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Abstract

The RhoA/Rho-associated kinase (ROCK) pathway has a key physiological role in the
pathogenesis of atherosclerosis. Increased ROCK activity is associated with cardiovascular
diseases. Endogenous nitric oxide (NO) has an anti-atherosclerotic effect, whereas the exogenous
NO-mediated cardiovascular effect still remains controversial. The purpose of this study was to
evaluate the effect of exogenous NO on ROCK activity in patients with angina pectoris. This is a
prospective, open-label, randomized, controlled study. A total of 30 patients with angina pectoris
were randomly assigned to receive 40 mg day ™! of isosorbide mononitrate (/7= 15, 12 men and 3
women, mean age of 63 £ 12 years, isosorbide mononitrate group) or conventional treatment (7=
15, 13 men and 2 women, mean age of 64 + 13 years, control group) for 12 weeks. ROCK activity
in peripheral leukocytes was measured by western blot analysis. ROCK activities at 4 and 12
weeks after treatment were decreased in the isosorbide mononitrate group (0.82 = 0.33 at 0 week,
0.62 + 0.20 at 4 weeks, 0.61 + 0.19 at 12 weeks, 7= 15 in each group, £ < 0.05, respectively) but
not altered in the control group. ROCK1 and ROCK?2 expression levels were similar in all
treatment periods in the two groups. These findings suggest that the administration of exogenous
NO can inhibit ROCK activity, indicating that the usage of exogenous NO could have a protective
effect in patients with angina pectoris.
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INTRODUCTION

For more than 100 years, exogenous nitric oxide (NO), such as organic nitrates, has been
used clinically as an anti-anginal agent that dilates the vasculature via the effect of
exogenous NO-mediated cyclic 3’5’-guanosine monophosphate on vascular smooth muscle
cells (VSMCs).1 Nevertheless, the long-term outcome in patients with coronary artery
disease treated with exogenous NO remains controversial. = According to most of the
previous studies, harmful effects of exogenous NO administration were reported in patients
with an acute coronary syndrome but not in patients with angina pectoris. Indeed, long-term
administration of organic nitrates is widely used in patients with angina syndromes,
including vasospastic angina and stable angina on effort in a clinical setting. Presumably,
cardiologists worldwide speculate and/or have practical experience and confidence that
clinical use of exogenous NO for the treatment of an angina attack does not worsen
cardiovascular mortality and morbidity in patients with angina pectoris, although this may
not be the case for an acute coronary syndrome.

Increased Rho-associated kinase (ROCK) activity is associated with endothelial dysfunction
and cardiovascular diseases.ﬁ‘8 Several lines of evidence have shown that the RhoA/ROCK
signaling pathway mediates various cellular and physiological functions, including cell
. . o . . o810 .

proliferation, migration, adhesion, apoptosis and contraction, all of which may be
involved in the cellular/organ damage and pathogenesis of atherosclerosis. Previous
evidence has revealed increases in ROCK activity in patients with spastic alngina,11

.12 . 13 . 14 . .
hypertension, ™ stable angina on effort™ and even in smokers.” " Interestingly, recent studies
have shown that leukocyte ROCK activity can potentially be used to predict the presence and
severity of vasospastic angina, indicating that leukocyte ROCK activity could be a promising
biomarker for the treatment of angina patients.l3v15'16 Previously, we also revealed that
ROCK could be a possible upstream target molecule of oxidative stress in humans.l?'18
Taken together, ROCK could be useful, not only as a novel therapeutic target but also as a
useful biomarker in patients with cardiovascular diseases.

The activation of the RhoA/ROCK pathway has been shown to mediate eNOS mRNA
destabilization and eNOS dephosphorylation at Ser1177, leading to the inhibition of eNOS
expression and activation, which results in a subsequent decrease of NO bioavailability.19
On the other hand, NO has been shown to phosphorylate RhoA at Ser188, which can prevent
its translocation from the cytosol to membrane, resulting in the inhibition of an RhoA
activation.20 However, there is still no information on the inhibitory effect on ROCK activity
by exogenous NO in humans. Exogenous NO donors are well known as anti-anginal agents
that can dilate arteries and veins by mediating an increase in exogenous NO-mediated 3'5'-
guanosine monophosphate.1 Although the cardiovascular protective outcome of long-term
treatment with nitrates has been controversial,z‘5 organic nitrates are extensively used for
angina syndromes, such as vasospastic angina and stable angina on effort in clinical practice.
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We hypothesized that this may be due, at least in part, to the beneficial effect of exogenous

NO inhibiting ROCK activity. In the present study, we evaluated the role of exogenous NO
on ROCK activity in patients with angina pectoris.

This was an investigator-initiated, prospective, open-label, randomized, controlled study
conducted at Hiroshima University Hospital between April 2011 and March 2013. We
studied 30 patients with angina pectoris on effort. Of the patients with angina pectoris who
underwent follow-up care in outpatient cardiology in Hiroshima University Hospital, 30
patients agreed to participate in this study. The diagnosis of angina was based on a classic
history of chest pain on exertion and by means of coronary angiography and a thallium
exercise scan, demonstrating the presence of coronary artery disease. The subjects were
randomly assigned to receive 40 mg day~1 of isosorbide mononitrate (Toa Eiyo, Tokyo,
Japan) (n= 15, 12 men and 3 women, mean age of 63 + 12 years, isosorbide mononitrate
group) or conventional treatment (7= 15, 13 men and 2 women, mean age of 64 + 13 years,
control group) for 12 weeks. None of the patients had a history of isosorbide nitrate
treatment before the study. The randomization was performed by the envelope method. The
physicians were given randomly treatment allocations within sealed opaque envelopes after a
patient consented to enter the study. The study protocol was approved by the Ethics
Committee of Hiroshima University Graduate School of Biomedical Sciences. Written
informed consent for participation in the study was obtained from all subjects.

Subjects fasted for at least 12 h the night prior to assessment. Thirty minutes after remaining
in the supine position, basal leukocyte ROCK activity, and fasting serum concentrations of
total cholesterol, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol,
triglycerides, creatinine, glucose and HbAlc were measured. Measurements of leukocyte
ROCK activity were performed at the beginning (0 week) and at 4 weeks and 12 weeks after
treatment.

Measurement of ROCK activity

ROCK activity was assayed in peripheral blood leukocytes, based on the amount of
phospho-Thr853 in the myosin-binding subunit (p-MBS) of myosin light chain phosphatase.
Blood was collected at room temperature in heparinized tubes (20 U mlI~1). After adding an
equal volume of 2% dextran, the sample was kept at room temperature for 30 min. The
supernatant was spun at 1450 r.p.m. for 10 min. Red blood cells in the resulting cell pellet
were lysed with the addition of water and spun at 1450 r.p.m. for 10 min after the addition of
Hank’s balanced salt solution (Hyclone, Logan, UT, USA). The resulting leukocyte pellet
was resuspended in medium 199 (Sigma Chemical, Saint Louis, MO, USA) and counted
using a hematocytometer. The cells were fixed in 10% trichloroacetic acid and 10 mmol 11
dichlorodiphenyltrichloroethane. After centrifugation, the cell pellets were stored at —80 °C
for western blot analysis. The cell pellets were dissolved in 10 pl of 1 mol I~1 Tris base and
then mixed with 100 pl of extraction buffer (8 moll~1 urea, 2% sodium dodecyl sulfate, 5%
sucrose, and 5% 2-mercaptoethanol). Equal amounts of cell extracts were subjected to 7.5%
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sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose
membranes. NIH 3T3 cell lysates were used as a positive control and to standardize the
results of western blot analyses from several membranes. After serum starvation for 20 h,
confluent cells were stimulated with 10 umol 171 lysophosphatidic acid for 10 min and then
subsequently fixed and harvested in 10% trichloroacetic acid and 10 mmol 172
dichlorodiphenyltrichloroethane. Following centrifugation at 1450 r.p.m. for 10 min at 4 °C,
the precipitates were dissolved in 10 ul of 1 mol I71 Tris base and mixed with 100 pl of
extraction buffer. An equal volume of positive control cell lysate was used for each gel. The
membranes were incubated with rabbit anti-phospho-specific Thr853-MBS polyclonal
antibody (Biosource Invitrogen, Carlsbad, CA, USA) or rabbit anti-MBS polyclonal
antibody (Covance Laboratories, Evansville, IN, USA), or anti-actin monoclonal antibody
(Sigma). The bands were visualized by using the ECL system (Amersham-Pharmacia,
London, UK). Images were captured using Adobe Photoshop (Adobe Systems, San Jose,
CA, USA), and the band intensities were quantified using National Institutes of Health
Image 1.61. ROCK activity was expressed as the ratio of p-MBS in each sample to p-MBS
in each positive control divided by the total MBS in each sample per total MBS in each
positive control.

Statistical analysis

RESULTS

The sample size calculation was based on the differences in the mean between two groups
with equal sample size, prespecified 5% type | error, and 90% power. A sample size of 16
subjects in the isosorbide mononitrate group or the control group could achieve 90% power
for detecting a difference of 40% in leukocyte ROCK activity between the null hypothesis
that both group difference in mean are 0.00 and the alternative hypothesis that the difference
in mean between the 2 group is 40% ROCK activities using a two-sided test.21 The results
are presented as the mean + s.d. P-values less than 0.05 were considered to indicate
statistical significance. Multigroup comparisons of variables were carried out by one-way
analysis of variance followed by Bonferroni correction. The Mann-Whitney (-test was used
to evaluate differences between the isosorbide mononitrate group and control group. The
data were processed using the software package Stat View V (SAS Institute, Cary, NC,
USA).

Clinical characteristics

The baseline clinical characteristics of the isosorbide mononitrate group and control group
are summarized in Table 1. Systemic hemodynamics, blood pressure, heart rate and serum
levels of lipids and glucose were similar in all treatment periods in the two groups.

Effect of isosorbide mononitrate on ROCK activity

The effects of isosorbide mononitrate on leukocyte ROCK activity before (0 week) and after
4 and 12 weeks of treatment of patients with angina pectoris are shown in Figure 1.
Isosorbide mononitrate significantly reduced ROCK activity after 4 weeks of treatment, in
comparison with the pretreatment values (0.82 + 0.33 at 0 week vs 0.62 + 0.20 at 4 weeks, P
= 0.006). The ability of isosorbide mononitrate to decrease ROCK activity was maintained
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throughout the 12-week treatment period (0.61 £+ 0.19 at 12 weeks, A= 0.002 vs 0 week).
ROCK activities after 4 and 12 weeks of treatment were similar (P= N.S.). In the control
group, ROCK activities were similar during follow-up periods (0.83 £ 0.31 at 0 week, 0.84
+ 0.35 at 4 weeks and 0.82 + 0.34 at 12 weeks, A= N.S., respectively). ROCK1 and ROCK2
expression levels were similar in all treatment periods in the two groups (Figure 2).

DISCUSSION

In the present study, ROCK activity was significantly decreased in leukocytes isolated from

the peripheral whole blood in angina patients treated with isosorbide mononitrate, compared
with the control patients. To the best of our knowledge, this is the first study to demonstrate

that the administration of exogenous NO can inhibit ROCK activity in humans.

Although ROCK1 and ROCK?2 protein expression levels were similar throughout the
treatment period, ROCK activities were significantly reduced after nitrate therapy in the
isosorbide mononitrate group. ROCK activity has been shown to be regulated not at the
protein expression level but instead by a conformation change in ROCK structure.? In the
inactive form, the carboxy terminus of ROCK binds to the amino-terminal region of the
enzyme, forming an autoinhibitory loop. The active open kinase conformation is mediated
by the interaction of GTP-bound RhoA to the Rho-binding domain of ROCK, or binding of
arachidonic acid to the pleckstrin homology motif, or cleaving of the carboxy terminus by
caspase-3 which disrupts the interaction between the catalytic and the inhibitory carboxy-
terminal region of the enzyme, leading to the elevation of ROCK activity.

Several lines of evidence have indicated that the RhoA/ROCK pathway has a key
physiological role in atherosclerotic lesion formation, vascular inflammation,
vasoconstrictionll'24 and hypertrophy.25 ROCK, therefore, is becoming a key therapeutic
target for the prevention of cardiovascular damage. Although there is no oral drug for direct
Rho-kinase inhibition in the clinical setting, statin therapy has been demonstrated to reduce
ROCK activity through the inhibition of isoprenoid synthesis, which is thought to be a
predominant mechanism contributing to the pleiotropic effects of statins.? In addition, we
previously reported that calcium channel blockers also reduced ROCK activity in patients
with hypertension by an unknown mechamism.27

In the present study, exogenous NO inhibited ROCK activities in peripheral leukocytes in
patients with angina pectoris. Endogenous NO, released from the endothelial cells in
response to numerous stimuli, is well known to have protective effects against diverse
cardiovascular injuries. Nonetheless, the cardiovascular outcome by the treatment with
exogenous NO still remains controversial,z‘5 despite its antioxidant and vasodilatory
effects.zsv29 Of great interest, the continuous application of organic nitrates is known to
evoke tolerance and subsequent loss of efficiency, which could potentially mediate harmful
effects, such as increased oxidative stress, endothelial dysfunction, and sympathetic
activation.30 The precise mechanisms underlying nitrate tolerance, however, are not
completely understood. The most popular and clinical technique to prevent the tolerance
phenomenon is to have a nitrate-free interval. Although intermittent nitrate therapy, which
allows a daily nitrate washout interval, cannot provide continuous and uninterrupted
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therapeutic effects, this regimen has been reported to be effective for preventing nitrate
31 . . . . . . . .

tolerance.™ In this clinical study, patients with angina pectoris received isosorbide
mononitrate at a clinical dose of 20 mg twice daily, as recommended. Potentially the clinical
effect of exogenous NO, that is NO-mediated ROCK inhibition, might have given
cardiologists practical confidence regarding the safety of using exogenous NO for the
treatment of angina patients, although exogenous NO has not been recommended for

. . 2.4 .
patients with acute coronary syndrome.”~ Nevertheless, the exact cardiovascular outcome
after treatment with exogenous NO in patients with angina pectoris still remains to be
clarified.

Considering the treatment of patients with cardiovascular diseases in which the RhoA/
ROCK signaling is involved, the clinical view that intermittent administration of organic
nitrates can not only replace the compromised endothelial NO production without nitrate
tolerance but also inhibits the RhoA/ROCK pathway, is fairly plausible and attractive.
Indeed, ROCK has been shown to be critically involved in patients with vasospastic angina
and angina on effort,mvlsv16 and here, we found that exogenous NO administration could
inhibit ROCK activity in angina patients. Interestingly, /n vitro, it has been shown that
vascular smooth muscle cell relaxation is mediated by 3’5’-guanosine monophosphate-
dependent protein kinase type I-induced phosphorylation of RhoA at Ser188, which leads to
substantial ROCK inhibition, myosin light chain phosphatase activation and subsequent
myosin light chain dephosphorylation. Together, these findings indicate the possible efficacy
of organic nitrates, not only in patients with angina pectoris but also those with other
cardiovascular diseases in which ROCK is particularly activated. Kikuchi etal™ previously
demonstrated that ROCK activity in peripheral leukocytes was increased and associated with
an increased vasospastic activity in patients with vasospastic angina and that the level of
ROCK activity was decreased after 3 months of medical treatment, including treatment with
calcium channel blockers, nitrates, nicorandil and statins, although a direct inhibitory effect
of nitrates on ROCK activity was not investigated in that study. Our findings raise the
possibility that nitrate therapy prevents coronary vasospasm and reduces symptoms through
the inhibition of the elevated ROCK activity in patients with vasospastic angina.

Conventionally, clinical ROCK activity has been evaluated in the vasculature. For example,
vascular ROCK activity can be measured by the vascular response to an intra-arterial
infusion of fasudil, a specific ROCK inhibitor, by using strain-gauge
plethysmography.11,1247!18 However, recent studies have shown that the evaluation of
leukocyte ROCK activity in the peripheral blood, based on the ratio of phospho-MBS to
total MBS, could be a useful and alternative method to assess clinical ROCK activity in
patients. Indeed, we have reported that leukocyte ROCK activity can be evaluated
noninvasively compared with vascular ROCK activity and that leukocyte ROCK activity has
a substantial correlation with vascular ROCK activity.32133 Although vascular ROCK activity
can be quite accurately evaluated as the dose-dependent forearm vascular response to a
ROCK inhibitor, leukocyte ROCK activity is also likely to be reliable. Indeed, the increased
leukocyte ROCK activities in patients with hypertension,27 heart failure,34 metabolic
syndrome21 and coronary artery disease,35 have previously been reported. In the present
study, we found that leukocyte ROCK activity in patients with angina pectoris was
significantly reduced after treatment with long-acting nitrates, suggesting that in humans,
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leukocyte ROCK activity could be a useful biomarker, instead of vascular ROCK activity,
due to its noninvasive assessment properties. However, western blot analysis was necessary
for the measurement of leukocyte ROCK activity used in this study, and there are currently
no other convenient methods to measure ROCK activity in humans. Therefore, it is difficult
to assess ROCK activity in daily clinical practice. The development of an easier method for
measuring ROCK activity that is applicable to daily practice is needed.

In conclusion, we demonstrated the inhibitory effect of exogenous NO on ROCK activity in
patients with angina pectoris. The beneficial effect of organic nitrates inhibiting the ROCK
activity may be, at least in part, a rationale for the clinical use of exogenous NO in patients
with stable and vasospastic angina. In addition, leukocyte ROCK activity could be a future
promising biomarker, not only in patients with angina pectoris but also in patients with
cardiovascular diseases in which RhoA/ROCK signaling is involved. Further studies are
needed to determine whether the use of exogenous NO for the treatment of an angina attack
would affect cardiovascular morbidity and mortality in patients with angina pectoris, which
could provide cardiologists worldwide with a strong confidence regarding the safety of using
organic nitrates.
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Figure 1.

Effect of isosorbide mononitrate on ROCK activity in patients with angina pectoris. ROCK
activities in the isosorbide mononitrate and control groups at the beginning of treatment (0
week) and after 4 and 12 weeks of treatment. (a) Representative results of western blot
analysis for p-MBS, t-MBS and f-tublin. (b) Quantitative analysis of ROCK activity (p-
MBS/t-MBS). n= 15 in each group. *P< 0.01 compared with 0 week. t-MBS, total MBS.
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Effect of isosorbide mononitrate on ROCK1 and ROCK2 expression in patients with angina
pectoris. ROCK1 and ROCK?2 expression in the isosorbide mononitrate and control groups
at the beginning of treatment (0 week) and after 4 and 12 weeks of treatment. (a)
Representative results of western blot analysis for ROCK1, ROCK2 and B-tublin. (b)
ROCKU1 expression. (c) ROCK2 expression. /7= 15 in each group. 7= 15 in each group.
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Table 1

Clinical characteristics of the control and isosorbide mononitrate groups

Variables 0 Week 4 Weeks 12 Weeks

Control group (h = 15)
Body mass index (kg m™2) 24125 240%22 241+26
Systolic blood pressure (mm Hg)  136.8+ 125 1359+13.1 1352+1238
Diastolic blood pressure (mm Hg) 84.1+9.6 83.2+8.9 83.6+9.1
Heart rate (b.p.m.) 689+86 67.9+7.9 70.1+8.8
Total cholesterol (mmol I71) 497+081 4.96+0.88 492+0.76
Triglycerides (mmol I71) 1.21+042 119041 1.17+0.39
HDL cholesterol (mmol ™) 138+031 1.39+0.34 1.40£0.35
LDL cholesterol (mmol I7%) 354+083 350+0.78 3.49+0.75
Serum glucose (mmol 171) 49+04 49+04 49+03
Smoker (1) 4

Isosorbide mononitrate group (h = 15)
Body mass index (kg m™) 242423  241%24 243+25
Systolic blood pressure (mm Hg)  137.9+13.4 134.7+129 1342+127
Diastolic blood pressure (mm Hg) 83.7+9.7 80.4+9.0 80.1+8.8
Heart rate (b.p.m.) 71.2+9.3 71.8+95 70.8+9.1
Total cholesterol (mmol 171) 493+085 4.88+0.93 4.95+0.91
Triglycerides (mmol I71) 123+045 1.21+043 1.18+0.39
HDL cholesterol (mmol 171) 140+0.25 1.42+0.33 1.39+0.31
LDL cholesterol (mmol I7%) 347+£0.75 346071 344 +0.74
Serum glucose (mmol 171) 48+03 49+04 4803
Smoker (1) 5
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Abbreviations: b.p.m., beats per min; HDL indicates high-density lipoprotein; LDL, low-density lipoprotein.
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