, Tanaka H, Kishi T, Hayashidani S, et al. 



1739Rho-Kinase Activation in PH

Circulation Journal   Vol.73, September 2009

Acute vasodilator effects of a Rho-kinase inhibitor, fasudil, in patients 
with severe pulmonary hypertension. Heart 2005; 91: 391 – 392.

15.	 Ishikura K, Yamada N, Ito M, Ota S, Nakamura M, Isaka N, et al. 
Beneficial acute effects of Rho-kinase inhibitor in patients with pul-
monary arterial hypertension. Circ J 2006; 70: 174 – 178.

16.	 Rashid M, Tawara S, Fukumoto Y, Seto M, Yano K, Shimokawa H. 
Importance of Rac1 signaling pathway inhibition in the pleiotropic 
effect of HMG-CoA reductase inhibitors. Circ J 2009; 73: 361 – 370.

17.	 Liu PY, Chen JH, Lin LJ, Liao JK. Increased Rho kinase activity in a 
Taiwanese population with metabolic syndrome. J Am Coll Cardiol 
2007; 49: 1619 – 1624.

18.	 Eto M, Kitazawa T, Yazawa M, Mukai H, Ono Y, Brautigan DL. 
Histamine-induced vasoconstriction involves phosphorylation of a 
spedific inhibitor protein for myosin phosphotase by protein kinase C 
 α and δ isoforms. J Biol Chem 2001; 276: 29072 – 29078.

19.	 Zemilikova E, Johannes FJ, Aitken A, Dubois T. Association of CPI-
17 with protein kinase C and casein kinase I. Biochem Biophys Res 
Commun 2004; 316: 39 – 47.

20.	 Noma K, Rikitake Y, Oyama M, Yan G, Alcaide P, Liu PY, et al. 
ROCK1 mediates leukocyte recruitment and neointima formation fol-
lowing vascular injury. J Clin Invest 2008; 118: 1632 – 1644.

21.	 Nakano M, Satoh K, Fukumoto Y, Ito Y, Kagaya Y, Ishii N, et al. 
Important role of erythropoietin receptor to promote VEGF expres-
sion and angiogenesis in peripheral ischemia in mice. Circ Res 2007; 
100: 662 – 669.

22.	 Fukumoto Y, Deguchi JO, Libby P, Rabkin-Aikawa E, Sakata Y, Chin 
MT, et al. Genetically determined resistance to collagenase action 
augments interstitial collagen accumulation in atherosclerotic plaques. 
Circulation 2004; 110: 1953 – 1959.

23.	 Tsutsui M, Shimokawa H, Tanaka S, Kuwaoka I, Hase K, Nogami 
N, et al. Endothelial Gi protein in human coronary arteries. Eur 
Heart J 1994; 15: 1261 – 1266.

24.	 Vlahos NF, Gregoriou O, Deliveliotou A, Perrea D, Vlachos A, Zhao 
Y, et al. Effect of pentoxifylline on vascular endothelial growth factor 
C and flk-1 expression on endometrial implants in the rat endometri-
osis model. Fertil Steril 2009; Jan 13 [E-pub ahead of print].

25.	 Masumoto A, Hirooka Y, Shimokawa H, Hironaga K, Setoguchi S, 
Takeshita A. Possible involvement of Rho-kinase in the pathogenesis 
of hypertension in humans. Hypertension 2001; 38: 1307 – 1310.

26.	 Shimokawa H. Rho-kinase as a novel therapeutic target in treatment 
of cardiovascular diseases. J Cardiovasc Pharmacol 2002; 39: 319 –  
327.

27.	 Shimokawa H, Hiramori K, Iinuma H, Hosoda S, Kishida H, Osada 
H, et al. Anti-anginal effect of fasudil, a Rho-kinase inhibitor, in 
patients with stable effort angina: A multicenter study. J Cardiovasc 
Pharmacol 2002; 40: 751 – 761.

28.	 Kandabashi T, Shimokawa H, Miyata K, Kunihiro I, Eto Y, Morishige 
K, et al. Evidence for protein kinase C-mediated activation of Rho-
kinase in a porcine model of coronary artery spasm. Arterioscler 
Thromb Vasc Biol 2003; 23: 2209 – 2214.

29.	 Mohri M, Shimokawa H, Hirakawa Y, Masumoto A, Takeshita A. 
Rho-kinase inhibition with intracoronary fasudil prevents myocardial 
ischemia in patients with coronary microvascular spasm. J Am Coll 
Cardiol 2003; 41: 15 – 19.

30.	 Matsumoto Y, Uwatoku T, Oi K, Abe K, Hattori T, Morishige K, et 
al. Long-term inhibition of Rho-kinase suppresses neointimal forma-
tion after stent implantation in porcine coronary arteries: Involvement 
of multiple mechanisms. Arterioscler Thromb Vasc Biol 2004; 24: 
181 – 186.

31.	 Kishi T, Hirooka Y, Masumoto A, Ito K, Kimura Y, Inokuchi K, et 
al. Rho-kinase inhibitor improves increased vascular resistance and 
impaired vasodilation of the forearm in patients with heart failure. 
Circulation 2005; 111: 2741 – 2747.

32.	 Fukumoto Y, Mohri M, Inokuchi K, Ito A, Hirakawa Y, Masumoto A, 
et al. Anti-ischemic effects of fasudil, a specific Rho-kinase inhibitor, 
in patients with stable effort angina. J Cardiovasc Pharmacol 2007; 

49: 117 – 121.
33.	 Giaid A, Saleh D. Reduced expression of endothelial nitric oxide 

synthase in the lungs of patients with pulmonary hypertension. N Engl 
J Med 1995; 333: 214 – 221.

34.	 Xu W, Kaneko FT, Zheng S, Comhair SA, Janocha AJ, Goggans T, et 
al. Increased arginase II and decreased NO synthesis in endothelial 
cells of patients with pulmonary arterial hypertension. FASEB J 2004; 
18: 1746 – 1748.

35.	 Yuan JX, Aldinger AM, Juhaszova M, Wang J, Conte JV Jr, Gaine 
SP, et al. Dysfunctional voltage-gated K+ channels in pulmonary 
artery smooth muscle cells of patients with primary pulmonary hyper-
tension. Circulation 1998; 98: 1400 – 1406.

36.	 Takemoto M, Sun J, Hiroki J, Shimokawa H, Liao JK. Rho-kinase 
mediates hypoxia-induced downregulation of endothelial nitric oxide 
synthase. Circulation 2002; 106: 57 – 62.

37.	 Shimokawa H, Rashid M. Development of Rho-kinase inhibitors for 
cardiovascular medicine. Trends Pharmacol Sci 2007; 28: 296 – 302.

38.	 Liao JK, Seto M, Noma K. Rho kinase (ROCK) inhibitors. J Cardio-
vasc Pharmacol 2007; 50: 17 – 24.

39.	 Tapson VF, Humbert M. Incidence and prevalence of chronic throm-
boembolic pulmonary hypertension: From acute to chronic pulmonary 
embolism. Proc Am Thorac Soc 2006; 3: 564 – 567.

40.	 Wu DK, Hsiao S, Lin SK, Lee CY, Tang SH, Chang SM, et al. Main 
pulmonary arterial distensibility: Different presentation between 
chronic pulmonary hypertension and acute pulmonary embolism. 
Circ J 2008; 72: 1454 – 1459.

41.	 Nakagawa O, Fujisawa K, Ishizaki T, Saito Y, Nakao K, Narumiya S. 
ROCK-I and ROCK-II, two isoforms of Rho-associated coiled-coil 
forming protein serine/threonine kinase in mice. FEBS Lett 1996; 392: 
189 – 193.

42.	 Hoeper MM, Markevych I, Spiekerkoetter E, Welte T, Niedermeter 
J. Goal-oriented treatment and combination therapy for pulmonary 
arterial hypertension. Eur Respir J 2005; 26: 858 – 863.

43.	 Ghofrani HA, Hoeper MM. Drug combination treatment for pulmo-
nary arterial hypertension. Dtsch Med Wochenschr 2006; 131: S330 –  
S333.

44.	 Abe K, Morikawa K, Hizume T, Uwatoku T, Oi K, Seto M, et al. 
Prostacyclin does not inhibit Rho-kinase: An implication for the treat-
ment of pulmonary hypertension. J Cardiovasc Pharmacol 2005; 45: 
120 – 124.

45.	 Tawara S, Fukumoto Y, Shimokawa H. Effects of combined therapy 
with a Rho-kinase inhibitor and prostacyclin on monocrotaline-
induced pulmonary hypertension in rats. J Cardiovasc Pharmacol 
2007; 50: 195 – 200.

46.	 Rubin LJ, Badesch DB, Barst RJ, Galie N, Black CM, Keogh A, et al. 
Bosentan therapy for pulmonary arterial hypertension. N Eng J Med 
2002; 346: 896 – 903.

47.	 Mclaughlin VV, Sitbon O, Badesch DB, Barst RJ, Black C, Galiè N, 
et al. Survival with first-line bosentan in patients with primary pulmo-
nary hypertension. Eur Respir J 2005; 25: 244 – 249.

48.	 Hiramoto Y, Shioyama W, Kuroda T, Masaki M, Sugiyama S, 
Okamoto K, et al. Effect of bosentan on plasma endothelin-1 concen-
tration in patients with pulmonary arterial hypertension. Circ J 2007; 
71: 367 – 368.

49.	 Akagi S, Matsubara H, Miyaji K, Ikeda E, Dan K, Tokunaga N, et al. 
Additional effects of bosentan in patients with idiopathic pulmonary 
arterial hypertension already treated with high-dose epoprostenol. 
Circ J 2008; 72: 1142 – 1146.

50.	 Hiroki J, Shimokawa H, Higashi M, Morikawa K, Kandabashi T, 
Kawamura N, et al. Inflammatory stimuli upregulate Rho-kinase in 
human coronary vascular smooth muscle cells. J Mol Cell Cardiol 
2004; 37: 537 – 546.

51.	 Hiroki J, Shimokawa H, Mukai Y, Ichiki T, Takeshita A. Divergent 
effects of estrogen and nicotine on Rho-kinase expression in human 
coronary vascular smooth muscle cells. Biochem Biophys Res 
Commun 2005; 326: 154 – 159.


