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Abstract

Introduction: Stroke is a major cause of disability and the fifth leading cause of death. Currently, 

the only approved acute medical treatment of ischemic stroke is tissue plasminogen activator 

(tPA), but its effectiveness is greatly predicated upon early administration of the drug. There is, 

therefore, an urgent need to find new therapeutic options for acute stroke.

Areas covered: In this review, we summarize the role of Rho-associated coiled-coil containing 

kinase (ROCK) and its potential as a therapeutic target in stroke pathophysiology. ROCK is a 

major regulator of cell contractility, motility, and proliferation. Many of these ROCK-mediated 

processes in endothelial cells, vascular smooth muscle cells, pericytes, astrocytes, glia, neurons, 

leukocytes, and platelets are important in stroke pathophysiology, and the inhibition of such 

processes could improve stroke outcome.

Expert commentary: ROCK is a potential therapeutic target for cardiovascular disease and 

ROCK inhibitors have already been approved for human use in Japan and China for the treatment 

of acute stroke. Further studies are needed to determine the role of ROCK isoforms in the 

pathophysiology of cerebral ischemia and whether there are further therapeutic benefits with 

selective ROCK inhibitors.
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1. Introduction

Stroke is a major cause of disability and the fifth-leading cause of death in the USA, 

producing far-reaching social and economic costs beyond that of the disease itself. An 

estimated 700,000 ischemic strokes occur each year in the USA, accounting for about $70 

billion in costs associated with healthcare services, medications, and loss of work-related 

wages [1]. Indeed, approximately 30–50% of stroke survivors are functionally disabled and 

65% of the total stroke cost is due to long-term care and lost productivity. In addition, the 
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emotional toll on patients and families with devastating stroke cannot be overstated: most 

elderly people fear disabling stroke more than they fear death [2].

There are two major types of stroke: ischemic stroke and hemorrhagic stroke. Ischemic 

strokes are caused by obstruction of blood flow that supplies the brain with oxygen-rich 

blood, accounting for 87% of all strokes. Hemorrhagic strokes, which account for the rest, 

occur when the artery in the brain leaks blood or ruptures. Transient ischemic attacks, 

sometimes called ‘mini strokes,’ differ from the other two stroke types because cerebral 

blood flow is reduced transiently, usually for no more than 5 min, leading to reversible 

neurological deficits [1].

Ischemic stroke is a multifactorial medical condition with many risk factors, including age, 

gender, ethnicity, and family history. Modifiable risk factors for stroke include smoking, 

obesity, excessive alcohol usage, physical inactivity, hypertension, hypercholesterolemia, 

diabetes, and cardiovascular disorders such as heart failure, heart defect, heart infection, and 

arrhythmia. Some of these modifiable risks are controllable and deserve special attention in 

stroke prevention, particularly as a majority of strokes can be prevented [3]. Nevertheless, 

success with risk factor modification is limited, and there are few effective therapies which 

can prevent and improve the functional outcome of patients with ischemic stroke.

Presently, the only FDA-approved treatment for ischemic stroke is tissue plasminogen 

activator (tPA), which is used to recanalize thrombus-occluded blood vessels. Despite its 

efficacy in thrombolysis, there are two major disadvantages of tPA therapy: a short treatment 

window of 3 h or up to 4.5 h in certain eligible patients, and potential hemorrhagic 

transformation. A significant number of stroke victims do not arrive at the hospital in time 

for tPA administration, and even if they do, it is often difficult to determine prospectively 

which ischemic strokes will undergo hemorrhagic transformation. Consequently, there is a 

pressing need to identify new potential therapeutic targets for ischemic stroke for 

pharmaceutical intervention.

2. Pathophysiology of ischemic stroke

Low respiratory reserves and complete dependence on aerobic metabolism make brain tissue 

particularly vulnerable to the effects of acute ischemia. Since the brain cannot store energy 

or use energy sources other than glucose, the brain is virtually dependent on cerebral blood 

flow for energy metabolism. The presence of a network of collateral arteries in the brain 

contributes to the spectrum of stroke severity in the affected region. The brain parenchyma 

undergoes immediate neuronal cell death (infarct core), while other areas of the brain, such 

as that of the penumbra, may be only partially injured with the potential to recover. The 

ischemic cascade causes brain damage through the local depletion of oxygen and glucose, 

leading to a decrease in the production of high-energy phosphate compounds such as 

adenine triphosphate (ATP). ATP is vital for maintaining the cellular anion and cation 

gradient through active transport channels; thus, inadequate energy supply can disrupt the 

careful ionic balance, leading to an efflux of potassium ions in exchange for an influx of 

sodium, chloride, and calcium ions. The influx of ions is accompanied osmotically by water, 

resulting in rapid swelling of neurons and glia that causes cytotoxic edema.
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The ischemic cascade stimulates the release of excitatory neurotransmitters in the brain, 

such as glutamate and aspar-tate. Besides the direct neurotoxicity of glutamate in neurons, 

the activation of ionotropic and metabotropic glutamate receptors leads to further increases 

of intracellular Ca2+, Na+, and Cl− levels, thereby elevating edema and toxicity. In particular, 

calcium plays a unique role in the ischemic pathophysiology since it causes several 

damaging events through the activation of a variety of Ca2+-dependent enzymes, including 

protein kinase C, myosin light-chain kinase, cyclooxygenase, neuronal nitric oxide synthase, 

calpain, and various proteases and endonucleases. When reperfusion occurs, oxygen radicals 

are produced by the cyclooxygenase-dependent conversion of arachidonic acid to prostanoid 

and by the degradation of hypoxanthine. In addition, the formation of pores in the 

mitochondrial membrane occurs under ischemic conditions, which leads to a burst of free 

oxygen radicals and release of proapoptotic molecules such as cytochrome c. Reactive 

oxygen species are also generated during the inflammatory response after ischemia, which 

also lead to oxidative stress and damage.

Oxygen radicals serve as important signaling molecules that trigger inflammation and 

apoptosis. Mechanical or hypoxic damage of the vascular endothelium, toxic damage by 

inflammatory molecules, free radicals, and especially the destruction of the basal lamina by 

matrix metalloproteinase can potentially disrupt the blood–brain barrier (BBB). The loss of 

BBB integrity can lead to vasogenic edema, influx of toxic substances, inflammation, and 

presumably hemorrhagic complications after stroke. The biphasic opening of BBB after 

transient ischemic insult can lead to a sustained inflammatory response in the brain. 

Ischemic injury initially triggers inflammatory cascades in the brain parenchyma. Within 

minutes of occlusion, there is upregulation of proinflammatory mediators such as platelet-

activating factor, tumor necrosis factor (TNF)-α, and interleukin (IL)-1β. These 

proinflammatory factors induce the expression of adhesion molecules, including inter-

cellular adhesion molecule (ICAM)-1, vascular cell adhesion molecule (VCAM)-1, and E-

selectin on the vascular endothelium, leading to neutrophil recruitment, attachment, and 

transmigration from the blood into the brain parenchyma followed by macrophages and 

monocytes.

Furthermore, the production of toxic mediators by activated inflammatory cells and injured 

neurons (cytokines, nitric oxide, superoxide anion, and prostanoids) can amplify tissue 

damage. Neutrophils are the first inflammatory cells to arrive to the ischemic tissue, often 

within hours after reperfusion, while macrophages and monocytes arrive within a few days. 

Throughout this inflammatory cascade, cerebral ischemia activates other cells of the 

neurovascular unit, including microglia and astrocytes, which can amplify inflammation and 

tissue damage. The functions of inflammatory cells and subsequent neuro-inflammation are 

a double-edged sword, because of their potential beneficial effects on tissue remodeling [4] 

(Figure 1). It is, therefore, important to understand each step in the pathophysiology of 

ischemic stroke in order to develop potential therapeutic targets that can improve stroke 

outcome.
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3. Key features of ROCK

ROCK belongs to the family of serine/threonine kinases and includes two isoforms: ROCK1 

and ROCK2 [5]. They were initially discovered as downstream targets of the small GTP-

binding protein, RhoA [6,7]. ROCK1 and ROCK2 genes contain 33 exons, which lie on the 

18q11 and 2p24 chromosomal regions, respectively [8]. The ROCK proteins are structurally 

composed of an N-terminal kinase domain followed by a coiled-coil region that contains a 

Rho-binding domain (RBD). At the carboxyl-terminal region (C-terminal), there is a 

pleckstrin homology (PH) domain, which flanks a cysteine-rich-region [9,10] (Figure 2(a)). 

The C-terminal of both isomers, including the RBD and the PH domains, is an auto-

inhibitory region that folds back onto the N-terminal region and inhibits their kinase activity 

under basal conditions [9,11] (Figure 2(b)). In addition, homologous binding of ROCK 

proteins, which is afforded by their N-terminal kinase domain, increases auto-

phosphorylation [12,13], suggesting that dimerization may promote ROCK activity. Overall, 

the ROCK proteins share 65% amino acid sequence homology, while their kinase domains 

are 92% similar [6].

The ROCK1 transcript is ubiquitously expressed in all tissue, although with less expression 

in brain and skeletal muscle, whereas the ROCK2 transcript is present more abundantly in 

the brain, muscle, heart, lung, and placenta [5,10]. ROCK2 is primarily localized to the 

cytoplasm [6,7] in association with vimentin and actin stress fibers [14,15]. ROCK2 also 

localizes to the plasma membrane [16], an association that is afforded by its C-terminal 

region [14], and the cleavage furrow during late mitosis [17]. In human and mouse skeletal 

muscle, a unique splice variant of ROCK2 was detected named mROCK2 [18]. This variant 

contains an insertion of 57 amino acids following the RBD, and is expressed during 

myogenic differentiation together with ROCK2. While mROCK2 is localized in similar parts 

of the cell as ROCK2, it is unable to associate with the plasma membrane [18]. The 

intracellular distribution of ROCK1, however, is not as well established. There is mounting 

evidence that ROCK1 predominantly associates with the plasma membrane during cell–cell 

interaction and with adhesion sites and vesicles [19]. ROCK1 additionally localizes to the 

microtubule-organizing center [20] as well as to the leading and trailing edges of motile cells 

[21], suggesting its involvement in cell migration.

The Rho GTPases RhoA, RhoB, and RhoC are the most studied ROCK activators. All three 

Rho proteins in their active GTP-bound state bind to the ROCK RBD domain, opening the 

‘clothes pin’ structure and exposing the kinase domain of ROCK, thereby activating ROCK 

catalytic activity through conformational disinhibition of the C-terminal domain [7,9,22]. 

Phospholipid binding can also change ROCK conformation, similarly exposing kinase 

activity that is conducive toward active signaling. ROCK activity can also be changed by 

modulation or cleavage of the C-terminal domain. For instance, proteolytic cleavage of the 

inhibitory C-terminal domain by caspase-3 and granzyme B can activate ROCK1 and 

ROCK2 [10,23,24] (Figure 2(b)). The binding of lipids such as arachidonic acid to the 

pleckstrin homology domain also promotes ROCK activation in a Rho-independent manner. 

Other kinases such as polo-like kinase-1 (PLK1) can also regulate ROCK activation in 

cooperation with RhoA. Furthermore, some GTP-binding proteins such as RhoE can inhibit 

ROCK1 by binding to sites other than the RBD [25–27]. Both ROCK1 and ROCK2 

Sladojevic et al. Page 4

Expert Rev Neurother. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phosphorylate the consensus sequence Arg/Lys–X–Ser/Thr or Arg/Lys–X–X–Ser/Thr, but 

other non-consensus phosphorylation sites have been also identified [28,29]. The specificity 

of ROCK substrates has not been thoroughly analyzed for structural differences, which 

makes it difficult to draw a distinction between its substrates. At the moment, it appears that 

the intracellular compartmental localization of ROCK isoforms dictate their function and 

downstream targets.

4. Functions of ROCKs

4.1. Cytoskeletal reorganization

ROCKs are key regulators of actin cytoskeletal dynamics, phosphorylating diverse 

downstream targets and affecting numerous intracellular processes that are important for cell 

contractility, motility, proliferation, and morphology. ROCK1 and ROCK2 represent a 

divergent signaling hub, whose substrates include myosin light-chain phosphatase (MLCP), 

Lin-11 Isl-1 Mec-3 (LIM) kinase (LIMK), Ezrin/Radixin/Moesin (ERM), and intermediate 

filament proteins. As a result, ROCKs are major regulators of smooth muscle contraction, 

stress fiber formation, microtubule dynamics, intermediate filament assembly, and focal 

adhesion. The importance of ROCKs is reflected by its central role in several developmental 

and morphogenesis processes. Global single and double deficiency of ROCK1 and ROCK2 

lead to embryonic lethality. Furthermore, deficiency of ROCK1 leads to impaired eyelid 

closure, blindness, and omphalocele at birth, most likely through a decrease in accumulation 

of F-actin, whereas deficiency of ROCK2 results in placental insufficiency [25–27,30].

4.2. ROCK and gene expression

There is growing evidence that ROCKs can modulate gene expression by affecting the 

transcriptional machinery in the nucleus. ROCKs are critical regulators of cytoplasmic-

nuclear shifting of profibrotic transcriptional factors such as MRTF-A/B and YAP/TAZ. 

Indeed, ROCK inhibitors are currently being investigated as potential therapeutic tools for 

the treatment of fibrosis [31]. As will be discussed in later sections, ROCKs also control 

transcription factors that play critical roles in inflammation, including NF-κB, IRF4, and 

IRF7. Both ROCK iso-forms have been detected in the nucleus. ROCK2 can also 

phosphorylate p300, further enhancing its acetyltransferase activity [32].

4.3. Proliferation

Because ROCKs play crucial roles in cytoskeletal rearrangements and gene expression, they 

are intimately involved in cell proliferation. ROCK inhibition leads to a delayed S phase by 

decreasing the translocation of transcriptional factors involved in the G1-S transition. 

ROCKs also play important roles in the creation of the cleavage furrow and the disassembly 

of intermediates filament during proliferation [26,27].

4.4. Survival and cell death

The activation of ROCK1 in apoptosis via cleavage of caspase-3 or granzyme B accelerates 

membrane blebbing and fragmentation of DNA. ROCK-mediated signaling can also 

promote cell survival during starvation. ROCK1 promotes autophagy and cell survival by 

phosphorylation of beclin1, although some studies have reported an opposing role of 
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ROCK2 in metabolic regulation by demonstrating that ROCK2 inhibits autophagy. Thus, 

there is ample evidence to suggest that ROCKs play important roles in cell metabolism and 

survival [25–27,33]. Further studies, however, are required to elucidate their precise role in 

these processes.

5. Targeting ROCK in the CNS and ischemic stroke

ROCK inhibitors are beneficial in stroke, spinal cord injury, and in a variety of neurological 

diseases, including Alzheimer’s and Parkinson’s disease. Several animal studies and autopsy 

studies in humans have shown that overactivation of the Rho/ROCK pathway plays an 

important role in the pathophysiology of spinal cord injury [34]. Treatment with 

nonselective ROCK inhibitors (Y27632 or Fasudil) in mouse models of spinal cord injury 

was beneficial, promoting axon regeneration and functional recovery [35,36].

As previously mentioned, ROCK can mediate numerous processes in multiple cell types 

relevant in stroke pathophysiology and recovery, including its roles as a major regulator of 

cell contractility, motility, and proliferation in cells. Many of these ROCK-regulated 

processes in the neurovascular unit are important in stroke pathophysiology, and the 

modification of which can have potential therapeutic effects. In particular, there is some 

evidence that suggests an important role of ROCK in stroke recovery by modulating neuro-

inflammation. In a mouse model of middle cerebral artery occlusion (MCAO), ROCK 

expression increased by more than twofold in the ischemic region. Furthermore, ROCK 

inhibitors have been shown to be beneficial in stroke prevention, acute neuroprotection, and 

chronic stroke recovery by altering inflammation, platelet and endothelial function, smooth 

muscle contraction, and neuronal regeneration. MCAO models have demonstrated that the 

inhibition of ROCK, by increasing blood flow, reduces cerebral infarct size by 33% and 

improves neurologic deficit score by 37% [37]. Chronic treatment with another nonselective 

ROCK inhibitor, Fasudil, improves learning in rodents after ischemic stroke by reducing 

inflammation. Acute administration of Fasudil decreased leukocyte recruitment and 

adhesion to the endothelium after ischemia/reperfusion injury [38]. Interestingly, selective 

ROCK2 inhibitor KD025 (formerly SLx-2119) also demonstrates dose-dependent reduction 

of cerebral infarct size and improved outcome after focal cerebral ischemia model in mice, 

most likely by improving collateral cortical blood flow. KD025 has been shown to be safe 

and did not elicit significant hypotension when compared with non-selective ROCK 

inhibitors in aged, diabetic, or female mice [39].

In human studies, inhibition of ROCK by Fasudil leads to significant improvements in both 

neurological function and clinical outcome in patients after ischemic stroke [40]. In addition, 

our group has previously shown that ROCK activity in peripheral blood leukocytes is 

elevated in humans within 48 h of an acute ischemic stroke when compared with healthy 

controls, but this did not correlate with stroke severity assessed by NIHSS score [37,41]. 

Such an elevation in leukocytes is consistent with many lines of evidence, suggesting a 

potential role of ROCK in acute ischemic stroke.

Sladojevic et al. Page 6

Expert Rev Neurother. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5.1. ROCK and platelets function

The activation of platelets is critical for hemostasis [42], and is the final common pathway in 

most acute vascular occlusive disorders. RhoA/ROCK pathway plays a multifaceted role in 

platelet biology. During platelet development, RhoA/ROCK has been proposed as a key 

regulator of megakaryocyte endomitosis, platelet formation, and platelet release. Deleting 

RhoA in megakaryocytes leads to abnormally enlarged megakaryocytes that release 

premature platelets. These platelets are cleared quickly from the circulation, which can lead 

to macrothrombocytopenia [43].

Platelet activation is a complex process that involves active rearrangement of the actin 

cytoskeleton, changes in cell shape, secretion of granules, and the retraction of clots, making 

it likely that RhoA and ROCK play important roles in the regulation of platelet activation. 

Indeed, studies using megakaryocyte-specific RhoA-deficient mice have shown the 

importance of RhoA at every critical step of platelet function. For instance, RhoA has been 

found to mediate platelet shape change, Gα13-mediated GPCR cross-talk activation of 

integrin αIIbβ3, granule secretion, clot retraction, and thrombus formation and stability. 

Platelets from RhoA-null mice have impaired shape changes and show mild aggregation 

deficits that are downstream of Gα13 and Gαq. While RhoA is not required for platelets to 

spread upon the surface of integrin αIIbβ3 substrate fibrinogen, RhoA is required for 

integrin activation and granule secretion in response to thrombin and combined ADP and 

U46619 stimulation, as well as for clot retraction. For instance, megakaryocyte-specific 

RhoA-deficient mice show macrothrombocytopenia, altered platelet activation, reduced 

thrombus formation, and prolonged tail-bleeding times [44,45].

Recent studies using ROCK2-deficient platelets partially confirm previous studies using 

RhoA-deficient platelets, demonstrating that ROCK2-deficient platelets were less responsive 

to thrombin stimulation in terms of pseudopodia formation, collagen adhesion, and 

heterotypic aggregation. This corresponded to prolonged bleeding time and increased time to 

vascular occlusion following vascular injury. When preformed clots from platelet-specific 

ROCK2-deficient mice were injected into the middle cerebral artery of control mice, clot 

dissolution and cerebral blood flow recovery occurred more rapidly, leading to decreased 

cerebral injury and lower neurological deficit scores compared to control mice. Deletion of 

ROCK2 in platelets, however, had no protective effects in the intra-filament middle cerebral 

artery occlusion model of stroke, genetic-induced model of atherosclerosis, or carotid artery 

ligation model of vascular remodeling. These findings indicate that platelet ROCK2 is 

critical for thrombus formation and stabilization, and is an important pathogenic mediator of 

thromboembolic stroke [46].

5.2. ROCK in neuro-inflammation

The neuro-inflammatory response is an important process during both acute and late phases 

of stroke [47]. As previously mentioned, post-ischemic inflammation is a double-edged 

sword and involves a complex sequence of events. On one hand, as a natural defensive 

mechanism of the body to protect injured tissue, inflammation helps to isolate the damaged 

area and promote healing. On the other hand, excessive inflammation can exacerbate 
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ischemic injury. Despite intense investigation, the roles of various types of immune 

responses in the pathophysiology of ischemic stroke are still not well characterized.

Overactivation of ROCK during acute cerebral ischemia likely contributes to early 

worsening of cerebral injury, partially by stimulating the inflammatory response. Increased 

expression of adhesion molecules (i.e. P-selectin and ICAM-1) secondary to the reduction of 

endothelium-derived NO during ischemic injury is mediated by ROCK, as ROCK is an 

upstream negative regulator of eNOS. Inhibition of ROCK increases eNOS mRNA stability 

and expression [48]. Indeed, ROCK inhibitors reduce neutrophil accumulation in the infarct 

tissue and also reduce infarct volume in animal models of ischemic stroke [49,50]. The 

activation of ROCK stimulates neutrophil infiltration during vascular inflammation through 

NADHP oxidase activation and ROS production. Furthermore, in spinal cord injuries, the 

use of ROCK inhibitors reduces leukocyte infiltration into the spinal cord and promotes 

neurological recovery [51].

Increasing evidence suggests that T lymphocytes also play an important role in mediating 

post-stroke inflammation [52]. Cytotoxic T cells (CD8+) induce tissue damage by releasing 

cytotoxic granules or through TNF receptor-mediated cytotoxicity, and is a process further 

regulated by CD4 + T-helper 1 (Th1) and CD4 + T-helper 2(Th2) cells. Th1 cell secretion of 

proinflammatory cytokines is strongly associated with neuro-degenerative diseases [53]. Th2 

cells downregulate the activity of Th1 cells, and studies have shown their beneficial anti-

inflammatory response in promoting stroke recovery with improved clinical outcomes after 

ischemic stroke by upregulating anti-apoptotic factors such as Bcl-2 and Bcl-xL [54,55]. 

Another study examined Th17 and Treg, also subsets of T cells, and concluded that they are 

pro- and anti-inflammatory, respectively, and thereby promote and inhibit tissue damage 

[56]. Several studies have also shown that Tregs can reduce cerebral infarct size post 

ischemic injury [56,57]. T cell lineage differentiation or polarization is mediated by 

cytokines. IFN-γ activates Th1 pathways by upregulating transcription factors such as 

STAT1. STAT1 activates T-box expressed in T cells (T-bet), which is a master transcriptional 

activator for Th1 differentiation. In contrast, lineage differentiation to the Th2 phenotype 

requires binding of IL4 to its receptor, which triggers activation of STAT6. The activation of 

STAT6 upregulates GATA-binding protein 3 (GATA-3), which potently activates Th2, 

producing Th2 cytokines IL4 and IL5 and inhibiting Th1 cytokine IFN-γ [58]. Activation of 

Th17 and IL17 production is regulated by activation of the retinoic acid-related orphan 

receptor (ROR)γt transcription factor. Production of Treg subset-specific cytokine IL17 is 

regulated by activation of the Foxp3 transcription factor.

The role of Rho-kinase (ROCK) and its downstream effectors in T cell function is not well 

known. However, it is likely that ROCKs can mediate T cell activation by upregulating 

certain transcription factors that affect the actin cytoskeleton, which has been demonstrated 

by the inhibition of ROCK with Y-27632 in T cells [59,60]. Indeed, inhibition of ROCK 

with Y-27632 in T cells leads to inhibition of actomyosin polymerization, reduced T cell 

proliferation, and decreased T cell receptor activation [61]. In addition, ROCK activity is 

important for T cell polarization and trans-endothelial migration, both important elements in 

T cell infiltration into the brain after ischemia [62]. ROCK also activates the transcription 

factor nuclear factor-κB (NF-κB), which is a potent activator of T cell function [60]. 
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Moreover, stimulation of TCR activates RhoA, which leads to activation of the p38 mitogen-

activated protein kinase (p38MAPK), which in turn induces upregulation of IL4, IL10 and 

IFN-γ production [63,64]. ROCK2 phosphorylates IRF4, a transcription factor that is 

required for production of IL17, IL21, and differentiation of Th17 T cells [65].

Stroke survivors have more than twice the risk of developing dementia compared with 

people who never had stroke [66]. A recent study has shown that B-lymphocytes may 

contribute to dementia in stroke patients. B cell density and IgG antibody levels in post-

mortem brain tissues from patients who experienced dementia after stroke were significantly 

higher when compared with that of age-matched controls who had not been diagnosed with 

stroke or dementia [67]. However, the involvement of ROCKs in B cell function remains 

largely unknown. Some reports have indicated that ROCKs regulate cytoskeletal remodeling 

in B cells, and that antigen internalization is greatly dependent on ROCK1 [68]. ROCKs 

may also be involved in B-cell migration, as ROCK inhibitors alter B cell chemotaxis and 

adhesion [69].

Microglial cells are resident brain macrophages, which play an important role in ischemic 

stroke. Microglial proliferation peaks at 2–3 days after brain ischemic injury but remain for 

several weeks, producing proinflammatory cytokines which can have detrimental effects on 

brain tissue following ischemia [57]. ROCK activation in microglia stimulates cytokine 

production. The ROCK inhibitor, Fasudil, has protective effects on hippocampal neurons 

following hypoxia/reoxygenation injury by suppressing microglial secretion of 

proinflammatory factors [70]. It is difficult to distinguish between microglial cells and 

blood-derived macrophages that infiltrate brain tissues 2–7 days after stroke. One of the 

most commonly expressed chemokines in the CNS during inflammation is monocyte 

chemoattractant protein-1 (MCP-1, CCL2). MCP-1 is involved in BBB opening through the 

recruitment of monocytes and macrophages and can activate lymphocytes in the brain during 

neuropathological states. Bone marrow-derived ROCK1-deficient macrophages have 

decreased chemotaxis to MCP-1/CCL2. Inhibition of ROCK by Y-27632 attenuates TNF-α-

mediated monocyte migration, and leads to the induction of MCP-1 via the p38MAPK 

pathway [71,72]. Recent studies suggest that the ROCK signaling plays a critical role in 

macrophage polarization into M1 and M2 subtypes in aged-related macular degeneration. 

ROCK2 inhibition upregulates the accumulation of protective M2 macrophages without 

affecting macrophage recruitment [73]. Furthermore, Fasudil shifts inflammatory M1 to 

anti-inflammatory M2 macrophages, thus attenuating experimental autoimmune 

encephalomyelitis. Targeting ROCK signaling in microglia and blood-borne macrophage 

plasticity opens up new possibilities for ROCK inhibitors in post-ischemic stroke treatment 

and long-term recovery [74]. Indeed, ROCK inhibitors have shown beneficial effects in 

many autoimmune diseases, such as rheumatoid arthritis, systemic lupus erythematosus, 

scleroderma, and giant cell arthritis [65,75–77].

5.3. ROCK and BBB

ROCKs are important proteins regulating the BBB due to its actin cytoskeletal and 

proinflammatory effects. For instance, RhoA/ROCK activation leads to contraction and 

increased permeability in response to inflammatory stimuli. The RhoA/ROCK pathway is 
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upregulated by chemokine-like MCP-1/CCL2 through G-protein receptors, inducing 

occludin, claudin-5, and ZO-1 Ser/Thr-phosphorylation and relocalization from tight 

junctions (TJ), ultimately increasing barrier permeability [78]. Furthermore, adhesion 

molecules such as ICAM-1 and VCAM-1 were shown, in response to lymphocyte/monocyte 

adhesion, to transduce signals in rat brain endothelial cell lines, including the activation of 

the RhoA/ROCK pathway; leading to increased infiltration of inflammatory cells in the 

CNS. In addition, ROCK signaling is important in astrocyte-secreted sonic hedgehog in 

neurogenesis and angiogenesis after oxygen glucose deprivation [79].

5.4. ROCK inhibition in neuroprotection and neuroregeneration

The restorative capacity of adult brain is very limited after stroke or in neurodegenerative 

diseases. RhoA/ROCK/LIMK is a key inhibitory pathway in axonal growth [80]. Besides 

inhibition of axonal growth, ROCK can also be deleterious for neuronal survival. Because of 

these highly important roles of ROCK in neuronal fate, Fasudil has shown potential 

neuroprotective effects that can trigger neurogenesis and an increase in neuron survivability 

after oxygen glucose deprivation, axotomy, serum deprivation, or 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP)-induced lesions (a rodent model of Parkinson’s disease) [81,82]. 

This effect was partially mediated through astrocyte-secreted G-CSF [83]. ROCK2 is 

strongly expressed in the brain and spinal cord as well as its downstream signaling molecule 

LIMK1. Inhibition of ROCK2 leads to neuronal survival and axonal stability during 

regeneration, whereas inhibition of the LIMK1/cofilin pathway only led to neurite outgrowth 

and regeneration, but did not affect neuronal survivability [33,81]. These findings suggest 

novel therapeutic applications of selective ROCK inhibitors for stroke recovery, preventing 

neurodegeneration and stimulating neuroregeneration in various neurological disorders.

6. Development of selective ROCK inhibitors as a treatment for stroke

Despite evidence of increased ROCK activity in a variety of pathological conditions, 

including ischemic stroke, little is known about the molecular mechanisms leading to 

increased ROCK activity or their downstream targets. Determining the precise role of ROCK 

in ischemic stroke and stroke recovery is limited by nonselective pharmacological inhibitors, 

since they cannot discriminate between the two ROCK isoforms. Widely used nonselective 

ROCK inhibitors, Fasudil and Y-27632, target ROCK’s ATP-dependent kinase domain and 

are equipotent in inhibiting both isoforms. Consequently, genetic approaches with tissue-

specific targeting of ROCK isoforms offer the greatest likelihood of success in dissecting the 

pathophysiological role of ROCK1 and ROCK2 in ischemic stroke. Another important 

limitation for the use of ROCK inhibitors is that at higher concentrations they inhibit other 

serine-threonine kinases such as PKA and PKC. The hydroxyl form of Fasudil, 

Hydroxyfasudil, has the same inhibitory activity but has a much longer half-life (30 min 

versus 5 h). Due to these limitations and the nonselectivity of ROCK inhibitors, Fasudil is 

the only ROCK inhibitor approved for human use in Japan and China, but not in the USA or 

Europe. In Japan and China, Fasudil has been used for the prevention and treatment of 

cerebral ischemia, as well as for vasospasm following subarachnoid hemorrhage [84]. 

However, since its approval in 1995, several adverse effects such as hypotension, intracranial 

hemorrhage, and abnormal hepatic and renal function have been observed.
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Currently, there are several ROCK inhibitors undergoing clinical trials. Y39983/RKI983, 

AR12286, and AMA0076 are in phase II for ocular hypertension and glaucoma. For 

hypertension and glaucoma treatment, INS117548 is in a phase I clinical trial. BA210 is in a 

phase II clinical trial for spinal cord injury, and SAR407899 is in phase II for treatment of 

erectile dysfunction [85–87]. In addition, many of the so-called ‘pleiotropic’ effects of 

statins or HMG-CoA reductase inhibitors could be mediated by ROCK inhibition [88,89]. In 

cultured cells and animals, inhibition of the Rho/ROCK pathway by statins exerts an anti-

atherogenic effect that is independent of cholesterol reduction. In animals, however, the 

required dose of statins to inhibit the pathway appears to be far higher than that used by 

clinicians for lipid lowering, raising legitimate concerns about the relevance of these 

experimental findings. Consequently, the clinical benefits that are derived from the 

inhibitory effect of ROCK by statins remain to be seen.

An intriguing result of large clinical trials with statins is the reduction in ischemic stroke 

[90]. In human studies of older ischemic patients who were not taking statins at the time of 

admission, discharge statin therapy was associated with a lower risk of major adverse 

cardiovascular events, and the patients had nearly a month more home-time during a 2-year 

post-hospitalization period [88]. Large, placebo-controlled, and randomized trials show that 

statins reduce cerebrovascular events in primary and secondary prevention [91] (4S Group, 

1994; CARE Investigators [92]; LIPID Study Group, 1998 [93]; WOSCOPS Group, 1998 

[94]; HPS Collaborative Group, 2004 [95]). Despite the fact that cohort studies show no 

association between serum cholesterol concentrations and stroke, and that non-statin lipid-

lowering intervention studies did not demonstrate the same level of stroke protection, these 

trials demonstrated that statin treatment reduces the incidence of stroke by 25–30%, most 

likely through non-cholesterol-dependent effects [96,97]. Despite these studies, the precise 

potential use of statin pleiotropy on the Rho/ROCK pathway in the treatment and prevention 

of stroke remains to be further elucidated.

There are a number of other drugs that could also potentially inhibit the RhoA/ROCK 

pathway, including nitrogen-containing bisphosphonates, calcium channels blockers, and 

drugs targeting the renin-angiotensin system [98,99]. Nonetheless, due to the importance of 

ROCK in various aspects of vascular function and the inflammatory cascade, the 

development of selective ROCK inhibitors has garnered significant interest from the 

pharmaceutical industry as a potential therapy for ischemic stroke (Figure 3).

7. Expert commentary

ROCK has been identified as a potential therapeutic target for ischemic stroke. Indeed, some 

of the non-cholesterol lowering benefits of statins may be due to ROCK inhibition by statins. 

Because ROCK is a critical regulator of the actin cytoskeleton, deletion or suppression of 

ROCK activity below basal levels may lead to cellular toxicity and untoward side effects. 

Thus, identifying individuals who are at risk for ischemic stroke and have elevated ROCK 

activity may provide greater precision and a wider therapeutic window regarding who may 

benefit from ROCK inhibition. Furthermore, understanding the patho-physiological role of 

ROCK isoforms in ischemic stroke may lead to the development of isoform-specific ROCK 

inhibitors. Because of the amino acid sequence homology of the kinase domains between 
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ROCK isoforms, this may be difficult if the target is their kinase domains. Nevertheless, 

understanding the function of ROCK1 and ROCK2 in the pathogenesis of ischemic stroke 

may help determine whether selective ROCK inhibitors could be clinically useful.

8. Five-year view

More and more ROCK inhibitors will be developed within the next few years. Some will be 

selective for either ROCK1 or ROCK2, while others will be nonselective. The key question 

in the development of ROCK inhibitors as a therapy for acute ischemic stroke is who would 

be the most likely to benefit. It is reasonable to assume that individuals with elevated ROCK 

activity and who are at risk for ischemic stroke would be the mostly likely population 

selected for a randomized trial to test the benefits of acute ROCK inhibition in stroke 

evolution. Alternatively, genetic association studies may uncover patient populations where 

polymorphisms of ROCK genes may be associated with increased stroke risk. Indeed, we 

have previously shown that ROCK1 polymorphism was associated with increased risk of 

stroke in the Women’s Genome Health Study [100]. The ability to predict who would benefit 

from ROCK inhibitors among all patients with ischemic stroke will greatly help define their 

clinical use.
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Key issues

• ROCK inhibition by Fasudil leads to greater improvements in both 

neurological function and clinical outcomes in patients with ischemic stroke.

• ROCK has been proposed as a key regulator of megakaryocyte endomitosis, 

platelet formation, and platelet release.

• ROCK2 is critical for platelets activation, thrombus formation, and thrombus 

stabilization.

• ROCK inhibitors reduce activation and acumulation of inflammatory cells in 

the brain after reperfusion, and reduce infarct volume in animal models of 

ischemic stroke.

• ROCK inhibitors have been shown to exert neuroprotective effects following 

hypoxia/reoxygenation injury by preventing neurodegeneration and 

stimulating neuroregeneration.

• ROCK signaling may play a critical role in macrophage polarization.

• RhoA/ROCK pathway inhibitors may help attenuate blood brain barrier 

permeability after ischemic stroke.

• Determining the precise role and potential use of ROCK in stroke is limited 

by selectivity of pharmacological inhibitors. There is a potential need for the 

development of safe and selective ROCK inhibitors.
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Figure 1. 
The diagram outlines the key events that occur after ischemic brain injury following 1. 

thrombosis, 2. energy failure, imbalance of ion homeostasis, acidosis, intracellular calcium 

overload, neuronal excitotoxicity, 3. inflammatory cell activation and infiltration, 4. glial cell 

activation and 5. neuronal death with tissue infarction as a final result.
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Figure 2. 
Rho-associated coiled-coil kinase (ROCK) protein structure and activation. (a) The ROCK 

proteins are composed of an amino terminal domain (N-terminal) followed by a coiled-coil 

region with Rho binding domain (RBD). The carboxy-terminal (C-terminal) region contains 

pleckstrin homology domain (PH) and a cysteine-rich region. (b) Inactivation of ROCK by 

intermolecular association of C-terminal and kinase domain, Rho-GTP dependent activation 

and conformational change, and Rho independent activation by ROCK cleavage.
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Figure 3. 
Potential therapeutic benefits of ROCK inhibitors during different pathophysiological events 

in acute ischemic stroke.
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