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neurological function and clinical outcome.10 Thus, the 
inhibition of ROCKs by statins may contribute to some of 
their cholesterol-independent or pleiotropic neuroprotective 
effects.11–13

One of the primary mechanisms underlying statin pleiot-
ropy on endothelial function is due to the upregulation of 
endothelial nitric oxide synthase (eNOS). The increase in 
eNOS expression is due to the stabilization of eNOS 
mRNA.7,14 Furthermore, statins also increase eNOS phos-
phorylation and activity through the rapid activation of 
protein kinase Akt.15,16 Because statins can inhibit ROCK 
activity,13,17 ROCKs, therefore, may be important patho-
physiological mediators of endothelial function through 
their inhibitory effects on both eNOS expression and activity. 
However, statins and ROCK inhibitors such as fasudil and 

R ho-associated coiled-coil-containing kinases (ROCK1 
and ROCK2) are important regulators of cell 
contractility, motility and proliferation.1 In the 

vascular wall, ROCKs mediate smooth muscle contraction, 
and their abnormal activities could contribute to coronary 
and cerebral vasospasm,2 hypertension3 and pulmonary 
hypertension.4 ROCKs are also critical regulators of endo-
thelial function. In particular, we have previously shown 
that ROCK inhibitors (e.g., Y27632, Fasudil) or HMG-
CoA reductase inhibitors (e.g., statins), improve endothelial 
function, increase cerebral blood flow (CBF), and protects 
against focal cerebral ischemia.5–8 Indeed, in patients with 
ischemic stroke, leukocyte ROCK activity is elevated 
within 48 h of stroke onset,9 and acute treatment with the 
ROCK inhibitor, fasudil, leads to improvements in both 
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Background: Rho-associated kinases (ROCK1 and ROCK2) are important regulators of the actin cytoskeleton and endothelial nitric 
oxide synthase (eNOS). Because the phosphorylation of eukaryotic elongation factor-1A1 (eEF1A1) by ROCK2 is critical for eNOS 
expression, we hypothesized that this molecular pathway may play a critical role in neuroprotection following focal cerebral ischemia.

Methods and Results: Adult male wild-type (WT) and mutant ROCK2 and eNOS−/− mice were subjected to middle cerebral artery 
occlusion (MCAO), and cerebral infarct size, neurological deficit and absolute cerebral blood flow were measured. In addition, aortic 
endothelium-dependent response to acetylcholine, NG-nitro-L-arginine methyl ester (L-NAME) and sodium nitroprusside were 
assessed ex vivo. Endothelial cells from mouse brain or heart were used to measure eNOS and eEF1A activity, as well as NO 
production and eNOS mRNA half-life. In global hemizygous ROCK2+/− and endothelial-specific EC-ROCK2−/− mice, eNOS mRNA 
stability and eNOS expression were increased, which correlated with enhanced endothelium-dependent relaxation and neuroprotection 
following focal cerebral ischemia. Indeed, when ROCK2+/− mice were place on an eNOS−/− background, the neuroprotective effects 
observed in ROCK2+/− mice were abolished.

Conclusions: These findings indicate that the phosphorylation of eEF1A1 by ROCK2 is physiologically important for eNOS expression 
and NO-mediated neuroprotection, and suggest that targeting endothelial ROCK2 and eEF1A may have therapeutic benefits in 
ischemic stroke and cardiovascular disease.
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Results
ROCK2 Deficiency Protects Against Cerebral Injury 
Following Transient Focal Cerebral Ischemia
We have previously generated mice with global deficiency 
of ROCK118,19 or ROCK220 on a C57BL/6 background. 
However, embryonic lethality and developmental abnor-
malities were limiting factors in adult studies. In agreement 
with other studies, ROCK2−/− mice were embryonically 
lethal due to placental insufficiency,21,22 while ROCK1−/− 
mice died soon after birth from the development of large 
omphalocoele.23 However, global hemizygous ROCK1+/− 
and ROCK2+/− mice were normal in terms of growth, 
appearance, and fertility, with approximately 50% reduction 
in protein levels of the corresponding ROCK isoform in 
mouse brain endothelial cells (MBEC)8,20,21 (Figure 1A,B, 
n=3). To determine the pathophysiological relevance of 
ROCK deficiency on stroke protection, we induced 

Y27632 are non-selective and cannot distinguish between 
the 2 ROCK isoforms. Furthermore, when given in vivo, 
they cannot distinguish ROCK inhibition in a tissue-
specific manner, and at higher concentrations, they could 
also inhibit other serine-threonine protein kinases such as 
PKA and PKC.8 Hence, a genetic approach with tissue-
specific gene targeting of ROCK isoforms offers the greatest 
likelihood to dissect the role of ROCKs in pathophysio-
logical processes. In this study, we used a genetic approach 
to determine the pathophysiological role of ROCKs in 
mediating endothelial function and cerebral ischemia.

Methods
Materials and methods information are available in the 
Supplementary Materials section (Supplementary File 1).

Figure 1.  Effect of Rho-associated kinase (ROCK) deficiency on cerebral injury following transient middle cerebral artery occlusion 
(MCAO). (A) Expression of ROCK1, ROCK2 and GAPDH in brain tissues and (B) mouse brain endothelial cells (MBEC) of wild-type 
(WT), hemizygous ROCK1+/− and hemizygous ROCK2+/− mice, as assessed by Western blotting (n=3). (C) Coronal brain sections 
(Top to Bottom, Rostral to Caudal) of WT, ROCK1+/− and ROCK2+/− mice stained with 2,3,5 triphenyltetrazolium chloride (Left 
panel). Cerebral infarct volume following MCAO in WT, ROCK1+/− and ROCK2+/− mice (Right panel, n=16–17). (D) Neurological 
deficit score following MCAO in WT, ROCK1+/− and ROCK2+/− mice (n=16–17). (E) Absolute cerebral blood flow, as measured by 
an indicator fractionation technique using radiolabeled [14C] iodoamphetamine in WT, ROCK1+/− and ROCK2+/− mice (n=9–11). 
(F) Expression of ROCK1, ROCK2 and GAPDH in MBECs isolated from control and endothelial cell-specific ROCK2-KO (EC-
ROCK2−/−) mice (n=3). (G) Cerebral infarct volume following MCAO in control and EC-ROCK2−/− mice (n=5–6). (H) Neurological 
deficit score following MCAO in control and EC-ROCK2−/− mice (n=5–6). *P<0.05, **P<0.01. All data are expressed as mean ± SEM.
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or systolic blood pressure (control, 101±2 mmHg; EC-
ROCK2−/−, 105±2 mmHg, n=5) (P=NS for all). However, 
similar to global hemizygous ROCK2+/− mice, EC-
ROCK2−/− mice developed smaller cerebral infarct volume 
(7.5±1.8% vs. 36.9±5.5%, n=5–6, P<0.01) and lower NDS 
(3.0±0.0 vs. 3.6±0.3, n=5–6, P<0.05) following MCAO 
(Figure 1G,H). These results indicate that endothelial-
specific ROCK2 deletion is associated with greater neuro-
protection following focal cerebral ischemia.

ROCK2 Deficiency Enhances Endothelium-Dependent 
Vasomotor Response
To determine whether ROCK2 expression affects vasomotor 
response, we measured isometric tension in aortic rings 
isolated from WT (n=7), ROCK1+/− (n=6), ROCK2+/− 
(n=5) and EC-ROCK2−/− (n=6) mice. The endothelium-
dependent vasodilatory response to acetylcholine (ACh) 
was greater in ROCK2+/− mice than WT mice (P<0.05), 
whereas no differences were observed between ROCK1+/− 
and WT mice (P=NS) (Figure 2A). Similarly, the vasocon-
strictive response to the eNOS inhibitor, L-NAME, was 
greater in ROCK2+/− mice, and to a lesser extent in 
ROCK1+/− mice, compared to that of WT mice (P<0.01 
and P<0.05, respectively; Figure 2B). Indeed, the vasodi-
latory response of aorta from EC-ROCK2−/− (n=6) mice 
was augmented to ACh (P<0.05), but not to sodium nitro-
prusside (SNP; P=NS) compared to that of controls (n=5) 
(Figure 2D,E). These findings suggest that global or EC-
specific ROCK2-deficient mice may have greater aortic 
basal NO release and enhanced endothelium-dependent 
relaxation.

transient focal cerebral ischemia by subjecting ROCK1+/− 
and ROCK2+/− mice to intra-filament transient middle 
cerebral artery occlusion (MCAO). Following reperfusion, 
cerebral infarct volume was substantially smaller in 
ROCK2+/− (13.6±1.8%, n=16) compared to that of wild-type 
(WT) (22±1.9%, n=16, P<0.01) or ROCK1+/− (20.5±1.7%, 
n=17, P<0.01) mice (Figure 1C). There was no difference 
in cerebral infarct volume between WT and ROCK1+/− 
mice (P=NS). This reduction in the severity of cerebral 
injury was correlated with a decreased neurological deficit 
score (NDS) in ROCK2+/− mice (1.9±0.1) compared to that 
of WT (2.4±0.2) and ROCK1+/− (2.2±0.1) mice (P<0.05 for 
both) (Figure 1D). Absolute CBF was higher in ROCK2+/− 
mice (168±15 mL/100 g per min, n=11) compared to that of 
ROCK1+/− mice (133±11 mL/100 g per min, n=11) and WT 
mice (120±19 mL/100 g per min, n=9) (P<0.05 for both) 
(Figure 1E).

Neuroprotection in Mice With Endothelial Cell (EC)-
Targeted ROCK2 Deficiency
To circumvent the lethality associated with global homo-
zygous ROCK2 deficiency and to exclude the role of 
ROCK2 in non-ECs that could contribute to neuropro-
tection, we generated EC-specific ROCK2 deletion using 
Tie2-Cre mice and conditional ROCK2 “floxed” mice.24 At 
10 weeks of age, ROCK2 expression in MBECs from 
EC-ROCK2−/− mice was substantially reduced compared 
to that of Tie2-Cre control mice (Figure 1F, n=3). Com-
pared to controls, the EC-ROCK2−/− mice displayed no 
substantial differences in body weight (control, 40.3±3.3 g; 
EC-ROCK2−/−, 43.8±3.4 g, n=5), heart rate (control, 
525±35 beats/min; EC-ROCK2−/−, 566±34 beats/min, n=5), 

Figure 2.  Aortic vasomotor responses to acetylcholine (ACh), NG-nitro-L-arginine methylester (L-NAME), and sodium nitroprusside 
(SNP). Vascular reactivity of aortic rings from wild-type (WT; n=7), ROCK1+/− (n=6) or ROCK2+/− (n=5) mice to (A) ACh, (B) 
L-NAME, and (C) SNP. (D,E) Aortic vasodilatory response to ACh and SNP from control (n=5) and endothelial cell-specific ROCK2-
KO (EC-ROCK2−/−) (n=6) mice. *P<0.05, **P<0.01. All data are expressed as mean ± SEM. ROCK, Rho-associated kinase.



Circulation Journal Vol.82, April 2018

1198 HIROI Y et al.

Figure 3.  Increased endothelial nitric oxide synthase (eNOS) expression with Rho-associated kinase (ROCK)2 deficiency. Expression 
of eNOS, p-eENOS, p-MBS, t-MBS, and GAPDH in (A) brain tissues and (B) mouse brain endothelial cells (MBECs) of wild-type 
(WT), hemizygous ROCK1+/−, hemizygous ROCK2+/− and (C) endothelial cell-specific ROCK2-KO (EC-ROCK2−/−) mice, as 
assessed by Western blotting (n=3). **P<0.01, ****P<0.0001. All data are expressed as mean ± SEM.

Figure 4.  Nitric oxide (NO) production and endothelial NO synthase (eNOS) mRNA stability in Rho-associated kinase (ROCK)2-
deficient mice. (A) Expression of eNOS, p-eENOS, p-MBS, t-MBS, and β-actin in mouse heart endothelial cells (MHEC, n=3) of 
wild-type (WT), hemizygous ROCK1+/−, and hemizygous ROCK2+/− mice. (B) NO production in the culture supernatants of MHECs 
isolated from WT, ROCK1+/− and ROCK2+/− mice (n=4 in each group). (C) Effect of ROCK1 or ROCK2 hemizygous deletion on 
eNOS mRNA stability in cultured MHECs treated with 5,6-dichlorobenzimidazole riboside (5×10−5 M) for the indicated time periods 
(n=4 in each group). *P<0.05, **P<0.01, ****P<0.0001. All data are expressed as mean ± SEM.
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the neuroprotective effects observed in ROCK2+/− mice, we 
generated double mutant mice by placing global hemizygous 
ROCK1+/− and ROCK2+/− mice on eNOS−/− background. 
In both eNOS−/− ROCK1+/− and eNOS−/− ROCK2+/− mice, 
the protein expression of each ROCK isoform was approx-
imately half that of WT mice, with minimal compensatory 
changes in the other ROCK isoform (Figure 6A). Further-
more, at 10 weeks of age, there were no differences in body 
weight, heart rate or systolic blood pressure in the double 
mutant mice compared to eNOS−/− mice (data not shown). 
Following MCAO, there were no differences in cerebral 
infarct volumes and NDS, respectively, between eNOS−/− 
(27.2±2.2% and 3.0±0.0, n=10), eNOS−/−ROCK1+/− (25.6± 
1.9% and 3.0±0.0, n=14), and eNOS−/−ROCK2+/− (30.0±4.3% 
and 2.8±0.2, n=12) mice (P>0.05 for inter-group com-
parisons) (Figure 6B,C). Furthermore, the mortality rate 
was not different between eNOS−/− (37.5%, n=16), eNOS−/−

ROCK1+/− (26.3%, n=19), and eNOS−/−ROCK2+/− 
(26.7%, n=15) mice (P>0.05 for inter-group comparisons) 
(Figure 6D). These findings indicate that the neuroprotective 
effects observed in global hemizygous ROCK2+/− mice are 
completely abolished in the absence of eNOS, suggesting 
that eNOS mediates the neuroprotective effects of ROCK2 
deficiency.

ROCK2 Deficiency Leads to Increased eNOS Expression 
and NO Production
To investigate the effect of ROCK deletion on eNOS 
expression, we performed Western blotting of brain tissue 
and MBECs from WT, ROCK1+/−, ROCK2+/− and EC-
ROCK2−/− mice. The expression of eNOS was increased by 
2-fold in ROCK2+/− mice compared with that of WT and 
ROCK1+/− mice. Although phospho-Ser1177-eNOS tended 
to be higher in ROCK2+/− mice, the ration of p-eNOS to 
total eNOS was not different when standardized to total 
eNOS expression. Furthermore, the Thr853 phosphorylation 
of the myosin-binding subunit (p-MBS) of myosin light 
chain phosphatase was more than four-fold decreased in 
ROCK2+/− mice compared to that of WT and ROCK1+/− 
mice (Figure 3A,B, n=3, P<0.01 and P<0.0001, respectively). 
Similar to global hemizygous ROCK2+/− mice, MBECs 
isolated from EC-ROCK2−/− mice exhibited an even higher 
increase in eNOS expression and a further decrease in 
phosphorylation of MBS compared to cells from control 
mice (Figure 3C, n=3, P<0.001 and P<0.0001, respectively). 
Taken together, our findings indicate that ROCK2 defi-
ciency in ECs leads to higher eNOS expression compared 
to that of WT or ROCK1 deficiency.

To determine whether increased eNOS expression corre-
lated with higher NO production, we measured nitrite 
(NO2) accumulation in the culture medium from mouse 
heart ECs (MHECs) isolated from WT, ROCK1+/−, and 
ROCK2+/− mice. MHECs were isolated from the same 
animals that were used for isolation of MBECs. We found 
that MHECs show similar eNOS expression and MBS 
phosphorylation as MBECs (Figure 4A, n=3, P<0.0001). 
The NO2 levels were substantially higher in MHECs from 
ROCK2+/− mice compared to MHECs from ROCK1+/− or 
WT mice (Figure 4B, n=4, P<0.01 for both). To determine 
whether the increased eNOS expression in ROCK2+/− mice 
was due to increased eNOS mRNA stability, we treated 
MHECs with the RNA polymerase inhibitor, 5,6-dichlo-
robenzimidazole riboside (DRB), and evaluated the half-
life of eNOS mRNA (Figure 4C, n=4 in each group). The 
half-life of eNOS mRNA in MHECs from ROCK2+/− mice 
was greater than that of ROCK1+/− mice (55.7 vs. 31.5 h, 
P<0.05). The eNOS mRNA half-life in ROCK1+/− mice was 
also slightly greater than that of WT mice (31.5 vs. 20.1 h, 
P<0.05). These findings indicate that ROCK2, and to a 
lesser extent, ROCK1, decreases eNOS mRNA stability.

eNOS Mediates the Neuroprotective Effects of ROCK2 
Deficiency
We assessed potential differences in eNOS expression and 
NO production in brains from WT, ROCK1+/− and 
ROCK2+/− mice following MCAO using Western blotting 
and DAF-FM diacetate, respectively. Brains from 
ROCK2+/− mice exhibited higher eNOS expression in 
the penumbra region compared with that of WT and 
ROCK1+/− mice (Figure 5A,B, n=3, P<0.05). Furthermore, 
NO production in the ipsilateral brain hemisphere of 
ROCK2+/− mice was higher 24 h after MCAO (Figure 5C, 
n=3). These findings indicate that ROCK2+/− mice have 
higher eNOS expression and NO production in the ipsi-
lateral brain hemisphere compared with that of WT and 
ROCK1+/− mice, 24 h after transient cerebral ischemia.

Endothelium-derived NO is an important regulator of 
CBF, and global deletion of eNOS leads to increased 
cerebral infarct size following focal cerebral ischemia.6,25 
To determine whether endothelium-derived NO mediates 

Figure 5.  Rho-associated kinase (ROCK)2 deficiency leads to 
increased endothelial nitric oxide synthase (eNOS) expression 
and NO production in brain tissue after middle cerebral artery 
occlusion (MCAO). Mouse brain tissues were analyzed for 
eNOS expression and NO production with Western blot and 
DAF-FM diacetate staining, respectively, 24 h after MCAO. (A) 
Coronal brain sections were stained with TTC, 24 h after 
MCAO with indicated infarct core and penumbra of ipsilateral 
hemisphere. (B) eNOS expression in brain penumbra of wild-
type (WT), ROCK1+/− and ROCK2+/− mice, 24 h after MCAO 
(n=3). (C) DAF-FM diacetate staining for NO levels in brain of 
WT, ROCK1+/− and ROCK2+/− mice, 24 h after MCAO with 
indicated ischemic core (n=3). *P<0.05. All data are 
expressed as mean ± SEM.
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confirm previous findings, we introduced a phospho-
negative mutation, T432A, into eEF1A1. The ∆eEF1A1 
T432A protein was unable to be phosphorylated by either 
ROCK1 or ROCK2 (Figure 7D), confirming that Thr432 is 
the ROCK phosphorylation site. Taken together, these 
findings indicate that phosphorylation of eEF1A1 at Thr432 
by ROCK2 is critical for binding and destabilization of 
eNOS mRNA.

Inhibition of eEF1A1 Thr432 Phosphorylation by Statin and 
ROCK Inhibitor
To determine whether statins or ROCK inhibitors could 
reduce eEF1A1 Thr432 phosphorylation, human brain 
microvascular ECs (HBMECs) were treated with atorvas-
tatin (10 μmol/L) and fasudil (10 μmol/L) for varying dura-
tions, followed by measurement of phospho-eEF1A1 and 
total eEF1A1 by Western blotting. The phosphorylation 
of a myosin-binding subunit (Thr853 of MBS or MYPT1) 
of myosin light chain phosphatase served as a marker for 
ROCK activity.28 The phosphorylation of eNOS and total 
eNOS was used to assess eNOS activity. Treatment with 
atorvastatin (10 μmol/L, 24 h) led to the greatest reduction 
in ROCK activity, which coincided with the greatest reduc-
tion of eEF1A1 phosphorylation (P<0.0001 for both). 
Maximum phosphorylation of eNOS was detected at 6 h 
(P<0.0001, n=5; Figure 8A). In addition, treatment with 
fasudil (10 μmol/L) for 24 h was also sufficient to inhibit 
ROCK activity and eEF1A1 Thr432 phosphorylation, with 
maximum effect observed at 24 h (P<0.0001). Maximum 
level of eNOS phosphorylation was observed at 12 h after 
treatment (P<0.0001, n=5; Figure 8B). These findings 
indicate that statins and fasudil can inhibit eEF1A1 Thr432 
phosphorylation and increase eNOS phosphorylation, 
which may contribute to some of their neuroprotective 
effects.

Phosphorylation of eEF1A1 Thr432 by ROCK2 Increases Its 
Interaction With eNOS mRNA 3’-UTR
eEF1A1 is an abundant and highly conserved protein in 
eukaryotic cells involved in protein translation machinery 
with strong RNA binding activity. Phosphorylation of 
Thr432 in Domain III of eEF1A1 by ROCK2 regulates its 
competitive reaction with F-actin and eNOS mRNA. To 
analyze eEF1A1 phosphorylation on Thr432, we developed 
a phospho-specific eEF1A1 rabbit polyclonal antibody 
that was generated against the synthetic peptide-containing 
phosphorylated Thr432 (425AVRDMRQ26VAVGV437-amide). 
First, we assessed the Thr432 phosphorylation state of 
eEF1A1 in brain sections and brain ECs in ROCK1+/−, 
ROCK2+/− and EC-ROCK2−/− mice using Western blotting. 
For both tissues, eEF1A1 Thr432 phosphorylation was 
lower in ROCK2+/− and EC-ROCK2 mice compared to 
that of WT or ROCK1+/− mice, with higher differences 
observed in MBEC from EC-ROCK2−/− mice (Figure 7A, 
n=3, P<0.0001). Total eEF1A1 expression was not different 
between the groups.

To determine whether the ROCK2-dependent phos-
phorylation of eEF1A1 affects its interaction with eNOS 
mRNA 3’-UTR, we examined eEF1A1-eNOS mRNA 
binding using RNA electrophoretic mobility shift assay 
(R-EMSA). Phosphorylation of eEF1A1 by ROCK2 
enhanced eEF1A1 binding to eNOS mRNA (Figure 7B), 
which is consistent with eEF1A1’s ability to bind and 
destabilize eNOS mRNA.27

Because ROCKs are serine-threonine protein kinases, 
we also tested whether both ROCK isoforms could phos-
phorylate eEF1A1. We performed in vitro kinase assays 
using GST-eEF1A1 protein and constitutive-active ROCK1 
or ROCK2 proteins. ROCK2 strongly phosphorylated 
eEF1A1, while ROCK1 did so very weakly (Figure 7C). 
This phosphorylation was reduced in the presence of the 
ROCK inhibitor, fasudil (Fas, 100 μmol/L). To pinpoint 
the site of ROCK2 phosphorylation on eEF1A1 and to 

Figure 6.  Effects of endothelial nitric 
oxide synthase (eNOS) deletion on the 
neuroprotective effects of Rho-associ-
ated kinase (ROCK)1 and ROCK2 
deficiency. (A) Expression of ROCK1, 
ROCK2, eNOS, and β-actin in brain 
tissues of wild-type (WT), ROCK1+/−, 
ROCK2+/−, eNOS−/−, eNOS−/−ROCK1+/−, 
and eNOS−/−ROCK2+/− mice. (B,C) 
Cerebral infarct volume (n=10–14), 
neurological deficit score, and (D) 
mortality rate following middle cerebral 
artery occlusion (MCAO) (n=15–19) 
in eNOS−/−, eNOS−/−ROCK1+/−, and 
eNOS−/−ROCK2+/− mice. P>0.05 for all 
inter-group comparisons.
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ROCK2 is the main ROCK isoform in the brain, with 
significant expression in many cell types of the neurovas-
cular unit that is relevant to stroke severity.30–32 With 
availability of global ROCK1+/− and ROCK2+/− hemizy-
gous mice, we have shown that ROCK2 haploinsufficiency 
has a neuroprotective effect in a mouse model of transient 
ischemic stroke. Similar to our results, a recently published 
study using the selective ROCK2 inhibitor, KD025, has 
shown beneficial effects after focal cerebral ischemia.33 
However, the precise mechanism contributing to the 
neuroprotective effects of KD025 is not known. To deter-
mine the tissue specificity in the global ROCK2+/− hemizy-
gous mice, we generated endothelial-specific ROCK2 
deletion using Tie2-Cre mice and conditional ROCK2 
“floxed” mice.24 This model has some limitations as Tie2 is 
also expressed in hematopoietic cells, which could affect 
stroke severity. Indeed, when the Tie2-Cre mouse strain 
was crossed to EGFP or eYFP reporter mouse strain, Cre 
expression was observed in 80–90% of hematopoietic cells.34 
Thus, it is possible that ROCK2 deletion in hematopoietic 

Discussion
We have shown that the loss of endothelial ROCK2, and 
to a lesser extent ROCK1, leads to enhanced endothelial 
function, higher CBF, and greater neuroprotection through 
upregulation of eNOS. This was associated with decreased 
Thr432 phosphorylation of eEF1A1, a protein that is 
directly phosphorylated by ROCK2.29 This mechanism 
probably also contributes to the NO-dependent neuropro-
tective effects of statins and ROCK inhibitors, as statins 
could also inhibit ROCK activity (p-MBS/t-MBS) and 
Thr432 phosphorylation of eEF1A1 (p-eEF1A1/t-eEF1A1) 
while upregulating eNOS expression and activity (p-eNOS/
t-eNOS). Indeed, concomitant loss of eNOS abrogated the 
neuroprotective effects of global ROCK2 hemizygous 
deletion, indicating that the upregulation of eNOS is the 
underlying mechanism of neuroprotection in ROCK2-
deficient mice. Interestingly, ROCK1 hemizygous mice 
exhibited lesser eNOS upregulation, which was not sufficient 
to reduce stroke severity.

Figure 7.  Phosphorylation of eukaryotic elongation factor-1A1 (eEF1A1) by Rho-associated kinase (ROCK)2. (A) Expression of 
p-EF1A1, t-eEF1A1 and GAPDH in mouse brain endothelial cells (MBEC) from wild-type (WT), ROCK1+/−, ROCK2+/− and EC-
ROCK2−/− (n=3). (B) Increased affinity of phosphorylated eEF1A1 to endothelial nitric oxide synthase (eNOS) mRNA 3’-UTR. 
GST-eEF1A1 phosphorylated by ROCK2 increased its affinity to eNOS mRNA 3’-UTR (n=5). (C) Phosphorylation of eEF1A1 by 
ROCK1 and ROCK2 in vitro. Purified ROCK2 protein robustly phosphorylated GST-eEF1A1, whereas purified ROCK1 did so very 
weakly. The upper band represents phosphorylated GST-eEF1A1 (78 kDa), and the lower band auto-phosphorylated ROCK 
(ROCK1: 61.4 kDa; ROCK2: 63.3 kDa). GST, GST only; eEF1A1, GST-tagged eEF1A1; Fas, fasudil (100 μmol/L), (n=5). (D) 
Phosphorylation of eEF1A1 at Thr432 by ROCK2. Mutagenesis of Thr432Ala (∆T432A) abolished the phosphorylation of eEF1A1 by 
ROCK2. The upper band represents phosphorylated GST-eEF1A1 Thr432 and the lower bands the auto-phosphorylated ROCK 
proteins (caROCK1: 61.4 kDa; caROCK2: 63.3 kDa). ****P<0.0001. All data are expressed as mean ± SEM.



Circulation Journal Vol.82, April 2018

1202 HIROI Y et al.

by directly phosphorylating eEF1A1 on Thr432, thereby 
allowing the formation of actomyosin bundles.29,36 Our 
results, therefore, confirm and extend the physiological 
importance of eEF1A1 phosphorylation by ROCK2 on 
eNOS expression in ECs. This may have important impli-
cations for the treatment of cerebral ischemia.

Statins have been shown to improve endothelial function 
by upregulating eNOS expression and activity, in part, 
through a cholesterol-independent or “pleiotropic” mech-
anism.7,14,37,38 Our findings suggest that some of this pleio-
tropic mechanism of statins may be due to Rho/ROCK 
inhibition, reduction of eEF1A1 phosphorylation, and the 
subsequent upregulation of eNOS expression. Indeed, 
similar to statins, the ROCK inhibitor, fasudil, has been 
shown to inhibit eEF1A1 phosphorylation, upregulate 
eNOS, and is neuroprotective.8 In addition to eNOS expres-
sion, statins can increase phosphatidylinositol 3-kinase/
protein kinase Akt and eNOS activities,15,39 and co-treat-
ment with PI3K and eNOS inhibitors have been shown to 
block the vascular protective effects of fasudil.5,15 Other 
potential pleiotropic mechanisms of statin could also be 
due to decreasing activation of reactive oxygen species, 
reduction of abundance of caveolin-1, or increasing of 
Hsp90, which serves as a molecular chaperone or scaffolding 
for the activation of eNOS.7,40,41

The expression of eEF1A1 is elevated in diabetic patients 

cells could contribute to some of the neuroprotective 
effects observed in our Tie2-Cre/ROCK2f/f mice. However, 
because the neuroprotective effects of Tie2-Cre/ROCK2f/f 
mice was absent when these mice were placed on an eNOS-
KO background, most, if not all, of the neuroprotection by 
Tie2-mediated Cre deletion of ROCK2 appears to be due 
to ROCK2 in ECs. Furthermore, vasomotor response of 
aortic rings also suggests that ROCK2-deficient mice have 
higher basal NO release. Indeed, vasomotor responses 
were observed only after endothelial-dependent agents 
(i.e., ACh and L-NAME) treatment, but not after non-
endothelial-dependent stimulation with SNP.

Our findings also demonstrate that the neuroprotective 
effect of ROCK2 deletion occurs through a reduction in 
eEF1A1 phosphorylation in vivo, and an increase in eNOS 
mRNA stability and expression in vitro. Although eNOS 
expression can be regulated at the transcriptional level by 
various conditions and factors such as shear stress and 
TGF-β1, other important mediators of ischemic stroke such 
as hypoxia and TNF-α could also affect eNOS expression 
through modulating eNOS mRNA stability.35 For example, 
upon TNF-α stimulation, eEF1A1 binds to the 3’-untrans-
lated region (3’-UTR) of eNOS mRNA, leading to 
decreased eNOS mRNA stability and expression.27 Similar 
to previous studies, we found that eEF1A1 is a substrate 
of ROCK2, and that ROCK2 can alter F-actin dynamics 

Figure 8.  Inhibition of Rho-associated kinase (ROCK) activity and eEF1A1 phosphorylation by statin and ROCK inhibitor. Human 
brain microvascular endothelial cells (HBMECs) were grown to confluence, serum-starved overnight, and treated with atorvastatin 
(10 μmol/L) or fasudil (10−5 mol/L) for 24 h. Cells were then washed, lysed and analyzed by Western blot. (A) Atorvastatin inhibited 
ROCK activity (pMBS/tMBS), decreased eEF1A1 Thr432 phosphorylation, and increased endothelial nitric oxide synthase (eNOS) 
activity (p-eNOS/t-eNOS) in a time-dependent manner (n=5, P<0.05). (B) Time-dependent effects of the ROCK inhibitor, fasudil, 
on ROCK activity, eEF1A1 Thr432 phosphorylation and eNOS activity (n=5). *P<0.05. All data are expressed as mean ± SEM.
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and animal models of diabetes, which is reversed by treat-
ment with insulin.42 Likewise, patients with metabolic 
syndrome or diabetes have elevated ROCK activity, which 
correlated with endothelial dysfunction in these patients. 
Therefore, ROCK2-mediated eEF1A1 phosphorylation 
may be an important central mechanism leading to endo-
thelial dysfunction in diabetic patients.

In summary, we have identified eEF1A1 and eNOS as 
physiologically important ROCK2-dependent targets for 
ischemic stroke and other endothelium-dependent vascular 
diseases. Improving endothelial function through the 
inhibition of endothelial ROCK2 and eEF1A1 phosphor-
ylation, therefore, may have therapeutic benefits in cardio-
vascular disease, and could contribute to some of the 
cholesterol-independent or “pleiotropic” effects of statin 
therapy. Further studies are need, however, to determine 
how the binding of phosphorylated eEF1A1 to eNOS 
mRNA leads to eNOS mRNA degradation, and whether 
this mechanism could extend to other eukaryotic mRNAs.
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