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Abstract. Vascular remodeling in response to hemodynamic 
alterations is a physiological process that requires coordinated 
signaling between endothelial, inflammatory and vascular 
smooth muscle cells (VSMCs). Extensive experimental and clin-
ical studies have indicated the critical role of the Ras homolog 
gene family, member  A/Rho‑associated kinase (ROCK) 
signaling pathway in the pathogenesis of cardiovascular 
disease, where ROCK activation has been demonstrated to 
promote inflammation and remodeling through inducing 
the expression of proinflammatory cytokines and adhesion 
molecules in endothelial cells and VSMCs. However, the role 
of ROCK in flow‑induced vascular remodeling has not been 
fully defined. The current study aimed to investigate the effect 
of the ROCK signaling pathway in flow‑induced vascular 
remodeling by comparing the responses to partial carotid 
artery ligation in mice treated with fasudil (a ROCK inhibitor) 
and untreated mice. Intima‑media thickness and neointima 
formation were evaluated by morphology. VSMC prolif-
eration and inflammation of the vessel wall were assessed 
by immunohistochemistry. In addition, the expression levels 
of ROCK and the downstream effectors of ROCK, myosin 
light chain (MLC) and phosphorylated‑MLC (p‑MLC), were 
quantified by western blot analysis. Following a reduction in 
blood flow, ROCK1 and p‑MLC expression increased in the 
untreated left common carotid arteries (LCA). Fasudil‑treated 

mice developed a significantly smaller intima‑media thick-
ness compared with the untreated mice. Quantitative 
immunohistochemistry of the fasudil‑treated LCA indicated 
that there was a reduction in proliferation when compared with 
untreated vessels. There were fewer CD45+ cells observed in 
the fasudil‑treated LCA compared with the untreated LCA. 
In conclusion, the expression of ROCK was enhanced in 
flow‑induced carotid artery remodeling and ROCK inhibition 
as a result of fasudil treatment may attenuate flow‑induced 
carotid artery remodeling.

Introduction

Vascular remodeling of the carotid arteries, characterized by 
carotid artery intima‑media thickening (IMT), may be key 
in the pathogenesis of various cardiovascular diseases (1,2). 
Recruitment and infiltration of inflammatory cells into the 
vascular walls, followed by the subsequent secretion of cyto-
kines and growth factors leads to vascular smooth muscle cell 
(VSMC) proliferation and migration, which results in vascular 
remodeling  (3). Abnormal shear stress, as well as various 
other stimuli, has been proposed as a critical factor that leads 
to vascular remodeling (4,5). To further investigate this, a 
mouse model of IMT was developed, which was induced 
by partial ligation of the left common carotid artery (LCA) 
enabling regulation of the flow rates (6‑8). Rho‑associated 
kinase (ROCK) belongs to the AGC [protein kinase  A 
(PKA)/protein kinase G/protein kinase C (PKC)] family of 
serine/threonine kinases, which is a key downstream effector 
of the small GTPase, Ras homolog gene family, member A 
(RhoA) (9). There are two ROCK isoforms, namely ROCK1 
(also referred to as ROKα or p160ROCK) and ROCK2 (also 
referred to as ROKβor Rho-kinase). ROCK regulates actin 
cytoskeletal reorganization, smooth muscle contraction and 
cell migration  (10,11). Previous studies demonstrated that 
ROCK participates in numerous cardiovascular diseases, 
leading to abnormal contraction of smooth muscle, for 
example, cerebral and coronary vasospasm (12,13), hyperten-
sion (14) and abdominal aortic aneurysm (9). Thus, ROCK is 
regarded as an important therapeutic target for the treatment 
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of various cardiovascular conditions, including hypertension, 
atherosclerosis, heart failure and ischemic damage  (10). 
However, whether the activity of ROCK is involved in 
flow‑induced vascular remodeling remains unclear. In the 
current study, by investigating the effect of fasudil (the ROCK 
inhibitor) on vascular remodeling following a reduction in 
blood flow, the aim was to quantify the variations in ROCK 
expression in response to flow rate reduction, and investigate 
the specific role of fasudil in reducing recruitment of inflam-
matory cells, proliferation and migration of VSMCs.

Materials and methods

Animals. A total of  85 male mice (weight, 20-25  g; age, 
8‑weeks; Academy of Military Medical Sciences) were used 
in the current study and all procedures were approved by the 
Medical Ethics Committee of Peking University People’s 
Hospital (Beijing; permit number, 2012‑13). The control group 
consisted of 5 mice. The remaining 80 mice were randomly 
divided into 8 groups, with 10 mice per group. The were fed 
a standard diet and maintained in a specific‑pathogen free 
environment in our hospital, with a 12 h light/dark cycle, and a 
house temperature of 20-28˚C. 

Experimental protocol. Blood flow reduction in the LCA 
and flow measurements were performed as previously 
described (6). Briefly, each C57Bl/6J mouse was anesthetized 
with ketamine and xylazine (0.2  mg/kg; Sigma‑Aldrich, 
St. Louis, MO, USA) and were maintained at 37˚C on a heating 
pad. Antibiotics (50 mg/kg cefazolin; Sigma‑Aldrich) and 
10 mg/kg analgesic (pentazocine via intramuscular injection; 
Sigma‑Aldrich) were delivered subsequent to wound closure 
and sterilization with entoiodin (Sigma‑Aldrich). The left 
external carotid artery distal to the thyroid artery and the left 
internal carotid/occipital artery were ligated with 8‑0 sutures 
(Ethicon, Inc., Somerville, NJ, USA). A partial blood flow was 
maintained through the superior thyroid branch (15). In the 
sham group, vessel isolation was conducted with suture placed 
without ligation. The ROCK inhibitor, fasudil (Tianjin Chase 
Sun Pharmaceutical Co., Ltd., Tianjin, China) was dissolved in 
normal saline and injected intraperitoneally at 30 mg/kg/day 
following LCA partial ligation until day 28. The mice were 
sacrificed through acute blood loss on days 3, 7, 14 and 28 for 
morphology and immunohistochemical analysis. The blood 
flow was measured in the carotid arteries using an ultrasonic 
flow meter (INC T101; Transonic Systems, Inc., Ithaca, NY, 
USA). The systolic blood pressure and heart rate of the 
conscious mice were monitored indirectly via the tail arteries 
(Visitech Systems, Apex, NC, USA).

Morphology. On days 3, 7, 14 and 28 following surgery, the 
vasculature was fixed by transcardial perfusion at 100 mmHg 
with 25  ml  10% paraformaldehyde (ZSGB-BIO, Beijing, 
China) in sodium phosphate buffer (pH 7.0; Sigma‑Aldrich), as 
previously described (16). The left and right common carotid 
arteries were harvested and embedded in paraffin. Cross 
sections were stained with hematoxylin and eosin (H&E) and 
elastic‑van Gieson (EVG; ZSGB-BIO), and microscopic images 
were captured using a Olympus IX83 microscope (Olympus, 
Tokyo, Japan). These were analyzed using ImageJ software 

version 1.48u (National Institutes of Health, Bethesda, MD, 
USA). The circumference of the lumen, and the length of the 
internal elastic lamina (IEL) and the external elastic lamina 
(EEL) were determined by tracing along the luminal surface. 
The circumference of the lumen was used to represent the 
luminal area. Using ImageJ, the intimal area was determined 
as the area defined by the luminal surface and the IEL. The 
medial area was defined by the IEL and EEL. The adventitia 
area was defined by the EEL and vessel surface.

Immunohistochemical analysis. Immunohistochemical 
analysis of the paraffin‑embedded vessel cross sections was 
performed as previously described (17). Sections (thickness, 
3 µm) from the carotid arteries of the mice that were sacrificed 
on days 3, 7, 14 and 28 following ligation were obtained at 1 mm 
proximal to the ligature. The common carotid arteries were cut 
longitudinally and antibodies against cluster of differentiation 
(CD)45 monoclonal antibody (mAb; 1:50; cat. no. ZM-0213; 
ZSGB‑BIO), CD68 mAb (1:100; cat. no. UM800047; OriGene 
Technologies, Inc., Rockville, MD, USA), proliferating cellular 
nuclear antigen (PCNA) mAb (1:50; cat. no. TA301137; Cell 
Signaling Technology, Inc., Danvers, MA, USA) and smooth 
muscle cell (SMC) α‑actin mAb (1:100; OriGene Technologies, 
Inc.) were used. Antigen retrieval was performed for cross 
sections with citric acid monohydrate (BD Pharmingen) at 
95˚C for 20 min. Subsequently, the endogenous peroxidase 
activity was blocked by incubation for 20 min in methanol 
with3%  H2O2 (ZSGB‑BIO), followed by incubation with 
the goat serum to mask any non‑specific binding. For 
avidin‑biotin‑peroxidase complex (ABC) staining, the primary 
antibodies were incubated at 4˚C overnight, followed by 
secondary antibody (EnVision™; Dako, Glostrup, Denmark) 
incubation at room temperature for 60 min and 30 min with the 
ABC complex (Vector Elite; Vector Laboratories, Burlingame, 
CA, USA). The peroxidase‑binding sites were visualized with 
3,3'diaminobenzidine (Vector Laboratories), followed by 
hematoxylin counterstaining. En face preparations were evalu-
ated with a Leica confocal microscope (TCS SP5 II; Leica, 
Microsystems GmbH, Wetzlar, Germany).

Western blotting. Vascular tissues were homogenized in 
ice‑cold buffer (50 mmol/l Tris, pH 7.4; 150 mmol/l NaCl; 
0.5% Triton X‑100; 1 mmol/l edetic acid; 1 mol/l phenylmeth-
ylsulfonyl fluoride; and 5 mg/l aprotinin) and centrifuged at 
14,000 x g at 4˚C for 15 min. The supernatants were then 
collected as total proteins, which were electrophoresed through 
8% SDS‑PAGE (Sigma‑Aldrich) and electrically transferred to 
a nitrocellulose membrane. The membrane was incubated at 
4˚C overnight in Tris(hydroxymethyl)aminomethane buffered 
saline (TBS) containing 5% milk and the primary antibodies 
(1:1,000 dilution, Cell Signaling Technology, Inc.) against 
ROCK1, myosin light chain (MLC) and p‑MLC. Subsequent 
to washing with TBS, the membranes were incubated with the 
secondary antibody (goat anti‑rabbit IgG horseradish peroxi-
dase conjugated) at room temperature for 1 h. The protein 
expression levels of ROCK1 mAb (cat.  no.  4035S), MLC 
mAb (cat. no. 3672S) and p‑MLC mAb (cat. no. 3675S) were 
determined by western blotting where the relative quantity of 
protein was determined by densitometric analysis (Graigar 
DM3011; Graigar Technology Co., Ltd., Shenzhen, China). 
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The densitometric intensities of ROCK1, MLC and p‑MLC 
were normalized to GAPDH values.

Statistical analysis. Data are represented as the mean ± stan-
dard error of the mean. Comparisons for two groups were 
performed using Student's t‑test. The differences among three 
or more groups were determined using one‑way analysis of 
variance with Fisher's exact post‑hoc test (Graphpad Software, 
Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a 
statistically significant difference. Differences among groups 
were analyzed by repeated measures three times.

Results

Physiological and hemodynamic characteristics of C57B1/6J 
mice under partial ligation of carotid arteries. The mouse 
model used in the current study included ligation of the internal, 
external carotid and occipital arteries. Partial blood flow was 
maintained through the superior thyroid branch of the external 
carotid artery (Fig. 1A). This mouse model demonstrated 
significant alterations in blood flow patterns with a reduction 
of ~80% in the LCA and a 40% increase in the right intact 
common carotid arteries (Fig. 1B). This result was consistent 
with previous studies (18‑20). For fasudil‑treated mice, almost 

no influence on blood flow was observed prior or subsequent 
to LCA ligation (Fig. 1B) and abdominal administration of 
fasudil did not influence systemic blood pressure, which was 
consistent with previous reports (6). In summary, the LCA 
blood flow was significantly reduced in the mouse model, 
inducing intima‑media thickness and neointima formation 
with almost no luminal alterations in LCAs.

ROCK signaling pathway activation in partially ligated vessels. 
To determine whether the ROCK signaling pathway participated 
in the flow‑induced vascular remodeling, western blotting was 
used to analyze the protein expression levels of ROCK1, ROCK2 
and their downstream effectors, MLC and p‑MLC (Fig. 2). On 
days 7 and 28, significant increases in ROCK1 and p‑MLC were 
observed in ligated LCA compared with in the sham groups 
(P<0.001) while no significant differences in ROCK2 and MLC 
were identified (Fig. 2A). In addition, fasudil was demonstrated 
to attenuate these variations, leading to significant reductions in 
protein expression of ROCK1 and p‑MLC in the fasudil‑treated 
group compared with the untreated mice (Fig. 2B; P<0.05 and 
P<0.01, respectively).

Fasudil inhibits IMT and neointima formation in partially 
ligated LCA. In order to assess how blood flow affects 

Figure 1. (A) Image of the ligation performed in the current study. Black arrows demonstrate the ligation points and the intact thyroid artery is highlighted 
by a black star. (B) The blood flow rate variations (reduction in LCA and increase in RCA) observed following partial ligation. Blood flow on the two sides 
was comparable in the sham and fasudil‑treated groups prior and subsequent to ligation. Values are presented as the mean ± standard error of the mean, n=8 
(number of vessels) ***P<0.001. LCA, left common carotid artery; RCA, right common carotid artery; ECA, external carotid artery; ICA, internal carotid artery. 
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arterial remodeling in vivo, the LCA partial ligation model 
was developed, enabling flow‑induced remodeling in the 
common carotid arteries of fasudil‑treated and untreated 
mice to be examined and compared. H&E staining of the 
LCA vessel areas (Fig. 3A) demonstrated no differences in 
the sham fasudil‑treated and untreated vessels. Furthermore, 
in response to a reduced flow in the LCA, the ligated LCA 
exhibited medial thickening and neointima formation. Seven 
days after ligation, no significant differences were observed 
between the fasudil‑treated and untreated vessels. By contrast, 
14 days subsequent to ligation, the areas of the vessel walls in 
the fasudil‑treated mice were found to be markedly different 
from the sham mice. However, the untreated vessels exhibited 

clear medial thickening with little neointima formation 
(Fig. 3A). Twenty‑eight days after ligation, the fasudil‑treated 
mice exhibited a notable reduction in the media with a small 
quantity of neointima formation when compared with the 
untreated mice (Fig. 3A). Thus, ROCK inhibition may effec-
tively reduce IMT and neointima formation that is induced 
by low blood flow in the carotid arteries. Through EVG 
staining, no significant alterations of the elastic lamina were 
observed, however, an increase in the media extracellular 
matrix was identified in the LCA (Fig. 3B). Extracellular 
matrix increase in the media was one of the most widespread 
and clear morphological features observed. On day 28, the 
neointima developed in the two groups, more extensively in 

Figure 2. ROCK expression in sham and ligated mice. (A) Expression of ROCK isoforms and downstream markers of ROCK in LCA from fasudil‑treated 
and untreated mice, with and without LCA partial ligation on days 3, 7, 14, and 28. Quantification of ROCK1, ROCK2, MLC and p‑MLC in LCA from 
fasudil‑treated and untreated mice on (B) day 7 and (C) day 28 [n=8 (number of vessels); *P<0.05, **P<0.01 and ***P<0.001]. ROCK, Rho‑associated kinase; 
LCA, left common carotid artery; MLC, myosin light chain; p‑MLC, phosphorylated‑MLC.

  A
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the untreated mice than in the fasudil‑treated mice (Fig. 3B). 
For fasudil‑treated mice, the medial and intima + media 
areas were reduced by ~28% (P<0.05) and 45% (P<0.001), 
respectively, compared with the untreated group (Fig. 3C). 
Medial and intima  +  media thickness was significantly 
reduced by 18% (P<0.05) and 32% (P<0.05), respectively, in 
the fasudil‑treated group when compared with the untreated 
group (Fig. 3C). These data indicate that the ROCK inhibitor 
is capable of reducing the extent of hyperplasia following 
carotid ligation. No significant differences were observed in 
the lumenal area of the four groups (Fig. 3D).

Inhibition effect of fasudil on VSMC proliferation. Various 
studies have demonstrated that VSMC proliferation is a driving 

force for vascular remodeling in response to flow reduc-
tion (6,21,22). To gain further insights into the mechanisms of 
ROCK signaling pathway‑based vascular remodeling, the level 
of VSMC proliferation in the vascular wall was assessed by 
staining for PCNA. As presented in Fig. 4A, PCNA staining 
in the vascular wall was absent in the early stage following 
carotid artery ligation. On day 28, subsequent to ligation, 
in the untreated ligated mice the PCNA‑positive cells had 
significantly increased and were observed to migrate into the 
neointima, when compared with the fasudil‑treated ligated 
mice (P<0.001; Fig. 4A).

To characterize the phenotype of VSMCs, staining for 
SMC α‑actin expression was performed. On day 14 subse-
quent to ligation, α‑actin‑positive cells were observed to 

Figure 3. Morphology of the control and fasudil‑treated carotid arteries following ligation. (A) Representative light microscopy images of hematoxylin 
and eosin‑stained carotid artery cross sections obtained from the control and fasudil‑treated mice. Medial thickening was observed in the control and 
fasudil‑treated mice on day 7, and neointima formation was apparent on days 14 and 28 (magnification, x40; scale bar, 20 µm). (B) Elastic‑van Gieson staining 
of carotid arteries from LCA cross‑sections with or without fasudil treatment four weeks after ligation (sham, sham + fasudil, ligation and ligation + fasudil; 
magnification, x40; scale bar, 20 µm). (C) Representative light microscopy images of hematoxylin and eosin‑stained RCA cross sections obtained from the 
sham and ligated mice (magnification, x40; scale bar, 20 µm). (D) Volumes of vessel components, including the lumen, media and media + intima, in addition 
to the vessel wall thickness of the media and media + intima. Black and white bars indicate fasudil‑treated and untreated groups, respectively. Values are 
presented as the mean ± standard error of the mean; n=8 (number of vessels). *P<0.05, ***P<0.001 (by analysis of variance). LCA, left common carotid artery; 
RCA, right common carotid artery.
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migrate to the intima‑media area in the fasudil‑treated and 
untreated vessels. On day 28, subsequent to ligation, a mark-
edly increased intensity of α‑actin‑positive cells accumulated 

in the neointima area of the untreated ligated mice, whereas 
there was a reduced intensity of α‑actin staining in the media 
and neointima of the fasudil‑treated mice (Fig. 4B).

Figure 5. Flow‑induced vascular remodeling is associated with the accumulation of inflammatory cells. The accumulation of leukocytes and macrophages 
was assessed by CD45 and CD68 immunohistochemistry (hematoxylin and eosin counterstaining), respectively. In the ligated mice without fasudil treatment, 
leukocyte accumulation was apparent in all the layers, while fewer leukocytes accumulated within the ligated mice that were treated with fasudil. (A) Positive 
cells are represented by black arrows (magnification, x40; scale bar, 20 µm). (B) Ligation of fasudil‑treated mice demonstrated reduced macrophage accumula-
tion in the vessel walls (magnification, 40x; scale bar, 20 µm). (C) Positive cells per area. (D) Positive cells per total cells. (E) Positive cells per area. (F) Positive 
cells per total cells. Values are presented as the mean ± standard error of the mean, n=8 (number of vessels). ***P<0.001. CD, cluster of differentiation.

  A   B   C

  D   E   F

Figure 4. Flow‑induced vascular remodeling is reduced in fasudil‑treated mice. Proliferation and migration of vascular smooth muscle cells were identified by 
immunohistochemistry on paraffin‑embedded sections of the carotid arteries from wild‑type C57Bl/6J mice. (A) PCNA expression in the LCA of (a) untreated 
or (b) fasudil‑treated arteries (16.1±2.4% vs. 5.2±2.1%; ***P<0.001). Values are presented as the mean ± standard error of the mean; n=8 (number of vessels). 
(B) Smooth muscle cell α‑actin staining of LCA cross‑sections from fasudil‑treated and untreated mice 14 days and 28 days subsequent to ligation (vascular 
smooth muscle cells are stained brown; magnification, x40; scale bar, 20 µm). PCNA, proliferating cell nuclear antigen; LCA, left common carotid artery.

  A   B
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Fasudil treatment induced a reduction of inflammatory cell 
infiltration to the vascular wall, in the partially carotid ligated 
mouse model. Previous studies have demonstrated that the 
inflammatory response is important during vascular remod-
eling (6). Inflammatory cell interaction and recruitment to the 
vascular wall contributes to neointima formation and vascular 
inflammation (5). In the current study, inflammatory cells were 
identified by staining for the leukocyte antigen, CD45, which was 
followed by quantitative analysis using ImageJ software (23).

In the sham group, quantitative evaluation demonstrated 
that there were almost no CD45+ cells within the mouse 
intima‑media area and few in the adventitia (Fig. 5A). Ligation 
notably increased the number of leukocytes in the vessel 
walls, where the majority of CD45+ cells were infiltrated to the 
neointima area and a small portion remained in the media area 
(Fig. 5A). For fasudil‑treated mice, the number of CD45+ cells 
infiltrated into the vessel wall was markedly reduced (Fig. 5A).

Macrophages in the vessel wall were identified by staining 
for antigen CD68 (a macrophage marker). In the sham group, 
there were almost no CD68+ cells observed in the mouse 
intima‑media area and adventitia (Fig. 5B). Ligation signifi-
cantly increased the number of CD68+ cells present in the 
vessel walls, with a significant increase in the intima‑media 
area, particularly in the neointima. For fasudil‑treated mice, 
infiltration of CD68+ cells to the vessel wall was markedly 
reduced (Fig. 5B).

The graph in Fig. 5C demonstrates that the number of 
CD45+ cells infiltrated to the intima‑media area in the ligated 
untreated vessel walls was ~5‑fold that of the fasudil‑treated 
vessels (Fig. 5C). The percentage of CD45+ cells among all 
the cells in the ligated vessel walls was ~3‑fold that of the 
fasudil‑treated vessels (Fig. 5D). In addition, the number of 
CD68+ cells infiltrated into the intima‑media area in the ligated 
untreated vessel walls was ~3‑fold that of fasudil‑treated 
vessels (Fig. 5E). The percentage of CD68+ cells among all 
the cells in the ligated vessel walls was ~2.5‑fold that of the 
fasudil‑treated vessels (Fig. 5F). In summary, inhibition of 
the ROCK signaling pathway may reduce inflammatory cell 
infiltration to the vascular walls.

Discussion

Flow‑induced vascular remodeling is a complex process, 
involving the expression of multiple genes and the interaction 
of multiple cell types (24). Previous studies based on inbred 
mouse or rat strains have demonstrated the role of genetic 
factors in vascular remodeling and IMT (21,25). The obser-
vations of the current study provide the first evidence that 
ROCK is required for flow‑induced remodeling and IMT. The 
important conclusions of the current study include: i) Protein 
expression levels of ROCK1 and p‑MLC significantly increased 
in response to the blood flow reduction in LCA. ii) Fasudil 
prevents the process of flow‑induced vascular remodeling by 
reducing IMT and neointima formation. iii) Fasudil inhibits 
proliferation of VSMCs in vascular remodeling. iv) Fasudil 
alleviates inflammatory cell infiltration into the vascular walls 
during the process of vascular remodeling.

The current study aimed to investigate the ROCK effects on 
flow‑induced vascular remodeling based on partial ligation of 
the LCA in C57Bl/6J mice. The left external carotid, internal 

carotid and occipital arteries were ligated leaving the superior 
thyroid artery intact. Sham procedures consisted of suturing 
without ligation. This ligation reduces ~80% of the flow rate 
in the LCA and increases the flow rate in the right common 
carotid arteries by ~40% with the endothelium intact (18‑20). 
The current study is, to the best of our knowledge, the first 
to investigate the effects of ROCK on flow‑induced vascular 
remodeling. The positive effect of fasudil was previously 
demonstrated in animal models associated with vascular 
injury and arteriosclerosis in general (25-28). Previously, 
fasudil (136 or 213 mg/kg/day) was demonstrated to attenuate 
angiotensin II‑induced abdominal aortic aneurysm in apolipo-
protein E (apoE)‑KO mice without affecting blood pressure (9). 
Furthermore, fasudil (30 mg/kg/day) was reported to prevent 
early atherosclerotic plaque formation and terminate lesion 
progression in apoE‑KO mice (29). In the current study, fasudil 
(30 mg/kg/day) was injected intraperitoneally into mice, and 
almost no influence on blood pressure was noted (Fig. 1B). 
In the current study, abdominal administration of fasudil (the 
inhibitor of ROCK) was demonstrated to reduce IMT and 
neointima formation, inhibit cell proliferation and alleviate 
inflammation to the vessel walls. Thus, it was proposed that 
the inhibition of ROCK is able to attenuate flow‑induced 
vascular remodeling.

Previous studies have demonstrated that the ROCK/MLC 
signaling pathway is extensively described in VSMCs (30‑33) 
and ROCK1, rather than ROCK2, mediates leukocyte recruit-
ment and neointima formation following vascular injury (34). 
In the present study, western blot analysis was used to quantify 
the relative quantity of proteins of partially ligated LCA with 
and without fasudil treatment. ROCK1 protein expression 
levels significantly increased in untreated ligated vessels 
when compared with vessels of the sham group. Subsequent to 
ligation, the expression levels of ROCK1 protein significantly 
reduced in fasudil‑treated mice compared with untreated 
mice. A similar trend was observed for the expression of 
p‑MLC. Thus it was concluded that ROCK is involved in the 
pathogenesis of vascular remodeling following flow reduction, 
and that ROCK inhibitors effectively attenuate flow‑induced 
vascular remodeling.

In the current study, the mice subjected to 28 days of LCA 
partial ligation with or without fasudil treatment were observed 
to exhibit IMT and neointima formation in the vessel walls. 
Evaluated by H&E and EVG staining, 28 days subsequent to 
ligation, fasudil‑treated mice exhibited a significant reduc-
tion in media with a lower quantity of neointima formation 
when compared with untreated ligated mice (Fig. 3A and B). 
In addition, significantly reduced intima‑media thickness and 
neointima formation in fasudil‑treated mice were observed. 
These results indicated that inhibition of ROCK results in the 
attenuation of IMT and neointima formation following flow 
reduction, which is consistent with previous studies (34).

Migration and proliferation of VSMCs are important 
factors involved in flow‑induced vascular remodeling. In 
the current study, the number of PCNA‑positive cells in 
the medial and intimal areas was markedly reduced in the 
fasudil‑treated mice when compared with their untreated 
counterparts (Fig. 4A). In addition, VSMCs in fasudil‑treated 
vessels exhibited lower migration and proliferation capa-
bilities compared with untreated vessels. These observations 
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indicate that the inhibition of the ROCK signaling pathway 
reduces VSMC migration and proliferation. Furthermore, the 
reductions in VSMC proliferation in the neointima observed 
in fasudil‑treated mice may result from the reduction in the 
inflammatory response of the vessel wall (for example, reduc-
tion in leukocyte recruitment, and the subsequent reduction 
in the release of inflammatory and growth stimuli) (Fig. 4A).

Vascular inflammation participates in flow‑induced 
vascular remodeling, while ROCK1 has been proposed to 
serve a critical role in vascular inflammatory diseases (35). 
Upregulation of the active form of RhoA leads to a significant 
increase in inflammatory cell accumulation in the endothelial 
cell monolayer in the present study, which was prevented 
by administration of fasudil. Similarly, fasudil has been 
demonstrated to inhibit MCP‑1‑induced migration of leuko-
cytes (36). In the current study, CD45+ cells were measured 
on days 14 and 28 subsequent to ligation, a greater number of 
CD45+ cells were observed to accumulate in the medial‑intimal 
areas of the untreated mice, making up ~50% of the total cell 
count. In the fasudil‑treated mice, the CD45+ cell counts were 
significantly reduced to ~15% of the total cell count (P<0.001; 
Fig. 5D). Furthermore, CD68+ cells were almost absent in the 
sham vessels, were significantly increased in the partially 
ligated vessels, and this increase was partially reversed by 
fasudil treatment. Thus, ROCK signaling pathway inhibition 
prevents inflammatory cells from infiltrating the vessel walls 
in flow‑induced vascular remodeling.

Concerning the limitations of the current study, as fasudil 
is a non‑selective ROCK inhibitor, it may have additional 
non‑selective effects (36‑38), and at higher concentrations, 
fasudil may additionally inhibit serine/threonine kinases, such 
as PKA and PKC (39). In addition, no dose comparison was 
included in the present study.

In conclusion, the present study identified the involvement 
of the ROCK signaling pathway in flow‑induced vascular 
remodeling, observing significant ROCK1 expression level 
increases in ligated LCA. p‑MLC, as the activated downstream 
effector of ROCK, was also significantly increased in ligated 
mouse LCA. Fasudil, as a ROCK inhibitor, was demonstrated 
to reduce ROCK1 and p‑MLC expression levels in ligated mice 
and attenuate the process of flow‑induced vascular remodeling 
(for example, IMT, VSMC migration, and proliferation and 
lymphocyte accumulation). The current study elucidated the 
role of ROCK signaling in the regulation of vascular remod-
eling, and highlighted the role of a ROCK inhibitor, fasudil, in 
the attenuation of the process of flow‑induced vascular remod-
eling. Therefore, further characterization of ROCK signaling 
and its pharmacological modulation may lead to the develop-
ment of novel therapeutic strategies for targeting flow‑induced 
vascular remodeling.
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