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Abstract

There is growing evidence that Rho-kinases (ROCKSs), the immediate downstream targets of the
small guanosine triphosphate-binding protein Rho, may contribute to cardiovascular disease. ROCKs
play a central role in diverse cellular functions such as smooth muscle contraction, stress fiber
formation and cell migration and proliferation. Overactivity of ROCKSs is observed in cerebral
ischemia, coronary vasospasm, hypertension, vascular inflammation, arteriosclerosis and
atherosclerosis. ROCKs, therefore, may be an important and still relatively unexplored therapeutic
target in cardiovascular disease. Recent experimental and clinical studies using ROCK inhibitors
such as Y-27632 and fasudil have revealed a critical role of ROCKSs in embryonic development,
inflammation and oncogenesis. This review will focus on the potential role of ROCKSs in cellular
functions and discuss the prospects of ROCK inhibitors as emerging therapy for cardiovascular
diseases.
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The small guanosine triphosphate (GTP)-binding proteins belonging to the Rho family regulate
various aspects of cell shape, motility, proliferation and apoptosis [1]. Rho-kinases (ROCKSs),
which were one of the first downstream effectors of Rho to be discovered [2-4], were found
to mediate RhoA-induced actin cytoskeletal changes through effects on myosin light-chain
(MLC) phosphorylation [5,6]. ROCKSs are protein serine/threonine kinases that share 45-50%
homology with other actin cytoskeletal kinases such as myotonic dystrophy kinase (DMPK),
myotonic dystrophy-related cdc42-binding kinase (MRCK) and citron kinase [1]. ROCKs
consist of an amino-terminal kinase domain, followed by a mid-coiled-coil-forming region
containing a Rho-binding domain (RBD) and a carboxy-terminal cysteine-rich domain (CRD)
located within the pleckstrin homology (PH) motif (FIGURE 1). In mammalian systems, two
ROCK isoforms have been identified. ROCKZ1, which is also known as ROK, and
p160ROCK, which is located on chromosome 18 and encodes a 1354 amino acid protein [4,
5]. ROCK2, which is also known as ROKa and sometimes confusingly called Rho-kinase, is
located on chromosome 12 and contains 1388 amino acids [2,7,8]. ROCKL1 and 2 share an
overall 65% homology in amino acid sequence and 92% homology in their kinase domains
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[1]. Thus, pharmacologic inhibitors of ROCKSs, such as Y-27632, fasudil (HA1077) and
hydroxyfasudil, which target their ATP-dependent kinase domains, can inhibit both ROCK1
and 2. Furthermore, at higher concentrations, Y-27632 can also inhibit protein kinase C-related
kinase (PRK)-2, protein kinase N and citron kinase [9], while fasudil can inhibit protein kinase
A (PKA) and protein kinase C (PKC) [10]. Therefore, relying solely on the use of these ROCK
inhibitors cannot distinguish the role of ROCK1 and 2, and could give misleading results, as
they could nonspecifically inhibit other protein kinases as well. However, it should also be
noted that Y-27632 or fasudil have a more potent inhibitory action for ROCK. In addition,
H-1152P, a derivative of fasudil, is a highly potent and specific inhibitor of ROCK [11]. Thus,
used properly, its action is inhibition of ROCK, although selectivity of the drug should be
considered for interpretation of the results of the study.

ROCK1 and 2 are ubiquitously expressed in murine tissues from early embryonic development
to adulthood. In particular, ROCK2 mRNA is most highly expressed in cardiac muscle and
brain tissues, which indicates that this ROCK isoform may have a specialized role in these cell
types. Immunolocalization and cell-fractionation studies of ROCK2 have shown that this
protein is distributed mainly in the cytoplasm [2,8]. When activated by GTP-bound RhoA,
ROCK2 partly translocates from the cytoplasm to membranes. Indeed, a small amount of
ROCK2 has been found in the membrane fraction and some immunostaining is detectable at
the cell periphery or membranes of growing cells [12]. In addition, ROCK2 has been localized
to the cleavage furrow in late mitosis [13] and is partially associated with vimentin and actin
stress fibers [14,15]. The determination of ROCK1 localization has been more difficult;
however, a recent report suggests that this protein may colocalize to centrosomes [16].

The carboxy-terminal regions of ROCKSs serve as an autoregulatory inhibitor of the amino-
terminal kinase domain [17]. The interaction of the active GTP-bound form of Rho with RBD
of ROCKSs, increases ROCK activity through derepression of the carboxyl-terminal RBD-PH
domains on the amino-terminal kinase domain, leading to an active open kinase domain. The
open conformation could also be caused by the binding of arachidonic acid to the PH domain
[18] or cleavage of the carboxyl-terminus by caspase-3 [19,20]. This closed-to-open
conformation of ROCK activation is similar to that of DMPK and MRCK activation [15,17],
and is consistent with studies demonstrating that overexpression of various carboxyl-terminal
constructs of ROCK or kinase-defective forms of full-length ROCK, function as dominant—
negative ROCK mutants [4,5,21]. ROCKs can also be activated independently of Rho through
amino-terminal transphosphorylation caused by protein oligomerization [15,22] or inhibited
by other small GTP-binding proteins such as Gem and Rad [23].

Downstream cellular targets of ROCKs

In response to activators of Rho, such as lysophosphatidic acid (LPA) or sphingosine-1
phosphate (S1P), which stimulate Rho-guanine nucleotide exchange factor (GEF) and lead to
the formation of active GTP-bound Rho, ROCKs mediate a broad range of cellular responses
that involve the actin cytoskeleton. For example, they control assembly of the actin
cytoskeleton and cell contractility by phosphorylating a variety of proteins, such as MLC
phosphatase, LIM-kinases, adducin and ezrin-radixin—-moesin (ERM) proteins (FIGURE 2).
The consensus amino acid sequences for phosphorylation are R/IKXS/T or R/IKXXS/T (R:
arginine; K: lysine; X: any amino acid; S: serine; T: threonine) [24,25]. ROCKs can also be
auto-phosphorylated [2,4], which may modulate their function. Specifically, ROCK2
phosphorylates Ser!® of MLC, the same residue that is phosphorylated by MLC-kinase
(MLCK). Thus, ROCK2 can alter the sensitivity of smooth muscle cell contraction to Ca2*,
since MLCK is Ca2* sensitive [3]. In addition, ROCKSs regulate MLC phosphorylation
indirectly through the inhibition of MLC phosphatase (MLCP) activity. MLCP holoenzyme is
composed of three subunits; a catalytic subunit (PP1c3), a myosin-binding subunit (MBS)
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composed of a 58-kDa head and 32-kDa tail region, and a small noncatalytic subunit, M21.
Depending on the species, ROCK2 phosphorylates MBS at Thr6%7, Ser854 and Thr855 [25].
Phosphorylation of Thr897 or Thr855 attenuates MLCP activity [26] and in some instances, the
dissociation of MLCP from myosin [27]. ROCK2 also phosphorylates ERM proteins, namely
Thr567 of ezrin, Thro%4 of radixin and Thr®58 of moesin [28]. ROCK2-mediated
phosphorylation leads to the disruption of the head-to-tail association of ERM proteins and
actin cytoskeletal reorganization. In contrast, ROCK1 phosphorylates LIM-kinase-1 at
Thro08 [29] and LIM-kinase-2 at Thr®% [24], which enhance the ability of LIM-kinases to
phosphorylate cofilin [30]. Since cofilin is an actin-binding and -depolymerizing protein that
regulates the turnover of actin filaments, the phosphorylation of LIM-kinases by ROCK1
inhibits cofilin-mediated actin filament disassembly and leads to an increase in the number of
actin filaments. Thus, despite having a similar kinase domain, ROCK1 and 2 may serve
different functions and may have different downstream targets. Nevertheless, to date, most, if
not all of the downstream targets of ROCKSs are cellular proteins associated with the regulation
of the actin cytoskeleton. As mentioned, the difficulty with studying the role of ROCKs is due
to the relative lack of specificity of ROCK inhibitors, not only to distinguish ROCK isoforms
but also to distinguish ROCK from other protein kinases such as PKA, PKC and citron kinase.

Cellular functions of ROCKs

ROCKSs are important regulators of cellular growth, migration, metabolism and apoptosis,
through control of the actin cytoskeletal assembly and cell contraction [1]. Although there is
no evidence that ROCK isoforms have different functions, they are differentially expressed
and regulated in specific tissues. For example, only ROCKU1 is cleaved by caspase-3 during
apoptosis [19,20]. Furthermore, ROCK1 expression tends to be more ubiquitous, while
ROCK2 is most highly expressed in cardiac and brain tissues [7,31,32]. Thus, it is likely that
using a genetic approach to dissecting the roles of ROCK isoforms (i.e., conditional ROCK
deletion), distinct and novel cellular functions will be uncovered, which could be specifically
ascribed to ROCK1 and 2.

Stimulation of tyrosine kinase and G-protein-coupled receptors leads to activation of Rho, the
direct upstream activator of ROCKS, via recruitment and activation of Rho-GEF [33,34].
ROCKSs are important effectors of Rho in regulating the actin cytoskeleton. Inhibitors of
ROCKS, such as Y-27632 and fasudil, or overexpression of dominant—-negative mutants of
ROCKSs, lead to the loss of stress fibers and focal adhesion complexes [4,35]. This is
predominantly due to the phosphorylation and inhibition of MLCP by ROCK, which increases
MLC phosphorylation and cellular contraction by facilitating interaction of myosin with F-
actin. Thus, ROCKSs regulate cell polarity and migration, predominantly through enhancing
actomyosin contraction and focal adhesions. Indeed, increased ROCK activity is observed in
tumor metastasis [36] and overexpression of constitutively activated ROCK promotes tumor
invasion [37]. Conversely, invasion of rat hepatoma cells and migration of metastatic breast
cancer cells are inhibited by overexpression of dominant-negative ROCK constructs or by the
ROCK inhibitor, Y-27632 [38]. Treatment with Y-27632 reduces tumor cell dissemination in
vivo, suggesting its potential use in cancer therapy [38]. In addition, ROCKSs could also regulate
macrophage phagocytic activity via actin cytoskeletal membrane protrusions and mediate
endothelial cell permeability via affects on tight and adherens junctions [39,40]. ROCKSs could
inhibit insulin signaling via phosphorylation of insulin receptor substrate (IRS)-1, which
uncouples the insulin receptor to phosphatidylinositol-3 kinase [41]. Conversely, it could also
regulate cell size via enhancing insulin growth factor-induced cAMP responsive element-
binding protein phosphorylation [42]. Indeed, this may be the underlying mechanism by which
ROCK inhibitors reduce cardiac hypertrophy [43,44]. Finally, ROCKs may be involved in
tissue differentiation from adipocytes to myocytes. In p190-B RhoGAP-deficient mice, which
have high basal Rho/ROCK activity due to a lack of off switch for Rho, there is a defect in
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adipogenesis, with a predilection towards myogenesis [42,45]. Treatment of p190-B RhoGAP-
deficient mice with Y27632 restores normal adipogenesis, suggesting that ROCKs are involved
in the myogenesis differentiation program [45].

ROCK in hypertension

Abnormal and sustained increases in vascular tone are observed in hypertension. The molecular
mechanisms underlying this increase in vascular resistance, however, are not completely
understood. Contraction of vascular smooth muscle is triggered by an increase in cytosolic
Ca?* concentration. The binding of Ca?* to calmodulin (CaM) activates MLCK, which, in turn,
phosphorylates MLC, leading to a conformational change in MLC and its ability to interact
with actin filaments. MLC phosphorylation can also be regulated by MLCP in a Ca?*-
independent manner. The activity of MLCP is principally regulated by ROCK. ROCK
phosphorylates and inhibits MLCP either directly or through CP117 [46]. The phosphorylation
of MLC and vascular smooth muscle contraction, therefore, are regulated in a Ca2*-dependent
and -independent manner.

Administration of the ROCK inhibitor Y-27632 decreases systemic blood pressure in
spontaneously hypertensive rats (SHR), renal hypertensive rats and deoxycorticosterone
acetate (DOCA)-salt hypertensive rats [35]. In contrast, Y-27632 causes only a slight and
transient decrease in blood pressure in normotensive rats. These results suggest that ROCK
may be involved in blood pressure regulation and that its activity may be increased in
hypertension. Indeed, mRNA expression and activity of ROCK are elevated in SHR [47].
Interestingly, the increase in ROCK expression in carotid arteries of SHR precedes the onset
of hypertension, suggesting that increased ROCK activity may be involved in the pathogenesis
of hypertension rather than as a result of hypertension. However, other studies have
demonstrated that the expression level of ROCK is comparable with that of normotensive rats,
suggesting that activity, but not expression, may be elevated in hypertension [48]. Ex vivo
experiments using isolated arteries demonstrated that contractile responses to phenylephrine
and serotonin (5-HT) are augmented in SHR compared with control rats [47]. Exogenous
addition of another ROCK inhibitor, hydroxyfasudil, attenuated these agonist-induced
vasoconstrictions in SHR. In addition, SHR develop features of arteriosclerosis including
medial thickening and perivascular fibrosis, following vascular injury. The formation of these
vascular lesions was attenuated by long-term treatment of SHR with fasudil. In the clinical
setting, fasudil-induced increases in forearm blood flow and decreases in forearm vascular
resistance were greater in hypertensive patients than in normotensive subjects, whereas
responses to sodium nitroprusside were comparable between these two groups [49].

The molecular mechanisms by which ROCK is activated in hypertension are not known.
Vasoactive substances, such as angiotensin I, endothelin-1, 5-HT,a-adrenergic stimuli and
reactive oxygen species may be involved. Activation of RhoA is observed in rat models of
hypertension and angiotensin Il infusion [48]. For example, angiotensin 11 type 1-receptor
antagonists inhibit RhoA activation and lower blood pressure in stroke-prone spontaneously
hypertensive rats [50]. Another potential candidate is cyclic GMP-dependent protein kinase |
(cGKI), which is known to bind to and inhibit RhoA [51]. Indeed, the expression of cGKI is
reduced in stroke-prone spontaneously hypertensive rats [50]. In the CNS, ROCK could also
play a critical role in the regulation of blood pressure and heart rate [52-54]. The nucleus tractus
solitarii (NTS) of the brain stem receives signals through afferent nerve fibers from arterial
baroreceptors, chemoreceptors, cardiopulmonary receptors and other visceral receptors. In
turn, NTS regulates blood pressure and heart rate through the sympathetic nerve system. In
hypertensive rats, such as SHR and nitric oxide synthase (NOS) inhibitor L-NAME-treated
rats, ROCK is activated in the NTS and microinjection of Y-27632 or a dominant-negative
mutant of ROCK decreased systemic blood pressure. The extent of blood pressure decline was
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greater in SHR and L-NAME-treated rats compared with nor-motensive control rats,
suggesting greater sensitivity to ROCK inhibition in hypertensive animals. However, it remains
to be determined as to what extent ROCK activation in the NTS is involved in the pathogenesis
of hypertension.

ROCK in acute coronary syndromes

Coronary artery spasms contribute to acute coronary syndrome and are characterized by
inducible hypercontractility of vascular smooth muscle in response to acetylcholine or 5-HT
[55]. Both acetylcholine and 5-HT activate ROCK, and ROCK inhibitors have been
demonstrated to attenuate agonist-induced coronary vasospasm [56]. ROCK inhibitors also
suppress vasospasms in porcine coronary artery induced by chronic treatment with the
proinflammatory mediator, inter-leukin-1p [57,58]. Indeed, elevated ROCK expression and
activity are observed in vasospastic segment [58]. Clinically, intracoronary administration of
a ROCK inhibitor is effective in preventing coronary artery spasm and myocardial ischemia
in patients with vasospastic and microvascular angina, as well as intractable severe coronary
spasm following coronary artery bypass grafting [59-61]. Interestingly, the antianginal effects
of ROCK inhibitors are not only seen in vasospastic angina but also in effort angina [62,63].
In the report of the multicenter Phase 11 study, the effect of oral administration of fasudil was
examined in 45 or 125 Japanese patients with stable effort angina. Treatment with fasudil
significantly improved exercise tolerance as demonstrated by prolonged maximum exercise
duration and increased time to the onset of 1-mm ST segment depression on treadmill exercise
test. In addition, the results of a multicenter Phase Il study in the USA were reported [64]. In
this Phase I, double-blind, placebo-controlled randomized trial, the effects of fasudil on total
exercise duration and time to onset of myocardial ischemia were evaluated in patients with
stable angina. A total of 84 patients received fasudil or matching placebo for 8 weeks with an
antianginal medication, either a B-blocker or a calcium antagonist (41 and 43, fasudil and
placebo groups, respectively). Both groups increased their exercise duration by 1.97 and 1.43
min (fasudil and placebo groups, respectively) and the time to onset of myocardial ischemia
was delayed by 2.83 min in the fasudil group compared with the placebo group. These findings
suggest that ROCK may be an important therapeutic target in patients with ischemic heart
disease.

ROCK in vascular remodeling & atherosclerosis

ROCK is involved in vascular inflammation and remodeling. ROCK inhibitors attenuate the
inflammatory response (i.e., macrophage accumulation) and vascular remodeling (medial
thickening and perivascular fibrosis) in L-NAME-treated rats [65,66]. In addition, ROCK
activity is increased in the neointima following balloon-induced vascular injury [67], which is
suppressed by ROCK inhibitors or gene transfer of a dominant—negative mutant of ROCK
[67-69]. Indeed, ROCK inhibitors prevent neointima formation following stent implantation
in porcine coronary artery [69]. The mechanism contributing to decreased restenosis is, in part,
due to inhibition of smooth muscle cell migration and proliferation [65], and increased smooth
muscle cell apoptosis [68]. In addition, the differentiation of smooth muscle cells, which is
recognized as alterations in smooth muscle cell phenotype, plays an important role in neointima
formation. ROCK may also be involved in smooth muscle cell differentiation through the
regulation of smooth muscle cell differentiation marker genes such as SM22 and SM a-actin
[70].

ROCK inhibition reduces macrophage accumulation and collagen deposition, and enhances
apoptosis [71]. Treatment of porcine coronary artery with monocyte chemoattractant protein
(MCP)-1 and oxidized low-density lipoprotein (LDL) or interleukin-1p leads to increased
ROCK activity, intimal thickening, constrictive remodeling and accumulation of macrophages
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in the adventitia. Inhibition of ROCK by a ROCK inhibitor or a dominant-negative ROCK
mutant can ameliorate formation of vascular lesions and even induce a regression [72—74].
Recent studies demonstrated that inhibition of ROCK by an inhibitor or a dominant—negative
ROCK results in suppression of cardiac allograft vasculopathy, characterized by intimal
thickening and perivascular fibrosis in mice [75]. Thus, there is growing evidence that ROCK
plays a critical role in vascular remodeling. However, it remains to be determined whether
ROCK is involved in vascular remodeling in humans and if so, whether ROCK inhibitors could
be effective therapies for vascular proliferative diseases.

ROCK is known to regulate the expression of genes involved in atherogenesis, such as MCP-1
[76], plasminogen activator inhibitor (PAI)-1 [77] and osteopontin [78]. ROCK regulates
endothelial tissue factor expression, which is critical for atherothrombosis [79,80]. Indeed,
treatment with Y-27632 decreased atherosclerotic lesion size by approximately 30% in LDL-
receptor knockout mice [81]. This is associated with a decrease in T-lymphocyte accumulation
and expression of the p65 subunit of nuclear factor (NF)-«B, suggesting that ROCK is
proinflammatory and proatherogenic.

ROCK in pulmonary hypertension

Pulmonary hypertension results from abnormal pulmonary vasoconstriction and vascular
remodeling. Although drugs such as prostacyclin analogs and endothelin receptor antagonists
are potential therapies for pulmonary hypertension, their efficacy is limited. Thus,
understanding the pathologic mechanism underlying pulmonary hypertension is of great
clinical importance in the development of effective therapies to improve survival. Recent
studies indicate that treatment with ROCK inhibitors improves monocrotaline-induced
pulmonary hypertension in rats [82] and hypoxia-induced pulmonary hypertension in mice
[83]. Furthermore, oral administration of fasudil improved survival of monocrotaline-injected
rats even when therapy was initiated after the development of pulmonary hypertension. Indeed,
ROCK inhibitors improved pulmonary hypertension, right ventricular remodeling and
pulmonary vascular remodeling. Alternatively, inhaled delivery of ROCK inhibitors was also
able to reduce pulmonary artery pressure in animal models of pulmonary hypertension [84].
Clinically, treatment with fasudil lowered pulmonary artery vascular resistance in patients with
pulmonary hypertension [85]. In this study, three men and seven women (2673 years of age)
with severe pulmonary hypertension were studied (three with primary pulmonary hypertension
and seven with secondary causes of pulmonary hypertension). Each patient was treated with
intravenous fasudil, sublingual nifedipine, inhalation oxygen or NO, using a pulmonary arterial
catheter. The hemodynamic parameters of the pulmonary and systemic circulation were
evaluated before and after each treatment. Treatment with fasudil reduced pulmonary artery
vascular resistance, while nifedipine, oxygen and NO did not. These studies suggest that ROCK
is involved in the pathogenesis of pulmonary hypertension and that treatment with ROCK
inhibitors might be a novel therapeutic strategy for this disease.

ROCK & endothelial nitric oxide synthase

NO, constitutively produced by endothelial NOS (eNOS), is an essential regulator of vascular
tone, integrity and homeostasis. The biologic effects of NO include mediating vasorelaxation,
inhibiting vascular smooth muscle cell proliferation and migration, attenuating leukocyte
adhesion and preventing platelet aggregation. These actions of NO may be cardiovascular
protective, as administration of NO donor compounds, stimulation of endogenous production
by supplementation of L-arginine, a precursor of NO, or gene transfer of eNOS is protective.
In contrast, systemic administration of NOS inhibitors or gene-targeting deletion of eNOS
accelerates atherosclerotic lesion formation and severity of diseases. Recent studies indicate
that RhoA/ROCK signaling inversely regulates eNOS expression and activity [86-88].
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Hypoxia and thrombin stimulate ROCK activity, leading to the downregulation of eNOS
expression via destabilization of eNOS mRNA [87,88]. Inhibition of ROCK prevents
downregulation of eNOS expression by inhibiting destabilization of eNOS mRNA.

ROCK can also negatively regulate eNOS activity via the phosphatidylinositol 3-kinase/Akt-
dependent pathway [89,90]. Activation of ROCK leads to the inhibition of eNOS
phosphorylation at Serl177, one of the critical phosphorylation sites necessary for eNOS
activity [89]. Indeed, inhibition of ROCK by ROCK inhibitors results in the activation of Akt
through phosphatidylinositol-3-kinase [90]. The molecular mechanisms by which ROCK
regulates phosphatidylinositol-3-kinase and/or Akt activities, however, remain to be
determined.

ROCK in erectile dysfunction

The prevalence of erectile dysfunction increases with age and is often secondary to diseases
such as diabetes and hypertension. Cavernosal vasodilation and vasoconstriction plays a central
role in the regulation of penile erection. ROCK is expressed in the corpus cavernosum, and
inhibition of endogenous ROCK activity by injection of Y-27632 resulted in increased corpus
cavernosum pressure, indicating an important role of endogenous ROCK activity in erectile
dysfunction [91]. This effect of Y-27632 was independent of NO because inhibition of NOS
by L-NAME did not alter erectile response. In the diabetic state, expression of RhoA and ROCK
in corporal tissue is elevated. Increased ROCK activity plays a role in erectile dysfunction
through the downregulation of eNOS expression in streptozotocin-induced diabetic rat penis
[92]. Inhibition of RhoA/ROCK activity improved erectile responses in association with
restoring eNOS expression and activity to levels in control rats. These results suggest that the
ROCK inhibitors are promising for the treatment of erectile dysfunction.

ROCK in heart diseases

ROCK is involved in the pathogenesis of not only vascular disorders but also of heart diseases.
Although several previous studies have demonstrated the involvement of RhoA/ROCK
signaling in cardiac hypertrophy in vitro, transgenic mice overexpressing RhoA in the heart
do not develop cardiac hypertrophy [93]. Nevertheless, some studies suggest an important role
of ROCK in cardiac hypertrophy [94,95]. For example, in angiotensin Il-infused rat models,
oral administration of fasudil suppressed left ventricular (LV) hypertrophy. This was
accompanied by decreased perivascular fibrosis and endothelial superoxide anion production,
probably through the inhibition of NAD(P)H oxidase expression [94]. Similarly, in Dahl salt-
sensitive rats fed a high salt diet, Y-27632 inhibited the development of LV hypertrophy and
improved cardiac contractile dysfunction [95].

ROCK is also activated in murine hearts following myocardial ischemia-reperfusion injury
[96] and infarction [97]. Ischemia-reperfusion injury increased RhoA expression and ROCK
activity in ischemic myocardium and treatment with Y-27632 protects against ischemia-
reperfusion injury [96]. Y-27632 decreased infarct size and improved cardiac function by
inhibiting myocardial apoptosis and inflammatory responses, in part by preventing Bcl-2
downregulation and blocking proinflammatory cytokine production. Another ROCK inhibitor,
fasudil, also decreased myocardial infarct size in rats and this cardioprotective effect was
blocked by cotreatment with phosphatidylimositol 3-kinase inhibitors or the NOS inhibitor, L-
NAME [90]. Similarly, hydroxyfasudil reduced myocardial infarct size in dogs after ischemia-
reperfusion injury, with an improved vasodilator response via preservation of the eNOS
expression [98]. Moreover, treatment with fasudil improved LV remodeling and inhibited the
inflammatory response in mice irrespective of infarction size or time of treatment [97].
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Clinical implications & limitations

There is growing evidence from both animal and clinical studies that ROCK plays a central
role in the pathogenesis of various cardiovascular diseases (FIGURE 3) [99]. Indeed, many of
the so-called pleiotropic or cholesterol-independent effects of statins may be due to their ability
to block isoprenoid synthesis and inhibit the Rho/ROCK pathway [100]. Inhibition of ROCK
leads to the stabilization of eNOS mMRNA [86,101] and the rapid phosphorylation and activation
of eNOS via the phosphatidylinositol-3-kinase/protein kinase Akt pathway [90,102]. Thus,
targeting ROCK with specific inhibitors may be an important therapeutic strategy for
decreasing cardiovascular events. It is also likely that ROCK inhibitors will have therapeutic
benefits that extend beyond the cardiovascular arena to include rheumatologic, oncologic and
neurologic diseases. Although statin therapy has provided numerous benefits for patients with
cardiovascular diseases, statins are often combined with another class of drugs — fibric acid
derivatives —to lower both cholesterol and trigly-ceride levels. Myopathy, such as myalgia and
rhabdomyolysis, is known to be a rare, but serious side effect of statin therapy. Thus far, only
fasudil is available clinically for the treatment of vasospasm following hemorrhagic stroke. No
serious side effect of fasudil has been observed.

As ROCKs are involved in various aspects of vascular function and disease, understanding
their role in the vascular wall may provide key insights into how the vasculature as a whole is
regulated under normal and pathophysiologic conditions. However, despite a growing number
of reports demonstrating that ROCK activity is increased under a variety of pathologic
conditions, little is known regarding the molecular mechanisms that contribute to increased
ROCK activity or what the downstream targets for ROCK are. Furthermore, determining the
precise role of ROCKs in the vascular wall is limited by pharmacologic inhibitors, which cannot
discriminate between ROCK isoforms or the role of ROCKSs in individual component cells.
Hence, a genetic approach with tissue-specific gene targeting of ROCK deletion to individual
components of the vascular wall offers the greatest likelihood of success in dissecting the role
of ROCKs in vascular disease. Despite such promise, embryonic lethality could also present
a major obstacle in studying ROCK gene deletion. Indeed, approximately 90% of ROCK2-
deficient mice die in utero from placental insufficiency due to extensive thrombus formation
in the labyrinth layer [103]. Further investigations using inducible and conditional ROCK gene
deletions offer the greatest hope in understanding the in vivo pathophysiologic role of ROCK
isoforms in adult animals. In humans, epidemiologic studies in patients with polymorphism of
the ROCK gene may help to clarify whether ROCK is an important mediator or marker of
cardiovascular disease.

Expert opinion

Accumulating evidence suggests that ROCK plays an important role in the pathogenesis of
cardiovascular disease. Increased ROCK activity is associated with cardiovascular risk factors
such as hypertension and diabetes, and abnormal ROCK activity in vascular and nonvascular
cells may contribute, either directly or indirectly, to the development of vascular disease.
Consequently, therapeutic strategies that specifically target and inhibit ROCK in the vascular
wall and inflammatory cells may have clinical benefits in improving cardiovascular outcomes.
Several ROCK inhibitors are commercially available, but currently, only one is approved for
clinical use in alleviating vasospasm following hemorrhagic stroke. As most ROCK inhibitors
target the catalytic ATPase domain, which shares homology to other protein serine-threonine
kinases, they are not entirely specific and can potentially produce untoward side effects. Thus,
the main limitations of ROCK inhibitors for clinical use are specificity and toxicity.
Furthermore, it is not entirely clear whether ROCK inhibitors would be superior to statins,
which could also inhibit the Rho/ROCK pathway and have been demonstrated to be well
tolerated. Nevertheless, cardiovascular diseases, such as vasospastic angina and pulmonary
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hypertension, have limited therapeutic options, and may benefit from treatment with ROCK
inhibitors. Clinical trials will have to be performed to determine whether ROCK inhibitors are
superior in terms of efficacy and safety compared with existing drugs for cardiovascular disease
such as statins, calcium channel blockers, angiotensin-converting enzyme inhibitors and
angiotensin Il-receptor blockers.

Five-year view

Current on-going studies will provide further insights into the role of ROCK in cardiovascular
disease. Most of these studies will involve the use of ROCK inhibitors, which will be limited
by their lack of specificity and in clinical studies, perhaps, by their toxicity. Further
development of specific ROCK inhibitors that could target the regulatory region (i.e., carboxy-
terminus) of ROCK, may prove to be useful in separating the role of ROCK isoforms in the
vascular wall. Indeed, basic studies with mutant mice harboring tissue-specific ROCK
deletions would have the greatest chance of increasing our understanding of the function of
specific ROCK isoforms in various tissues. This increase in knowledge is likely to broaden
and extend the therapeutic benefits of ROCK inhibitors beyond cardiovascular disease to other
disciplines of medicine such as oncology, endocrinology and rheumatology.

Key issues

Rho-kinases (ROCKSs) play a central role in diverse cellular functions such as
smooth muscle contraction, stress fiber formation and cell migration and
proliferation.

Recent experimental and clinical studies have demonstrated that overactivity of
ROCKSs contributes to cardiovascular disease, such as cerebral ischemia and
coronary vasospasm, hypertension, vascular inflammation, atheroscleraosis,
erectile dysfunction and cardiac hypertrophy, suggesting that ROCKs may be an
important therapeutic target in cardiovascular disease.

Why ROCK activity is increased, what are the downstream targets for ROCKs and
which ROCK isoform plays a role in cardiovascular cells are questions that remain
to be answered.

Epidemiologic studies in patients with polymorphism of the ROCK gene may help
clarify whether ROCK is an important mediator or marker of cardiovascular
disease.
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Figure 1. Structures of ROCKs. ROCKs consist of the kinase domain, which is highly homologous

between two isohorms, a coiled-coil region, and a PH domain

Rho-binding domain and cysteine-rich domain located in the coiled-coil region and PH domain,

respectively.
PH: Plecktrin-homology; ROCK: Rho-kinase.
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Figure 2. Downstream targets of ROCK

ROCK phosphorylates serine and/or threonine residues of various proteins, which regulate
actin-cytoskeleton assembly and cell contractility. Some phosphorylated sites are likely to be
specifically phosphorylated by ROCK, whereas the others are phosphorylation targets of one
or more other kinases such as PKA or PKC as well. Sequence in human homology.

CaMK II: Calmodulin-dependent kinase 11; cGK: Cyclic GMP-dependent kinase; ILK:
Integrin-linked kinase; MBS: Myosin-binding subunit of myosin phosphatase;

MLC: Myosin light chain; MLCK: Myosin light-chain kinase; MRCK: Myotonic dystrophy
kinase-related Cdc42-binding kinase; PAK; p21-activated kinase;

PKA: Protein kinase A; PKC: Protein kinase C; PKN: Protein kinase N; Ser: Serine; Thr:
Threonine; Tyr: Tyrosine; ZIPK: Zip kinase.
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Figure 3. Targeting Rho-kinase in therapy for cardiovascular diseases
Rho-kinase is involved in various aspects of cardiovascular diseases.
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