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Rho-Kinase Activation in Patients With Heart Failure
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Background: Heart failure (HF) is a complex clinical syndrome, resulting from structural and/or functional cardiac
disease. The aim of this study was to determine whether the activity of Rho-kinase, which has been identified as an
important therapeutic target of cardiovascular disease, is enhanced in HF patients.

Methods and Results: Total and phosphorylated forms of myosin binding subunit (t-MBS and p-MBS), a substrate
of Rho-kinase, were measured on western blotting in circulating leukocytes, and the p-MBS/t-MBS ratio was defined
as an index of systemic Rho-kinase activity. First, during the time-course of acute HF (n=12), Rho-kinase activity was
significantly elevated in the acute phase compared to the chronic phase (1.19£0.06 vs. 0.97+0.04, P<0.05). Next,
Rho-kinase activity was examined in 30 controls and 130 chronic HF patients (cardiomyopathy, n=57; valvular heart
disease, n=35; ischemic heart disease [IHD], n=33; and others, n=5). As compared with the controls, Rho-kinase activ-
ity was significantly elevated in the total HF group (1.14+0.02 vs. 0.77£0.05, P<0.0001) and in each underlying heart
disease (P<0.05 each). Importantly, in the high-risk non-IHD group, Rho-kinase activity was significantly associated
with plasma brain nutriuretic peptide level. Finally, p-MBS was expressed in myocardial biopsy samples (immunohis-
tochemistry) in chronic HF patients (n=36), independent of Rho-kinase activity in leukocytes.

Conclusions: Rho-kinase is activated in HF patients, suggesting that it could be a new therapeutic target of the
disorder. (Circ J 2013; 77: 2542—-2550)

Key Words: Biomarker; Circulating leukocytes; Heart failure; Myocardial biopsy; Rho-Kinase

sulting from any structural and/or functional cardiac

disorder that impairs the ability of the ventricle to fill
with and/or eject blood, where both HF with preserved ejection
fraction (HFpEF) and HF with reduced EF (HFrEF) are sub-
stantially involved.!?

H eart failure (HF) is a complex clinical syndrome re-
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Rho-kinase/ROK/ROCK was identified as an effector of the
small GTP-binding protein Rho, and its activity is enhanced by
binding of the GTP-binding active form of RhoA with subse-
quent enhancement of myosin light chain (MLC) phosphoryla-
tion through activation of MLC kinase and inhibition of myosin
binding subunit (MBS) of myosin phosphatase.>-5 Rho-kinase
plays an important role in various cellular functions, including
smooth muscle contraction, stress fiber formation, focal adhe-

sion, migration, cytokinesis, and gene expressions.>* Recently,
we and others have demonstrated that Rho-kinase activity in
circulating leukocytes is elevated in various diseases, including
coronary artery disease,!? acute ischemic stroke,!! pulmonary
artery hypertension,'>!3 smoking,' metabolic syndrome,'* es-
sential hypertension,'® and coronary spasm.'7-1?

We have previously demonstrated that Rho-kinase enhances
myocardial stiffness, cardiac hypertrophy, ventricular fibrosis,
and superoxide production in animal models of HFpEF in vivo,
all of which abnormalities were ameliorated by long-term treat-
ment with a selective Rho-kinase inhibitor, fasudil.?’ Impor-
tantly, there was a significant correlation between the extent of
myocardial stiffness and that of myocardial Rho-kinase activ-
ity.?? It remains to be determined, however, whether Rho-kinase
is actually activated in patients with HF in both HFpEF and
HFrEF. In the present study, we thus addressed this important
issue in patients with HF.
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Figure 1. Rho-kinase activity in circulating leukocytes of patients with acute heart failure. (A) Representative western blotting for
p-MBS and t-MBS of circulating leukocytes from patients in the acute and the chronic phases of HF. Rho-kinase activity was calcu-
lated as p-MBS/t-MBS. (B) Plasma BNP, (C) serum hs-CRP, and (D) plasma hs-cTnl levels in the acute and chronic phases of HF.
Results given as mean+SEM. BNP, brain natriuretic peptide; HF, heart failure; hs-CRP, high-sensitivity C-reactive protein; hs-
cTnl, high-sensitivity cardiac troponin |; p-MBS, t-MBS, phosphorylated and total forms of myosin binding subunit, respectively.
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Figure 2. Correlation between Rho-kinase activity in circulating leukocytes and other markers of CHF. (A,B) Correlation between
Rho-kinase activity of circulating leukocytes and hs-CRP, BNP and hs-cTnl levels in the (A) acute phase and (B) chronic phase of
HF. (C) Correlations between the changes in Rho-kinase activity of circulating leukocytes and those in hs-CRP, BNP and hs-cTnl
levels. Results given as mean+SEM. BNP, brain natriuretic peptide; HF, heart failure; hs-CRP, high-sensitivity C-reactive protein;
hs-cTnl, high-sensitivity cardiac troponin |.
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Methods

This study complies with the Declaration of Helsinki, and the
Ethics Committees of Tohoku University Hospital approved the
study protocol and all patients provided written informed con-
sent. The authors had full access to the data and take full respon-
sibility for its integrity.

Subjects

Twelve patients with acute HF (AHF; 3 men, 9 women; mean
age, 6316 years), 130 chronic HF patients (CHF; 82 men, 48
women; mean age, 58+ 1 years) and 30 control subjects (19 men,
11 women; mean age, 5412 years) were enrolled in the present
study. The etiology of AHF was hypertrophic cardiomyopathy
in 6, dilated cardiomyopathy in 2, hypertensive heart disease in
1, mitral regurgitation in 1, mitral stenosis in 1, and congenital
heart disease in 1. In the CHF patients, the etiology was isch-
emic heart disease (IHD) in 33 and non-IHD in 97, including
cardiomyopathy (CM) in 57, valvular heart disease (VHD) in 35,
and others in 5. All patients with HF were diagnosed according
to the Framingham criteria.?! Physical activity was determined
on the basis of the American College of Cardiology/American
Heart Association guidelines for the diagnosis and management
of CHF in the adult,! and all patients were in stage C. Control
subjects were matched by age and gender to CHF patients with-
out any cardiac risk factors, such as hypertension, diabetes mel-
litus, dyslipidemia and obesity. Plasma/serum levels of high-
sensitivity C-reactive protein (hs-CRP), brain natriuretic peptide
(BNP)?? and high-sensitivity cardiac troponin I (hs-cTnl),?3*
were also determined as markers of inflammation, HF severity
and myocardial damage, respectively.

Data Collection

Baseline demographic data were collected based on the medical
records, including age, sex, height, body weight, waist, medica-
tion (angiotensin-converting enzyme inhibitor [ACEI], angio-
tensin receptor blocker [ARB], calcium channel blocker [CCB],
B-blocker, and statin), risk factors (hypertension, glucose intol-
erance/diabetes mellitus and dyslipidemia), blood pressure,
pulse rate, heart rate, blood data (lipid profile and glucose),
plasma BNP, and comorbidities (IHD, hypertensive heart dis-
ease, CM, VHD, and congenital heart disease). Left ventricular
ejection fraction (LVEF) was measured on echocardiography.
According to the European Society of Cardiology 2007 guide-
lines, we divided the patients into 2 groups: HFpEF (LVEF
250%) and HFrEF (LVEF <50%).%

Leukocyte Isolation and Rho-Kinase Activity

Venous blood samples were collected from peripheral veins in
the acute and chronic phases in AHF patients and during car-
diac catheterization in CHF patients. Circulating leukocytes
were isolated from venous blood samples, as previously re-
ported.'>!317 To quantify Rho-kinase activity in circulating
leukocytes, we performed western blot analysis for phosphory-
lated forms of MBS (p-MBS) and total forms of MBS (t-MBS),
a substrate of Rho-kinase, as previously described.!>1317 NTH
3T3 cell lysates were used as a positive control. Briefly, cell
extracts were loaded on 7.5% SDS-PAGE gel and membrane
was incubated with rabbit anti-phospho-MBS polyclonal anti-
body (Upstate, Tokyo, Japan) or mouse anti-MBS antibody
(BD Biosciences, Tokyo, Japan). Subsequently, membrane was
incubated with horseradish peroxidase conjugated goat anti-
rabbit IgG (Cell Signaling) or rabbit anti-mouse IgG (Sigma)
as the second antibody. Signals were visualized with the use of
the ECL detection kit (Amersham Biosciences), and were then

enhanced by the chemiluminescence system. Densitometric
analysis was performed using Scion Image.!21317

Immunohistology of Myocardial Biopsy Samples
Trans-venous endomyocardial biopsy samples were obtained
from the interventricular septum using 6-Fr Biotom (Cordis,
Bridgewater, NJ, USA) when CHF patients underwent cardiac
catheterization (n=36). The tissues were immediately fixed in
49 paraformaldehyde and embedded in paraffin.?¢ Immunohis-
tochemical staining was performed using anti-rabbit phospho-
MBS antibody (Upstate), and negative controls were performed
for each slide. The positive rate of p-MBS was calculated as p-
MBS-positive cell number/total cell number. As previously re-
ported, immune-positive p-MBS was used as a marker of Rho-
kinase activity.!3%7.28

Statistical Analysis

All results are expressed as mean+SEM. We assessed the dif-
ferences in measured parameters in the acute and chronic phas-
es during HF therapy using the paired and unpaired t-tests for
changes caused by each intervention in the acute and chronic
phases during HF therapy. Independent-sample t-test was used
for comparison of mean Rho-kinase activity between CHF
patients and control subjects. Receiver operating characteristic
(ROC) curve analysis was performed to determine the best cut-
off for Rho-kinase activity to differentiate between those with
and those without CHF. The cut-off was determined as the sum
of sensitivity and specificity.!>17 Statistical analysis was per-
formed using SPSS (SPSS, Chicago, IL, USA). P<0.05 was
considered to be statistically significant.

Results

Rho-Kinase Activity in AHF

In AHF patients, Rho-kinase activity was elevated in the acute
phase and was then significantly decreased in the chronic phase
(Figure 1A). Compared with the acute phase, plasma BNP
level was significantly decreased in all patients in the chronic
phase (Figure 1B). No significant differences, however, were
noted in serum hs-CRP or plasma hs-cTnl (Figure 1C,D). In
both the acute and chronic phases, no significant correlation
was noted between Rho-kinase activity and plasma/serum hs-
CRP, BNP or hs-cTnl (Figure 2A,B). Furthermore, no signifi-
cant correlation was noted between the changes in Rho-kinase
activity and those in hs-CRP, BNP or hs-cTnl (Figure 2C).

Rho-Kinase Activity in CHF
The CHF patients were treated with ACEIL, ARB, f-blocker,
CCB and statins (Table 1). In those patients, serum hs-CRP and
plasma BNP were significantly elevated compared with the
control subjects, whereas plasma hs-cTnl was similar between
the 2 groups (Table 1). Regarding the effect of IHD as the un-
derlying cause of CHF, plasma BNP was significantly higher in
non-IHD compared with IHD, whereas serum hs-cTnl was
significantly higher in IHD compared with non-IHD (Table S1).
Serum hs-CRP was similar between the 2 groups (Table S1).
In the CHF patients, Rho-kinase activity was significantly
elevated compared with the controls (Figure 3A). Rho-kinase
activity was significantly and equally elevated in both the [HD
and non-IHD groups including the CM and VHD groups
(Figure 3B). Importantly, there was no significant difference in
Rho-kinase activity between HFpHF (n=90) and HFrEF (n=40);
Figure 3C). In the CHF patients, Rho-kinase activity in circu-
lating leukocytes was independent of other markers of HF se-
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Table 1. Clinical Patient Characteristics vs. Presence of CHF
C((:‘r;tz;'g)ls ( n2|1-|:'3:0) P-value
Age (years) 5412 58+1 n.s.
Gender
Male 19 (63) 82 (64) n.s.
Female 11 (37) 48 (36) n.s.
Type of HF
CM - 57 (44)
VHD - 35 (27)
IHD - 33 (25)
Others - 5 (4)
Treatment
ACEI 0 52 (40)
ARB 0 35 (27)
B-blocker 0 53 (41)
CCB 0 49 (38)
Statin 0 34 (26)
Laboratory data
BNP (pg/ml) 21+5 213+34 <0.05
hs-CRP (mg/dl) 0.05+0.01 0.58+0.19 <0.05
hs-cTnl (ng/ml) 0.05+0.03 0.09+0.06 n.s.

Results given as mean+SEM or n (%). ACEI, angiotensin-convert-
ing enzyme inhibitor; ARB, angiotensin receptor blocker; BNP, brain
natriuretic peptide; CCB, calcium channel blockers; CHF, chronic
heart failure; CM, cardiomyopathy; HF, heart failure; hs-CRP, high-
sensitivity C-reactive protein; hs-cTnl, high-sensitivity cardiac tropo-
nin I; IHD, ischemic heart disease; VHD, valvular heart disease.

verity, including hemodynamic variables, hs-CRP, BNP, and
hs-cTnl (Table S2).

Rho-kinase activity was found to be a powerful predictor of
CHF, with an area under the curve (AUC) of 0.87 (95% confi-
dence interval: 0.80-0.93), and a ratio of 0.93 was identified as
the best cut-off level for the diagnosis of CHF (Figure 3D). The
sensitivity and specificity of the ROC curve analysis for detect-
ing CHF were 84% and 80%, respectively (Figure 3D).

Rho-Kinase Activity and Cardiovascular Events in CHF

In the present 130 CHF patients, 5 died during the follow-up
period of 408132 days, due to HF in 1 and non-cardiovascular
causes in 4 (eg, cancer). Furthermore, 31 (23.8%) repeatedly
needed hospitalization (5 in IHD and 26 in non-IHD). The best
cut-offs for BNP to predict re-hospitalization were 141.8 pg/ml
for IHD (AUC, 0.86; sensitivity, 80%; specificity, 89%) and
266.4 pg/ml for non-IHD (AUC, 0.73; sensitivity, 62%; speci-
ficity, 83%), respectively (Figure S1)

In the IHD group, no significant correlation was noted be-
tween Rho-kinase activity and age, serum hs-CRP, plasma BNP
or hs-cTnl in both the low-risk group (BNP <141.8 pg/ml) and
the high-risk group (BNP >141.8 pg/ml; Table 2). In the non-
THD group, however, significant correlation was noted between
Rho-kinase activity and plasma BNP in the high-risk group
(BNP >266.4pg/ml; Table 2).

Rho-Kinase Activity in Myocardial Biopsy Samples from
CHF Patients

We examined Rho-kinase activity in myocardial biopsy sam-
ples from CHF patients (n=36) using immunohistochemistry
for p-MBS expression, as a marker of Rho-kinase activity.!3?7.28
Immuno-positive p-MBS staining was noted in myocardial

biopsy samples from CHF patients (Figure 4A,B), but no sig-
nificant correlation was noted between Rho-kinase activity in
circulating leukocytes and that in myocardial biopsy samples in
the CHF patients (Figure 4C). Due to ethical reasons, no myo-
cardial samples were available from the control subjects.

Discussion

The novel findings of the present study are as follows: (1) Rho-
kinase activity was elevated in the acute phase and was then
significantly decreased in the chronic phase; (2) even in the
chronic phase, however, Rho-kinase activity in HF patients was
significantly elevated compared with the controls; (3) increased
Rho-kinase activity was significantly correlated with BNP level
in the high-risk non-IHD patients; and (4) p-MBS immunore-
activity as a marker of Rho-kinase activity was noted in myo-
cardial biopsy samples from CHF patients without correlation
between local (in myocytes) and systemic (in blood) activity of
Rho-kinase. These results indicate that Rho-kinase is systemi-
cally activated in patients with HF, suggesting that inhibition
of Rho-kinase could be a new therapeutic target for CHF. To
the best of our knowledge, this is the first study that provides
direct evidence for Rho-kinase activation in patients with AHF
and those with CHF.

Role of Rho-Kinase Pathway in the Pathogenesis of HF

We and others have previously demonstrated that the Rho-kinase
pathway is involved in the pathogenesis of HF in animal mod-
els.?-31 We also have recently shown that Rho-kinase inhibition
with fasudil, a selective Rho-kinase inhibitor, suppresses the
development of cardiac hypertrophy and diastolic HF in Dahl
salt-sensitive rats.?’ Furthermore, Rho-kinase is substantially
involved in the angiotensin II (Angll)-induced signaling path-
way.3>-34 Because Angll plays a key role in the pathophysiolog-
ical processes of cardiomyocytes, including cardiac hypertro-
phy,3-7 it is important to elucidate the alterations in the Rho-
kinase pathway in CHF patients. We have previously demon-
strated that intra-arterial infusion of fasudil caused a preferential
increase in forearm blood flow in patients with CHF compared
with control subjects, suggesting an involvement of the Rho-
kinase pathway in the increased peripheral vascular resistance
in CHF.? Direct evidence for Rho-kinase activation in patients
with CHF, however, is still lacking. In the present study, we
thus addressed this important issue.

Systemic Activation of Rho-Kinase in AHF

In the present study, Rho-kinase activity in circulating leuko-
cytes was elevated in the acute phase and was then significantly
decreased in the chronic phase. hs-CRP and hs-cTnl levels,
however, were similar between the acute and chronic phases,
whereas Rho-kinase activity was significantly decreased in the
chronic phase, along with the decrease in plasma BNP level.
Interestingly, no significant correlation was noted between Rho-
kinase activity and hs-CRP, BNP or hs-cTnl levels, or between
the changes in Rho-kinase activity and those in hs-CRP, BNP
or hs-cTnl. These results suggest that Rho-kinase activity could
be an independent biomarker of HF compared with hs-CRP,
BNP and hs-cTnl.

Systemic Activation of Rho-Kinase in CHF

The present study shows that Rho-kinase is systemically acti-
vated in CHF patients and that Rho-kinase activity is markedly
increased in all subgroups of CHF, with no significant differ-
ence between HFpHF and HFrEF. Although it was recently
reported that Rho-kinase activity in circulating leukocytes was

Circulation Journal Vol.77, October 2013
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Figure 3. Rho-kinase activity in circulating leukocytes of patients with chronic heart failure and receiver operating characteristic
(ROC) curve analysis. (A) Representative western blotting for p-MBS and t-MBS of circulating leukocytes from a control subject
and a chronic HF (CHF) patient. Rho-kinase activity, as determined by p-MBS/t-MBS ratio, was significantly increased in patients
with HF compared with control subjects. (B) Rho-kinase activity was significantly increased in all the 4 subgroups of CHF. (C) No
significant deference in Rho-kinase activity was noted between the patients with HFpHF and those with HFrEF. (D) ROC curve
analysis showed that a ratio of 0.93 was the best cut-off for Rho-kinase activity with 84% sensitivity and 80% specificity. The calcu-
lated area under the curve (AUC) was 0.87 (95% confidence interval [Cl]: 0.80-0.93). Results given as mean+SEM. CHF, chronic
heart failure; CM, cardiomyopathy; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection
fraction; IHD, ischemic heart disease; p-MBS, t-MBS, phosphorylated and total forms of myosin binding subunit, respectively; VHD,
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markedly increased in patients with HFrEF and that Rho-kinase
activity was inversely correlated with LVEF,* the present study
with a larger number of patients has shown that Rho-kinase
activity in circulating leukocytes has no correlation with LVEF
or other markers of HF severity, including hemodynamic vari-
ables, plasma/serum hs-CRP, BNP or hs-cTnl in CHF patients

Circulation Journal

(Table S2), suggesting that Rho-kinase activity is affected not
only by LVEF but also by other comorbidities, such as hyper-
tension. It was also recently reported that combined analysis of
Rho-kinase activity and N-terminal pro-BNP increased the ef-
fectiveness of prediction of long-term mortality in CHF pa-
tients.** We were unable, however, to address this issue in the
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Table 2. Rho-Kinase Activity and Age and Laboratory Markers in CHF
CHF classification Measurements Correlation coefficient (R?) P-value
IHD, low-risk group Age (years) 0.00 0.98
(BNP<141.8 pg/ml; n=27) hs-CRP (mg/dl) 0.02 0.54
BNP (pg/ml) 0.07 0.19
hs-cTnl (ng/ml) 0.02 0.58
IHD, high-risk group Age (years) 0.47 0.13
(BNP>141.8pg/ml; n=6) hs-CRP (mg/dl) 0.06 0.63
BNP (pg/ml) 0.09 0.56
hs-cTnl (ng/ml) 0.22 0.54
Non-IHD, low-risk group Age (years) 0.00 0.92
(BNP<266.4 pg/ml; n=70) hs-CRP (mg/dl) 0.04 0.12
BNP (pg/ml) 0.00 0.62
hs-cTnl (ng/ml) 0.02 0.22
Non-IHD, high-risk group Age (years) 0.01 0.71
(BNP>266.4 pg/ml; n=27) hs-CRP (mg/dl) 0.01 0.72
BNP (pg/ml) 0.19 0.02
hs-cTnl (ng/ml) 0.04 0.34
Data given as mean+SEM. non-IHD, non-ischemic heart disease. Other abbreviations as in Table 1.
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Figure 4. Immunohistochemistry for Rho-kinase activity in myocardial biopsy samples from patients with chronic heart failure. (A)

Representative immunostaining of p-MBS at (Left) x100 and (Right) x400 magnification. p-MBS immunoreactivity was detected
in myocardial biopsy samples from chronic heart failure (CHF) patients. (B) Hematoxylin and eosin staining at x100 magnification.
(C) No correlations between Rho-kinase activity in circulating leukocytes and that in myocardial biopsy samples from CHF patients.

p-MBS, t-MBS, phosphorylated and total forms of myosin binding subunit, respectively.

present study because only 1 of the present 130 CHF patients
had a cardiovascular cause of death (HF death).

In the present study, the CHF patients were treated with
ACEI ARB, -blocker, CCB and statins (Table 1). In a recent
double-blind, randomized study of patients with hypertension,
it was reported that long-term treatment with CCB may have a

Circulation Journal

potential inhibitory effect on Rho-kinase compared with ACEI,
ARB and g-blocker, although the precise mechanisms remain
unclear.'® The present results, however, suggest that Rho-kinase
activation has no correlation with the use of these drugs. Given
that HF is a clinical syndrome, various causes are involved in its
pathogenesis in addition to the Rho-kinase pathway. Statins
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might be a potential Rho-kinase inhibitor, but we have previ-
ously shown that clinical doses of statins lack the inhibitory
effect on the Rho-kinase pathway but preferentially inhibit the
Racl pathway.*!

In the present study, we were able to show that Rho-kinase
activity (calculated as the ratio p-MBS/t-MBS) of 0.93 is the
best cut-off level for the diagnosis of CHF. Because the sensi-
tivity and the specificity of the diagnosis were reasonably high
(84% and 80%, respectively), Rho-kinase activity in circulating
leukocytes could be a useful diagnostic biomarker of CHF.

Furthermore, p-MBS immunoreactivity was noted in myocar-
dial biopsy samples from CHF patients. No significant correla-
tion, however, was noted between Rho-kinase activity in circu-
lating leukocytes and that in myocardial biopsy samples in CHF
patients, suggesting that CHF is a complex disorder that is linked
not only with cardiomyocytes but also with systemic organs (eg,
blood vessels and the kidneys). In this sense, it is important to
pay attention not only to the heart but also to the systemic or-
gans when treating CHF patients.

Rho-Kinase Activity and Cardiovascular Events in HF

BNP is an established prognostic factor of CHF patients.*>** In
the present study, 23.8% of CHF patients needed re-hospitaliza-
tion. Because a significant correlation was noted between Rho-
kinase activity and plasma BNP in the high-risk and non-IHD
group, the present results suggest that Rho-kinase activation is
also involved in the pathogenesis of worsening of HF. Thus, the
Rho-kinase pathway could be an important therapeutic target,
especially for high-risk CHF patients.

Study Limitations

Several limitations should be mentioned for the present study.
First, the prognostic impact of Rho-kinase activity in circulating
leukocytes of CHF patients remains to be examined in future
studies. This point is important especially because Rho-kinase
activity had no significant correlation with the established prog-
nostic markers, such as hemodynamic variables (eg, cardiac
index) and biomarkers (eg, hs-CRP, BNP, and hs-cTnl). Sec-
ond, the effects of medication on Rho-kinase activity in circu-
lating leukocytes remain to be fully elucidated. Indeed, we were
recently able to show that Rho-kinase activity could be altered
by CCB in patients with vasospastic angina.!” Third, the dis-
crepancy between the Rho-kinase activity in circulating leuko-
cytes and that in myocardial biopsy samples remains to be ex-
amined, especially because we were unable to perform other
Rho-kinase assay (eg, Rhotekin-Rho binding domain used for
pull-down assay). As discussed here, it is conceivable that Rho-
kinase activity in circulating leukocytes reflects the influence of
systemic organs in addition to the heart. Fourth, it remains to be
examined in future studies how Rho-kinase activity is corre-
lated with elevated plasma BNP level only in the high-risk non-
IHD group. Fifth, it also remains to be elucidated how activated
Rho-kinase in circulating leukocytes affects target organs, in-
cluding the signaling pathway to those organs, possible via cell
surface proteins. We consider that the blood vessel and the kid-
ney are also important for HF development, especially in rela-
tion to Rho-kinase activation.*>4¢

Conclusions

Rho-kinase is systemically activated in patients with HF, sug-
gesting that Rho-kinase could be a new therapeutic target of
CHF, and that Rho-kinase activity in circulating leukocytes may
be a novel biomarker of the disorder.

Circulation Journal

Acknowledgments

We thank A. Saito and Y. Watanabe for their excellent technical assistance.
This work was supported in part by the Grant-in-Aid for Scientific Research
on Innovative Areas (Signaling Functions of Reactive Oxygen Species), the
Grant-in-Aid for Tohoku University Global COE for Conquest of Signal
Transduction Diseases with Network Medicine, and the Grants-in-Aid for
Scientific Research, all of which are from the Ministry of Education, Cul-
ture, Sports, Science and Technology, Tokyo, Japan.

References

1. Hunt SA, Abraham WT, Chin MH, Feldman AM, Francis GS, Ganiats
TG, et al. ACC/AHA 2005 Guideline update for the diagnosis and
management of chronic heart failure in the adult: A report of the
American College of Cardiology/American Heart Association Task
Force on Practice Guidelines. Circulation 2005; 112: e154—e235.

2. Redfield MM, Jacobsen SJ, Burnett JC Jr, Mahoney DW, Bailey KR,
Rodeheffer RJ. Burden of systolic and diastolic ventricular dysfunc-
tion in the community: Appreciating the scope of the heart failure
epidemic. JAMA 2003; 289: 194-202.

3. Leung T, Manser E, Tan L, Lim L. A novel serine/threonine kinase
binding the Ras-related RhoA GTPase which translocates the kinase
to peripheral membranes. J Biol Chem 1995; 270: 29051 -29054.

4. 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.

5. 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.

6. Hall A. Rho GTPases and the actin cytoskeleton. Science 1998; 279:
509-514.

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 phys-
iology 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. Nohria A, Grunert ME, Rikitake Y, Noma K, Prsic A, Ganz P, et al.
Rho kinase inhibition improves endothelial function in human sub-
jects with coronary artery disease. Circ Res 2006; 99: 1426—1432.

11. Feske SK, Sorond FA, Henderson GV, Seto M, Hitomi A, Kawasaki
K, et al. Increased leukocyte ROCK activity in patients after acute
ischemic stroke. Brain Res 2009; 1257: 89—-93.

12. Fukumoto Y, Matoba T, Ito A, Tanaka H, Kishi T, Hayashidani S,
et al. Acute vasodilator effects of a Rho-kinase inhibitor, fasudil, in
patients with severe pulmonary hypertension. Heart 2005; 91: 391 —
392.

13. Do.e Z, Fukumoto Y, Takaki A, Tawara S, Ohashi J, Nakano M, et
al. Evidence for Rho-kinase activation in pulmonary arterial hyper-
tension. Circ J 2009; 73: 1731-1739.

14. Hidaka T, Hata T, Soga J, Fujii Y, Idei N, Fujimura N, et al. In-
creased leukocyte Rho kinase (ROCK) activity and endothelial dys-
function in cigarette smokers. Hypertens Res 2010; 33: 354—359.

15. Liu P-Y, Chen J-H, Lin L-J, Liao JK. Increased Rho kinase activity
in a Taiwanese population with metabolic syndrome. J Am Coll Car-
diol 2007; 49: 1619—-1624.

16. Hata T, SogaJ, Hidaka T, Idei N, Fujii Y, Fujimura N, et al. Calcium
channel blocker and Rho-associated kinase activity in patients with
hypertension. J Hypertens 2011; 29: 373-379.

17. Kikuchi Y, Yasuda S, Aizawa K, Tsuburaya R, Ito Y, Takeda M, et
al. Enhanced Rho-kinase activity in circulating neutrophils of pa-
tients with vasospastic angina: A possible biomarker for diagnosis
and disease activity assessment. J Am Coll Cardiol 2011; 58: 1231—
1237.

18. AizawaK, Yasuda S, Takahashi J, Takii T, Kikuchi Y, Tsuburaya R,
et al. Involvement of Rho-kinase activation in the pathogenesis of
coronary hyperconstricting responses induced by drug-eluting stents
in patients with coronary artery disease. Circ J 2012;76: 2552—2560.

19. Nihei T, Takahashi J, Kikuchi Y, Takagi Y, Hao K, Tsuburaya R, et
al. Enhanced Rho-kinase activity in patients with vasospastic angina
after the Great East Japan Earthquake. Circ J2012; 76: 2892-2894.

20. Fukui S, Fukumoto Y, Suzuki J, Saji K, Nawata J, Tawara S, et al.
Long-term inhibition of Rho-kinase ameliorates diastolic heart failure
in hypertensive rats. J Cardiovasc Pharmacol 2008; 51: 317-326.

21. Mckee PA, Castelli WP, McNamara PM, Kannel WB. The natural
history of congestive heart failure: The Framingham study. N Engl J
Med 1971; 285: 1441 -1446.

Vol.77, October 2013



2550

DO.E Z et al.

22.

23.

24.

25.

26.

27.

28.

29.

31.

32.

33.

34.

Nishiyama K, Tsutamoto T, Yamaji M, Kawahara C, Fujii M,
Yamamoto T, et al. Biological variation of brain natriuretic peptide and
cardiac events in stable outpatients with nonischemic chronic heart
failure. Circ J2011; 75: 341-347.

Tsutamoto T, Kawahara C, Nishiyama K, Yamaji M, Fujii M,
Yamamoto T, et al. Prognostic role of highly sensitive cardiac tropo-
nin I in patients with systolic heart failure. Am Heart J 2010; 159:
63-67.

Kawahara C, Tsutamoto T, Nishiyama K, Yamaji M, Sakai H, Fujii
M, et al. Prognostic role of high-sensitivity cardiac troponin T in pa-
tients with non-ischemic dilated cardiomyopathy. Circ J 2011; 75:
656-661.

Paulus WJ, Tschope C, Sanderson JE, Rusconi C, Flachskampf FA,
Rademakers FE, et al. How to diagnose diastolic heart failure: A con-
sensus statement on the diagnosis of heart failure with normal left
ventricular ejection fraction by the Heart Failure and Echocardiography
Associations of the European Society of Cardiology. Eur Heart J
2007; 28: 2539-2550.

Aoki T, Fukumoto Y, Sugimura K, Oikawa M, Satoh K, Nakano M, et
al. Prognostic impact of myocardial interstitial fibrosis in non-ischemic
heart failure: Comparison between preserved and reduced ejection
fraction heart failure. Circ J 2011; 75: 2605-2613.

Shiroto T, Yasuda S, Tsuburaya R, Ito Y, Takahashi J, Ito K, et al.
Role of Rho-kinase in the pathogenesis of coronary hyperconstricting
responses induced by drug-eluting stents in pigs in vivo. J Am Coll
Cardiol 2009; 54: 2321-2329.

Tsuburaya R, Yasuda S, Shiroto T, Ito Y, Gao JY, Aizawa K, et al.
Long-term treatment with nifedipine suppresses coronary hypercon-
stricting responses and inflammatory changes induced by paclitaxel-
eluting stent in pigs in vivo: Possible involvement of Rho-kinase
pathway. Eur Heart J 2012; 33: 791-799.

Hisaoka T, Yano M, Ohkusa T, Suetsugu M, Ono K, Kohno M, et
al. Enhancement of Rho/Rho-kinase system in regulation of vascular
smooth muscle contraction in tachycardia-induced heart failure. Car-
diovasc Res 2001; 49: 319-329.

Kobayashi N, Horinka S, Mita S, Nakano S, Honda T, Yoshida K, et
al. Critical role of Rho-kinase pathway for cardiac performance and
remodeling in failing rat hearts. Cardiovasc Res 2002; 55: 757-767.
Hattori T, Shimokawa H, Higashi M, Hiroki J, Mukai Y, Tsutsui H,
et al. Long-term inhibition of Rho-kinase suppresses left ventricular
remodeling after myocardial infarction in mice. Circulation 2004;
109: 2234-2239.

Yamakawa T, Tanaka S, Numaguchi K, Yamakawa Y, Motley ED,
Ichihara S, et al. Involvement of Rho-kinase in angiotensin II-induced
hypertrophy of rat vascular smooth muscle cells. Hypertension 2000;
35:313-318.

Funakoshi Y, Ichiki T, Shimokawa H, Egashira K, Takeda K, Kaibuchi
K, et al. Rho-kinase mediates angiotensin II-induced monocyte che-
moattractant protein-1 expression in rat vascular smooth muscle cells.
Hypertension 2001; 38: 100—104.

Tekeda K, Ichiki T, Tokunou T, Iino N, Fujii S, Kitabatake A, et al.
Critical role of Rho-kinase and MEK/ERK pathways for angiotensin
II-induced plasminogen activator inhibitor type-1 gene expression.
Arterioscler Thromb Vasc Biol 2001; 21: 868 —873.

Circulation Journal

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Mehta PK, Griendling KK. Angiotensin II cell signaling: Physiological
and pathological effects in the cardiovascular system. Am J Physiol
Cell Physiol 2007; 292: C82—-C97.

Sadoshima J, Xu Y, Slayter HS, Izumo S. Autocrine release of angio-
tensin Il mediates stretch-induced hypertrophy of cardiac myocytes in
vitro. Cell 1993; 75: 977-984.

Satoh K, Fukumoto Y, Shimokawa H. Rho-kinase: Important new
therapeutic target in cardiovascular diseases. Am J Physiol Heart Circ
Physiol 2011; 301: H287-H296.

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

Ocaranza MP, Gabrielli L, Mora I, Garcia L, McNab P, Godoy I, et
al. Markedly increased Rho-kinase activity in circulation leukocytes in
patients with chronic heart failure. Am Heart J 2011; 161: 931-937.
Dong M, Liao JK, Fang F, Lee AP, Yan BP, Liu M, et al. Increased
Rho kinase activity in congestive heart failure. Eur J Heart Fail 2012;
14: 965-973.

Rashid M, Tawara S, Fukumoto Y, Seto M, Yano K, Shimokawa H.
Importance of Racl signaling pathway inhibition in the pleiotropic
effects of HMG-CoA reductase inhibitors. Circ J 2009; 73: 361-370.
Mukoyama M, Nakao K, Hosoda K, Suga S, Saito Y, Ogawa Y, et
al. Brain natriuretic peptide as a novel cardiac hormone in humans.
Evidence for an exquisite dual natriuretic peptide system, atrial na-
triuretic peptide and brain natriuretic peptide. J Clin Invest 1991; 87:
1402-1412.

Nishii M, Inomata T, Takehana H, Naruke T, Yanagisawa T,
Moriguchi M, et al. Prognostic utility of B-type natriuretic peptide
assessment in stable low-risk outpatients with nonischemic cardiomy-
opathy after decompensated heart failure. J Am Coll Cardiol 2008;
51: 2229-2235.

Suzuki S, Yoshimura M, Nakayama M, Mizuno Y, Harada E, Ito T, et
al. Plasma level of B-type natriuretic peptide as a prognostic marker
after acute myocardial infarction: A long-term follow-up analysis.
Circulation 2004; 110: 1387-1391.

Noma Y, Kihara Y, Higashi Y. Striking crosstalk of ROCK signaling
with endothelial function. J Cardiol 2012; 60: 1-6.

Matoba K, Kawanami D, Okada R, Tsukamoto M, Kinoshita J, Ito T,
et al. Rho-kinase inhibition prevents the progression of diabetic ne-
phropathy by downregulating hypoxia-inducible factor la. Kidney
Int 2013 April 24, doi:10.1038/ki.2013.130 [Epub ahead of print].

Supplementary Files

Supplementary File 1

Table S1.
Table S2. Rho-kinase activity and clinical variables in CHF
Figure S1.

CHF patient clinical characteristics vs. presence of IHD

Classification of CHF patients (using best cut-off value of
BNP to predict the presence or absence of re-hospitalization).

Please find supplementary file(s);
http://dx.doi.org/10.1253/circj.CJ-13-0397

Vol.77, October 2013



