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Abstract. Low blood fluid shear stress (SS) promotes vascular 
remodeling and atherosclerosis; however, the effects of high 
(H)SS on vascular remodeling and atherogenesis is not fully 
clarified. The major goal of this study was to investigate the role 
of HSS in atherosclerotic plaque formation. A perivascular SS 
modifier was implanted in the right carotid artery of apolipo‑
protein E (ApoE)‑/‑ mice to induce HSS, whereas the left carotid 
artery represented undisturbed (U)SS as a control in vivo. 
In vitro modeling used human umbilical vein endothelial cells 
and vascular smooth muscle cells exposed to HSS (2.5 Pa) 
using a parallel‑plate flow system. The results demonstrated 
that there were no plaque formations or endothelial cells in the 
HSS regions of the carotid artery in ApoE‑/‑ mice. The number 
of umbilical vein endothelial cells was markedly decreased 
in a time‑dependent manner in HSS. HSS significantly 
decreased α‑smooth muscle actin and increased osteopontin 
protein expression levels compared with USS in vascular 

smooth muscle cells (P<0.05). In addition, HSS significantly 
increased the protein expression levels of collagen α1(XVIII) 
chain/endostatin and matrix metalloproteinase‑8 in vascular 
smooth muscle cells. These data indicated that HSS may 
prevent atherosclerotic plaque formation through endothelium 
denudation and contractile‑to‑synthetic phenotypic conversion 
of smooth muscle cells.

Introduction

Vascular wall shear stress (SS) is crucially important in 
regulating vascular physiology and pathobiology of the vessel 
wall in atherosclerosis  (1). Low (L)SS promotes vascular 
inflammation and atherosclerosis, whereas high  (H)SS is 
protective (2‑7). Although there have been a number of studies 
on endothelial cell (EC) responses in LSS environments, little 
attention has been devoted to understanding the role of HSS in 
atherosclerosis or atherosclerotic plaque formation (8).

HSS, usually regarded as >2.5Pa, has been reported to 
contribute to adaptive outward remodeling, pathological 
remodeling leading to saccular aneurysm initiation and insta‑
bility of atherosclerotic plaques (9). Cheng et al (10) developed 
a perivascular SS modifier, referred to as a cast, that induced 
changes in SS patterns in apolipoprotein E (ApoE)‑deficient 
mice. They found that atherosclerotic lesions developed in the 
LSS region, whereas no atherosclerotic lesions were found in 
the HSS region.

Vascular ECs are exposed to hemodynamic forces under 
normal physiological conditions. A previous study demon‑
strated that early‑stage atherosclerosis is characterized by 
endothelial dysfunction (11). ECs are sensors of blood fluid 
SS and transduce the frictional force from blood flow into 
biochemical signals that regulate gene expression and cell 
behavior through specialized pathways, such as caveolae or 
caveolin‑1  (8). Endothelial dysfunction in atherosclerosis 
impairs endothelium‑dependent vasodilation and may lead 
to other pathophysiological consequences, such as increased 
chemotactic and adhesion molecule expression (12), increased 
monocyte/macrophage recruitment and accumulation, 

High fluid shear stress prevents atherosclerotic plaque 
formation by promoting endothelium denudation and 
synthetic phenotype of vascular smooth muscle cells

JUAN WANG1,  YAN WANG1,  LIN SHENG1,  TIAN HE2,  XIANG NIN1,  
AIYING XUE1,  HUA ZHANG3  and  ZHENDONG LIU3

1Department of Cardiology, The Second Hospital of Shandong University, Jinan, Shandong 250033; 
2Department of Anesthesiology, Shandong Provincial Hospital Affiliated to Shandong First Medical University, 

Jinan, Shandong 250021; 3Cardio‑Cerebrovascular Control and Research Center, Basic Medical 
College, Shandong First Medical University, Jinan, Shandong 250062, P.R. China

Received September 22, 2020;  Accepted March 25, 2021

DOI: 10.3892/mmr.2021.12216

Correspondence to: Professor Zhendong Liu, 
Cardio-Cerebrovascular Control and Research Center, Basic Medical 
College, Shandong First Medical University, 18877 Jingshi Road, 
Jinan, Shandong 250062, P.R. China
E‑mail: zhendongliu876@126.com

Dr Juan Wang, Department of Cardiology, The Second Hospital of 
Shandong University, 247 Beiyuan Street, Jinan, Shandong 250033, 
P.R. China
E‑mail: moonlikewang@163.com

Abbreviations: ApoE, apolipoprotein E; EC, endothelial cell; ES, 
endostatin; HSS, high shear stress; HUVEC, human umbilical vein 
endothelial cell; MMP, matrix metalloproteinase; SS, shear stress; 
LSS, low shear stress; USS, undisturbed shear stress; VSMC, vascular 
smooth muscle cell

Key words: SS, atherosclerotic plaque, endothelium denudation, 
phenotypic conversion, smooth muscle cell

https://www.spandidos-publications.com/10.3892/mmr.2021.12216


WANG et al:  SHEAR STRESS AND ATHEROSCLEROSIS PLAQUE2

decreased EC regeneration, and increased vascular smooth 
muscle cells (VSMCs) proliferation and migration. However, it 
is unknown whether VSMC phenotype affects EC properties 
during vascular remodeling and endothelium recovery. The 
aim of the present study was to investigate the effects of HSS 
on ECs and VSMCs and to explore the potential mechanism of 
HSS on the vessel remodeling.

Materials and methods

Animal models. Male ApoE‑/‑ mice (n=40; age 8  weeks; 
weight, 25‑30  g) were obtained from the Key Laboratory 
of Cardiovascular Remodeling and Function Research of 
Shandong University. Among them, 15 mice were used 
for histological section, 16 mice were used for molecular 
biological detection and nine mice were used for Oil Red 
of vessel. The specific‑pathogen free mice were housed at a 
constant temperature (24˚C) and humidity (50‑60%), fed a 
high‑fat Western‑type diet containing 0.25% cholesterol and 
provided water ad libitum. All experiments were performed in 
compliance with the Guide for the Care and Use of Laboratory 
Animals published by the US National Institutes of Health (NIH 
Publication No. 85‑23, revised 1985) and Shandong University. 
The experimental protocol was approved by the institutional 
animal ethics committee at the Second Hospital of Shandong 
University [Shandong, China; KYLL‑2019(KJ)P‑0161].

SS modifier placement. A cast was used to induce standard‑
ized changes in SS in vivo as previously described (10,13). 
Mice were anesthetized by intraperitoneal injection of 0.08% 
sodium pentobarbital (40 mg/kg) prior to SS modifier place‑
ment surgery. The cast was implanted in the right carotid 
artery of ApoE‑/‑ mice and imposed a fixed geometry on the 
vessel wall that caused gradual stenosis. Consequently, the 
blood flow in the vessel segment inside the cast increased 
and SS was elevated (HSS region). Conversely, the blood flow 
upstream from the cast decreased and SS was lowered (LSS 
region). The blood flow in a straight segment of the contralat‑
eral left carotid artery without cast was undisturbed SS (USS 
region); this served as a control.

Tissue harvesting. To compare the effects of the three types 
of SS on the carotid lesion, 40 mice were humanely killed 
at 10 weeks after cast implantation. The mice were deeply 
anesthetized with 5.0% sevoflurane and then euthanized by 
exsanguination by aspirating the blood from the left ventricle. 
After collecting blood through heart puncture, a reservoir 
perfusion apparatus that allowed direct manipulation of 
perfusion pressure was used to perfuse the vessel. Vessels 
were perfused with PBS at a constant physiological pressure 
of 100 mmHg, then constant pressure perfusion in situ with 
4% polyformaldehyde. The bilateral common carotid arteries 
were carefully removed and fixed them in 4% polyformalde‑
hyde overnight at 4˚C. After carefully removing the cast, the 
three different SS regions of each mouse were classified, and 
the tissues (n=15) were embedded in paraffin compound for 
serial cryosections at room temperature.

Human umbilical vein endothelial cells (HUVECs) in HSS. An 
in vitro HSS model was established HUVECs [purchased from 

the American Type Culture Collection (ATCC)] in endothelial 
cell medium containing 5% FBS (cat.  no. 1001; Sciencell 
Research Laboratories, Inc.), as previous described (13‑15). 
Controlled with USS, HSS (2.5 Pa) was imposed to HUVECs 
for 1‑2 h using a parallel‑plate flow system after HUVECs 
were cultured up to the fourth passage with 1x106 per plate. 
The viability of HUVECs was assessed using an MTT assay 
(Sigma‑Aldrich; Merck KGaA; M2128‑1G) with DMSO for 
dissolving crystals and a microplate reader at the wavelength 
570 nm, according to the manufacturer's instructions.

Histological and immunofluorescence staining. Serial cryosec‑
tions (6 µm) were stained with hematoxylin and eosin (Harris 
5 g/l; Sigma‑Aldrich; Merck KGaA) at room temperature for 
30 min. Consecutive sections were stained with Sirius red 
(1.0 g/l; Beyotime Institute of biotechnology) for collagen and 
muscle fibers were stained using Masson Trichrome staining 
solution (10  g/l; Sigma‑Aldrich; Merck  KGaA) at room 
temperature for 60 min. Oil‑red O (5.0 g/l; Sigma‑Aldrich; 
Merck KGaA) staining was used to identify lipid‑rich lesions 
at room temperature for 30 min. Aortic arches and carotid 
arteries were stained with Oil Red  O for atherosclerotic 
lesions in the LSS region. The stained cryosections were 
imaged and analyzed using the Image‑Pro Plus 6.0 automated 
image analysis system (Media Cybernetics, Inc.) attached to 
a color CCD video camera (fluorescent; x50‑1,000; Olympus 
BX51; Olympus Corporation). Intima was defined as the area 
bounded by the endothelium and the internal elastic lamina 
and media were defined as the area bounded by the internal 
and external elastic laminae (16).

Tissue sections were also used for immunofluores‑
cence staining using antibodies against mouse CD31 
(1:500; cat. no. sc‑376764; Santa Cruz Biotechnology, Inc.), 
collagen α1(XVIII) chain (COL18A1; 1:500; cat. no. ab275746; 
Abcam), matrix metalloproteinase (MMP‑8; 1:500; cat. 
no. PA5‑79687; Invitrogen; Thermo Fisher Scientific, Inc.) 
overnight at  4˚C. The secondary antibodies were Alexa 
488‑conjugated donkey anti‑rabbit IgG (1:2,000; cat. 
no. A32790; Invitrogen; Thermo Fisher Scientific, Inc.) and 
Alexa 568‑conjugated donkey anti‑goat IgG (1:2,000; cat. 
no. A11057; Invitrogen; Thermo Fisher Scientific, Inc.). Images 
were acquired using an LSM710 laser scanning confocal 
microscope (Zeiss AG).

Following HSS exposure, cultured HUVECs were fixed 
with 4% paraformaldehyde and probed with rabbit anti‑CD31 
(1:1,000 dilution; cat. no. sc‑376764; Santa Cruz Biotechnology, 
Inc.), and VSMCs (ATCC) with rabbit anti‑COL18A1 (1:500 
dilution; cat. no. ab275746; Abcam), MMP‑8 (1:800 dilution; 
cat. no. PA5‑79687; Invitrogen; Thermo Fisher Scientific, Inc.) 
overnight at 4˚C. VSMCs were cultured with the supernatant 
of HUVECs. Then, they were stained with FITC‑conjugated 
goat anti‑rabbit IgG (1:200; cat.  no.  TA130021; OriGene 
Technologies, Inc.) polyclonal antibodies for 30 min at 37˚C. 
Counterstaining for the nuclei was performed by incubating 
with DAPI (cat.  no.  D3571; Invitrogen; Thermo Fisher 
Scientific, Inc.) for 5 min at room temperature. Images were 
acquired with a laser scanning confocal microscope.

Western blot assay. Proteins were extracted from 50  mg 
carotid artery specimens of LSS, HSS and USS regions 
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using lysis buffer (cat.  no.  P0013; Beyotime Institute of 
Biotechnology). Equal amounts of protein (20  µl) were 
separated on 10% SDS‑PAGE and transferred to a nitrocel‑
lulose membrane (Bio‑Rad Laboratories, Inc.). After being 
blocked with 5% non‑fat milk for 2 h at room temperature, 
the blots were washed in TBS + 0.05% Tween‑20 (TBS‑T) 
three times for 10 min each and incubated at 4˚C overnight 
with an appropriate primary antibody: Rabbit anti‑β‑actin 
(1:500; cat. no. AF5006; Beyotime Institute of Biotechnology), 
rabbit anti‑CD31 (1:1,000; cat.  no.  sc‑376764; Santa Cruz 
Biotechnology, Inc.), rabbit anti‑α‑smooth muscle actin (SMA; 
1:1,000; cat.  no.  144‑60525‑100; RayBiotech, Inc.), rabbit 
anti‑osteopontin (OPN; 1:500; cat. no. 119‑10057; RayBiotech, 
Inc.), rabbit anti‑COL18A1 (1:500; cat. no. ab275746; Abcam), 
rabbit anti‑MMP8 (1:1,000; cat. no. PA5‑79687; Invitrogen; 
Thermo Fisher Scientific, Inc.). Following incubation, the 
blots were washed with TBS‑T and incubated with horse‑
radish peroxidase‑conjugated secondary antibody (1:5,000; 
cat. no. sc‑2357; Santa Cruz Biotechnology, Inc.) for 2 h at 
room temperature. The membranes were washed three times 
with TBS‑T, and protein expression were visualized by Digital 
Gel Imaging system (AlphaEaseF™ software; serial 2200; 
ProteinSimple) with enhanced chemiluminescence detection 
reagents (Merk KGaA).

ELISA. HSS was used on HUVECs for 2 h. The supernatant 
obtained from HUVECs with different shear stress (USS, HSS, 
LSS) was harvested for culturing the VSMCs. The concentra‑
tions of endostatin (ES; a fragment of COL18A1) and MMP‑8 
were determined by using commercially available ELISA kits 
(cat. no.  ab‑281282; Abcam) following the manufacturer's 
protocol. Either a monoclonal antibody of ES or MMP‑8 rom 
the kit was added to the assay diluents (100 µl). The plates 

were incubated for 2 h at 37˚C. Each well was washed three 
times with wash buffer. The substrate solution (200 µl) was 
added for 30 min to stop the reaction. The optical density was 
determined with a microplate reader at the wavelength 450 nm.

Statistical analysis. The experiments were repeated three 
times. SPSS version 16.0 (SPSS Inc.) was used for statistical 
analysis. Data are expressed as the mean ± standard deviation. 
Statistical evaluation was carried out by two‑tailed unpaired 
Student's t‑test between two groups or by one‑way ANOVA 
with Bonferroni's post hoc test among three groups. P<0.05 
was considered to indicate a statistically significant difference.

Results

HSS reduces atherosclerotic plaque formation in ApoE‑/‑ 
mice. Plaque formation was assessed by HE and Oil Red O 
staining (Fig. 1A). No plaque formations were detected in 
the HSS and USS regions, whereas plaque formation and fat 
content were observed in the LSS region in all 15ApoE‑/‑ mice 
(Fig. 1A and B). The intima‑media ratio in the HSS region 
was significantly lower compared with the USS region, and 
decreased to near zero (P<0.001; Fig. 1C). The ratio in the LSS 
region was significantly higher compared with that in the USS 
or HSS regions (both P<0.05).

HSS attenuates the vascular ECs and CD31 expression in 
mice. CD31, also known as platelet endothelial cell adhesion 
molecule, has been used as an EC marker. Compared with the 
normal expression of CD31 in USS regions with intact endo‑
metrium, the expression levels of CD31 were increased in LSS 
(Fig. 2A). Compared with the normal expression of ECs in the 
LSS and USS regions, there were fewer ECs, or almost no ECs 

Figure 1. Arterioscleroticplaque formation in different carotid artery regions. (A) Aortic arches and carotid arteries were stained with Oil Red O for athero‑
sclerotic lesions; images from the LSS region. Yellow lines demarcate the position of the cast with the HSS region; upstream from the cast is the LSS region, 
and the contralateral carotid artery is the USS region. (B) Representative images are presented from the HSS, LSS and USS regions stained with HE. Scale 
bar, 100 µm. (C) Quantification of the intima‑media ratio obtained by measuring the area confined by the external elastic lamina of the cast‑implanted carotid 
artery in different regions. Values are expressed as the mean ± standard deviation. ***P<0.001. HE, hematoxylin and eosin; HSS, high shear stress; LSS low 
shear stress; USS, undisturbed shear stress.
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detected by immunofluorescence in the HSS regions (Fig. 2A). 
CD31 protein expression levels were assessed by western blot‑
ting and were significantly decreased in the HSS region and 
significantly increased in the LSS region compared to the USS 
region (P<0.001; Fig. 2B and C).

HSS decreases the number of HUVECs in a time‑dependent 
manner. HUVECs were stimulated by HSS for 0, 1 and 2 h. The 
CD31 expression in intensity over time was detected via western 
blotting using equal numbers of ECs, while EC numbers were 
counted. CD31 immunofluorescence and MTT demonstrated 
that the counts of HUVECs were markedly decreased in a 
time‑dependent manner (Fig. 3A and B, respectively). CD31 
protein expression levels in ECs were assessed using western 
blotting after the HUVECs were stimulated by HSS for 2 h; no 
significant difference was identified (P>0.05; Fig. 3C and D).

Collagen content and synthetic phenotype of VSMCs are 
enhanced by HSS. Given the crucial role in atherogenesis, 

collagen content and VSMC phenotype were examined in the 
HSS, LSS and USS regions. The collagen contents and VSMCs 
were determined using Sirius red and Masson's Trichrome 
staining. Collagen content was increased and the VSMC content 
were decreased in the HSS region compared with the USS 
region, although the differences were not significant (P>0.05; 
Fig.  4A‑C). To explore the effects of HSS on the VSMC 

Figure 2. Vascular CD31 protein expression levels of different regions in 
carotid artery regions. (A) Representative immunofluorescence images 
acquired by a laser scanning confocal microscopy demonstrating CD31 
staining of the endothelium in the HSS, LSS and USS regions; the cell nuclei 
were stained with DAPI. Scale bar, 100 µm. (B) Representative western blots 
and (C) semi‑quantification of relative CD31 protein expression levels in the 
different carotid artery regions; β‑actin was used a loading control. Values 
are expressed as the mean ± standard deviation. ***P<0.001. HSS, high shear 
stress; LSS low shear stress; USS, undisturbed shear stress.

Figure 3. Time‑dependent CD31 expression and cell viability after high shear 
stress. (A) Representative immunofluorescence images obtained by laser 
scanning microscopy show CD31 staining in HUVECs after HSS for 0, 1 
and 2 h; nuclei were stained with DAPI. Magnification, x40. (B) Changes 
in the viability of HUVECs at different times were analyzed by MTT.
(C) Representative western blots and (D) semi‑quantification of relative 
CD31 protein expression levels at the different time points of HSS; β‑actin 
was used a loading control. Data are expressed as the mean ± standard devia‑
tion. *P<0.05 vs. 0 h. OD, optical density.
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phenotype, the expression of α‑SMA and OPN, which are widely 
used to determine VSMC phenotype (17,18), were examined by 

western blotting. Fig. 4D and F showed the α‑SMA expression 
in contractile phenotype of VSMCs, and OPN expression in 

Figure 4. Contents and phenotype of VSMCs and collagen in different SS regions. (A) Representative images of carotid artery sections immunostained 
with α‑SMA, or stained with sirius red or Masson's trichrome compound solution for VSMC and collagen in HSS, LSS and USS regions. Scale bar, 
100 µm. Histograms showed the quantification of (B) collagen and (C) VSMCs content (%). Data are expressed as the mean ± standard deviation; n=15. 
(D) Representative western blots and semi‑quantification of (E) α‑SMA protein expression levels, as an indicator for SMC contractile phenotype, and (F) OPN 
protein expression levels, as an indicator for SMC synthetic phenotype in the three regions; β‑actin was used as a loading control. Data are expressed as the 
mean ± standard deviation, n=16. ***P<0.001. α‑SMA, α‑smooth muscle actin; HSS, high shear stress; LSS low shear stress; OPN, osteopontin; SS, shear stress; 
USS, undisturbed shear stress; VSMC, vascular smooth muscle cell.
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synthetic phenotype of VSMCs. α‑SMA protein expression level 
was significantly lower and OPN expression was higher in the 
HSS region compared with expression in the USS region (both 
P<0.001; Fig. 4D‑F). It indicated that HSS could induce the 
conversion of VSMCs from the contractile phenotype (α‑SMA) 
to synthetic phenotype (OPN).

HSS promotes the expression of vascular COL18A1 and 
MMP‑8 in mouse carotid arteries. To verify the activity of 
synthetic VSMCs induced by HSS, the protein expression 
levels of COL18A1 and MMP‑8 in carotid arteries were deter‑
mined using immunofluorescence (Fig. 5A and B) and western 
blotting (Fig. 5C). The expression levels of COL18A1 and 
MMP‑8 were significantly higher in the HSS region compared 
with the USS region, as detected by western blotting (P<0.001; 
Fig. 5D and E).

HSS induces higher levels of COL18A1/ES and MMP‑8 in 
VSMCs. To further confirm the activity of synthetic VSMCs, 
VSMCs were exposed to HSS for 2  h and the expression 
levels of COL18A1 and MMP‑8 were detected using immu‑
nofluorescence and the supernatant concentrations of ES and 
MMP‑8 were measured using ELISA. ES is a fragment of 
COL18A1 and regarded as a possible surrogate marker for 
subclinical atherosclerosis with basement membrane degrada‑
tion (19,20). The expression levels of COL18A1 and MMP‑8 
in the VSMCs were increased by HSS (Fig. 6A and B). The 
supernatant concentrations of COL18A1 and MMP‑8 were 
significantly higher after HSS 2  h compared with USS 
(P<0.001; Fig. 6C and D).

Discussion

Physiological laminar SS serves a crucial role in vascular func‑
tion (1). To investigate the possible role of HSS on vascular 
remodeling, EC function and VSMC phenotype conversion 
induced by HSS was determined. The major findings of the 
present study were that HSS i)  reduced/inhibited carotid 
plaque formation in ApoE‑/‑ mice; ii) decreased EC counts 
and attenuated CD31 expression; and iii) induced the conver‑
sion of VSMCs from the contractile phenotype to synthetic 
phenotype.

In this study, no atherosclerotic plaque and low 
intima‑media ratio were found in the HSS region as well 
as in the USS region in the carotid artery of ApoE‑/‑ mice. 
These data indicated that HSS may prevent atherosclerotic 
plaque formation. In addition, experimental results showed 
that ECs were not detected and the expression of CD31 was 
low in the HSS region of the carotid artery of ApoE‑/‑ mice. 
However, in  vitro experiments showed that HSS did not 
induce changes in CD31 expression of HUVECs, although 
the number of HUVECs was significantly decreased by HSS. 
These results, at least to some extent, coincide with previous 
studies  (4,21,22). Thus, it was suggested that preventing 
atherosclerotic plaque formation by HSS resulted from 
endothelial denudation rather than the conversion of the 
ECs phenotype. Lipid infiltration or deposition, which is a 
distinguishing feature of atherosclerosis and atherosclerotic 
plaque, is closely related to endothelial dysfunction (2). After 
endothelial denudation, the EC monolayer is removed and 
the subintimal lipid‑binding may be prevent (23). Finally, 

Figure 5. Vascular COL18A1 and MMP‑8 protein expression levels of HSS compared with USS regions in carotid arteries. Representative immunofluorescence 
images showing (A) COL18A1 staining and (B) MMP‑8 staining; nuclei were stained with DAPI. Scale bar, 200 µm. (C) Representative western blots and 
semi‑quantification of (D) COL18A1 and (E) MMP‑8 protein expression levels; β‑actin was used as a loading control. Data were obtained from a pool of 
16 animals. Data are expressed as the mean ± standard deviation. ***P<0.001. COL18A1, collagen α1 (XVIII) chain; HSS, high shear stress; MMP, matrix 
metalloproteinase; USS, undisturbed shear stress.
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the formation of atherosclerosis and atherosclerotic plaque 
is limited.

Conversely, results from the present study found that LSS 
increased CD31 expression, which was consistent with our 
previous study (13). Results from the previous study demon‑
strated that CD31 may be a major mechanoreceptor of LSS 
for activation of JNK followed by NF‑κB and vascular cell 
adhesion protein 1 (13). LSS is known to increase EC inflam‑
matory response, proliferation and apoptosis leading to the 
occurrence and development of atherosclerosis. CD31, also 
called platelet endothelial cell adhesion molecule1, is one of 
important member of the immunoglobulin superfamily (13). 
Thus, LSS may induce the upregulation of CD31 expression 
in ECs.

VSMCs and ECs are in close contacted with each other in 
blood vessels (24). VSMCs could be modulated by the ECs, 
which are directly exposed to the blood flow. Normal laminar 
SS modulate neointima accumulation (25). However, HSS was 
previously demonstrated to promote certain cellular responses, 
such as metalloproteinase activity to degrade matrix compo‑
nents, VSMC apoptosis and reduced matrix synthesis (26). In 
the present study, α‑SMA expression was found to be signifi‑
cantly decreased whereas OPN expression was remarkably 
increased by HSS compared with USS. It indicated that HSS 
may induce VSMCs to convert from a contractile to a synthetic 
phenotype.

In the present study, the secretory activity of VSMCs 
was activated by HSS. Moreover, the concentrations of 
COL18A1/ES and MMP‑8 were significantly elevated by 
HSS. ES is universally regarded as a circulating angiostatic 
factor derived from the cleavage of COL18A1 (27‑29) and has 

dramatic effects on EC gene expression as well as the capacity 
to inhibit EC migration, proliferation and survival (29‑33). 
Elevated circulating ES closely correlates with adverse 
pulmonary hemodynamics in pulmonary arterial hyperten‑
sion  (28,34). COL18A1/ES expression was reported to be 
significantly increased in the intima and media of remod‑
eled vessels  (34). MMP‑8 expression is correlated with 
atherosclerotic lesion formation and progression (35‑38). A 
previous study demonstrated that the knockdown of MMP‑8 
in HUVECs results in a decrease in capillary‑like network 
formation, cell proliferation and migration, and impaired the 
capacity of in vivo angiogenesis (38). Elevated ES levels may 
result from vasculature basement membrane degradation (39).

In the present study, a cast was used to induce HSS, which 
may have limited carotid vasodilative activity. This might be 
the reason why there was no carotid artery lumen enlargement, 
aneurysm or dissection in ApoE‑/‑ mice. However, the results 
are consistent with previous studies showing that HSS and 
elevated COl18A1/ES are risk factors for artery aneurysm and 
dissection with pathological increscent of synthetic phenotype 
VSMCs (40‑42), which showed the same results of pathologic 
intimal denudation in arterial vessels. A major limitation to the 
present study is that the potential pathways of COL18A1/ES and 
MMP‑8 in EC denudation and VSMC phenotypic conversion 
induced by HSS were not investigated. In addition, the apoptosis 
of ECs stimulated by HSS has not been discussed in the current 
study. These questions will be the focus of further research.

In summary, the results of the present study indicated 
that HSS may prevent atherosclerotic plaque formation. The 
probable mechanism is that HSS may induce endothelium 
denudation and contractile‑to‑synthetic phenotypic conversion 

Figure 6. Relative levels of COL18A1 and MMP‑8 after HSS in VSMCs. Representative immunofluorescence images showing (A) COL18A1 and (B) MMP‑8 
staining after VSMCs were exposed to HSS for 2 h. Magnification, x40. (C) Levels of COL18A1 (ng/ml) and (D) MMP‑8 in VSMC supernatant were detected 
by ELISA. Data are expressed as the mean ± standard deviation. ***P<0.001. COL18A1, collagen α1 (XVIII) chain; HSS, high shear stress; MMP, matrix 
metalloproteinase; USS, undisturbed shear stress.
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of VSMCs. An improved understanding of the underlying 
mechanisms of SS in vessel remodeling would potentially lead 
to improving strategies for atherosclerotic disease management 
and novel targets for pharmacological intervention.
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