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Abstract: To investigate the relationship between fluid shear stress (FSS), vascular smooth muscle cells (VSMCs) 
proliferation during atherosclerosis (AS), and β-catenin. A flow-induced AS animal model was established by arterial 
stenosis in New Zealand white rabbits, in which a physiological level of low shear stress is induced. The animals 
were randomly assigned to four groups: control (C; n=5), hyperlipidemia (H; n=5), arterial stenosis (S; n=5), and 
arterial stenosis animals fed a high-fat diet (SH; n=5). 12 weeks after surgery, the arteria carotis was harvested 
to determine the vasal morphology and ultrastructure, as well as, the expression level and cellular localization of 
β-catenin. The pathological phenomena that occurred with AS, such as the intracellular connection interruption 
of endothelial cells, the thickening and severe deformation of endangium, and the proliferation and migration of 
VSMCs could be observed even in the narrowed arteries (group H and SH). β-catenin, which is localized mainly in the 
intimal hyperplasia and to a little extent in the tunica elastic and foam cells, also increased remarkably (P<0.05). 
Interestingly, no nuclear translocation of β-catenin was observed. These results suggest that FSS plays a vital role 
in the early stage of AS by partially increasing the gene expression of β-catenin in the VSMCs. In addition, β-Catenin 
might function in the proliferation of VSMCs via the intercellular connection with actin rather than the canonical 
Wnt pathway. This study would facilitate the understanding of the critical role of the Wnt/β-catenin pathway in AS 
induced by FSS.
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Introduction

Presently, atherosclerosis (AS) is a major health 
threat in China. A majority of cardiovascular 
and cerebrovascular diseases are caused by 
AS. It is typically regarded as a chronic vascular 
inflammation, and several well-identified risk 
factors (i.e., hypertension, hyperlipidemia, and 
cigarette smoking) have been implicated in its 
pathogenesis [1]. For several years, hyperlipid-
emia and hypertension have been considered 
the main causes. However, clinical research 
has indicated that although the whole artery is 
exposed to a high risk of hypertension and 
hyperlipidemia, plaques are easily formed, 
especially in the bend, branch, or stricture of 
the artery [2]. Moreover, approximately 50% of 
AS patients do not suffer from hyperlipidemia 
or hypertension, and some plaques also exist in 
healthy individuals [3]. Hemodynamic research 
has provided evidence for a key role of fluid 
shear stress (FSS) in the process [2, 4]. FSS is 

a frictional force that results from circulating 
blood and is parallel to the direction of the flow, 
acting directly on the endothelial cells. In a 
healthy and atheroresistant artery, the blood 
flow produces high laminar shear stress, which 
is anti-inflammatory and anti-proliferative. 
However, in the arterial stenosis or curvature 
region, a disturbed or slow flow produces oscil-
latory or low shear stress, which is pro-inflam-
matory and atherogenic [2]. Several studies 
have demonstrated that vascular endothelial 
cells and smooth muscle cells (SMCs) differ in 
morphology and gene expression under diverse 
FSS [5]. A disturbed flow can induce increased 
expression of proteins, such as vascular cell 
adhesion molecule 1 (VCAM-1), E-selectin, and 
monocyte chemoattractant protein 1 (MCP-1), 
involved in the process of AS [6].

Vascular smooth muscle cells (VSMCs) localize 
in the medial layer of the arterial wall, and func-
tion in the maintenance and regulation of blood 
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vessel tone, blood pressure, and blood flow dis-
tribution [7]. VSMCs play a crucial role in the 
vascular lesion formation, including neointima 
formation and atherosclerosis, by activation 
and migration from the media into the intima 
under abnormal environmental conditions [8, 
9]. Thus, proliferation and migration of VSMCs 
contribute to the early lesions in atherosclero-
sis. Some reports reveal that FSS stimulates 
the cytokines and signaling molecules in 
VSMCs [10]. Laminar shear stress could reduce 
VSMC proliferation, whereas pulsatile or oscil-
latory shear stress can promote VSMC prolifer-
ation and migration [11, 12]. FSS may initiate 
mechanotransduction pathways in VSMC for 
functional regulation. Thus, further understand-
ing of VSMC biology, especially in response to 
FSS, is critical in comprehending the pathogen-
esis of AS induced by FSS. However, the under-
lying molecular mechanisms of VSMC response 
to FSS remain largely unknown.

β-catenin is an evolutionarily highly conserved 
and functionally diverse protein with two func-
tions. It is a core protein in the canonical Wnt 
signaling, which targets proteasomal degrada-
tion via the adenomatous polyposis coli (APC), 
axin, and glycogen synthase kinase 3β (GSK3β) 
complex. However, in the presence of Wnt sig-
naling, β-catenin depolymerizes from the APC-
Axin-GSK3β complex, translocates to the nucl- 
eus, binds to the lymphoid enhancer factor-1/T-
cell factor (LEF-1/TCF) and then stimulates the 
expression of Wnt target genes, including cell 
cycle activators and fibronectin [13]. On the 
other hand, free β-catenin in the cytoplasm is 
largely unstable, and most of the newly synthe-
sized protein combines with E-cadherin and 
α-catenin to regulate the actin cytoskeleton, 
thereby participating in the intracellular con-
nection. Further emerging evidence suggests 
that the Wnt/β-catenin signaling pathway is 
unambiguously involved in the pathophysiology 
of AS and has a pivotal role in the regulation of 
endothelial inflammation, vascular calcifica-
tion, and SMCs behavior. Wang et al. showed 
that VSMC proliferation was promoted via 
transfection of a degradation-resistant β-ca- 
tenin transgene into rats [14]. A recent study 
demonstrated that Wnt/β-catenin signaling 
occurs in proliferating VSMCs during intimal 
thickening, and it promotes VSMCs de-differen-
tiation and proliferation through crosstalk with 
the TGF-β/Smad3 pathway [15-18]. Further- 

more, Wnt/β-catenin signaling is also involved 
in mechanical signal transduction. The protein 
participates in the process of stress signal 
transduction in osteocyte cells. Some studies 
showed that FSS could induce Wnt/β-catenin 
signaling, and its nuclear translocation can be 
observed in a variety of cell lines at 16 dynes/
cm2 FSS in osteoblasts [19, 20]. However, 
reports describing its regulation by FSS in 
Vascellum are yet lacking. Thus, the correlation 
between the Wnt/β-catenin signaling pathway 
and FSS in VSMCs proliferation necessitates 
further investigation. 

Therefore, we hypothesized that β-catenin 
plays a critical role in FSS-induced AS. In the 
present study, a flow-induced AS animal model 
was established by arterial stenosis in New 
Zealand white rabbits, in which a physiological 
level of low shear stress is induced to investi-
gate the relationship between FSS, VSMCs pro-
liferation in AS, and β-catenin.

Materials and methods

Animals

Six-month-old male New Zealand white rabbits 
(2-2.5 kg) were obtained from Experimental 
Animal Center, Chongqing Medical University 
(China). All the experimental procedures were 
performed in accordance with the guidelines of 
the National Institute of Health and were 
approved by Zunyi Medical University Animal 
Care and Use Committee. The animals were 
maintained at ambient conditions (tempera-
ture: 22±2°C, humidity: 30-40%) with free 
access to food and water.

In vivo alteration of FSS

The animals were randomly assigned to four 
groups: (1) the control animals (C) (n=5), (2) 
hyperlipidemia animals (H) (n=5), (3) arterial 
stenosis animals (S) (n=5), and (4) arterial ste-
nosis animals fed a high-fat diet (SH) (n=5). 
Groups C and S were fed a control diet (SF06-
011, Specialty Feeds, Glen Forrest, Australia) 
containing 2.63 kcal/g, of which 4.2% of calo-
ries were obtained from fat, 18.2% protein, 
14.1% crude fiber, and 18% acid detergent 
fiber. The groups H and SH were fed with a high-
fat diet, which was modified standard rabbit 
chow with 5% pork fat (lard) and 5% soya oil 
(SF02-005, Specialty Feeds) for 12 weeks.
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Artery stenosis operations were performed 
according to the method described by Cheng et 
al. [21]. Briefly, the animals were anesthetized 
with 30 mg/kg urethane, and a 2-cm-long and 
1-mm-diameter silicon rubber tube referred to 
as the “cast” throughout the study, was sleeved 
on the left common carotid artery as described 
previously [3]. The skin was then sutured, and 
the animals were allowed to recover for 1 week, 
feeding on a normal diet. 12 weeks after the 
initial surgery, the rabbits were euthanized with 

an anesthetic overdose, and the injured left 
and uninjured right common carotid arteries 
were harvested for histological, biochemical, or 
molecular analysis. The experimental proce-
dure is illustrated in Figure 1.

Plasma lipid content analysis

Blood was collected after the animals were 
executed through heart puncture. The blood 
was centrifuged at 1000 rpm to obtain the 
supernatant. The cholesterol and triglycerides 
were determined with an ELISA assay kit (Kesun 
Biotech, Shanghai, China).

Transmission electron microscopy (TEM)

For electron microscopy, the rabbit tissue was 
fixed for 4 h in 4% glutaraldehyde and then 
fixed for 3 h in 2% OsO4. After dehydration in an 
alcohol gradient, the samples were embedded 
in Epon812 and sectioned transversely. Semi-
thin sections were stained with toluidine blue 
and images captured with a Leica DM micro-
scope (Leica, Germany). The ultra-thin sections 
were stained with 2% uranyl acetate and lead 
citrate, visualized, and photographically record-
ed using an H7650 electron microscope 
(Hitachi, Japan).

Morphological and immunohistochemical 
analysis

The normal and injured arteries were fixed for 4 
h at 4°C in 4% paraformaldehyde. These fixed 
tissues were dehydrated by ethanol gradient, 
clarified in xylene, embedded in paraffin wax, 
sectioned at 5 μm, and stained with hemato- 
xylin-eosin. 

Immunohistochemistry (IHC) was performed on 
5-μm-thick paraffin-embedded tissue sections 
using Histostain-Plus IHC Kit (Thermo Fisher 
Scientific, USA). Briefly, the slides were deparaf-
finized and rehydrated. The antigen retrieval 
was performed at high temperature, the endog-
enous peroxidase was quenched using 0.5% 
H2O2 for 30 min, and blocked in serum for 30 
min. The incubation steps with primary anti-
body, secondary antibody, ABC reagent, and 
DAB substrate were performed according to 
the manufacturer’s protocol. The slides were 
counterstained with hematoxylin. Rabbit anti-β-
catenin antibody (1:500; Sigma, USA) was used 
as the primary antibody. Negative control was 

Figure 1. Procedures for the animal operation and 
feeding.

Figure 2. Total cholesterol and triglyceride levels in 
the serum are increased in groups fed a high-fat diet. 
The concentrations of total cholesterol and triglycer-
ides were analyzed using ELISA 12 weeks after sur-
gery, and that in groups fed a high-fat diet were re-
markably higher. Data were shown as mean ± SEM. 
n=5, *P<0.05 vs. group S.
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obtained by replacing the primary antibody with 
PBS. Images were captured by a fluorescent 
microscope (Olympus IX71, Japan), fitted with a 
MicroPublisher 5.0 RTV CCD camera. Semi-
quantitative analyses were performed using 
the integrative optical density function in 
Image-Pro software.

Quantitative PCR (qPCR)

The total RNA from carotid arteries was ob- 
tained using the RNAprep Pure Tissue Kit 

Significant increase in the total cholesterol and 
triglycerides in the serum of groups H and SH

No significant difference was found in the 
serum of the groups before modeling; however, 
hyperlipidemia and chylos were visible in 
groups H and SH 12 weeks after modeling. 
ELISA was used to assay the concentration of 
total cholesterol and triglycerides in the serum, 
which were found to be remarkably higher in 
groups H and SH than in group S. The concen-

Figure 3. HE staining reveals a clear intima hyperplasia in the arterial steno-
sis groups. A. Control. B. Group H; the intima hyperplasia is invisible. C, D. 
Groups S and SH; the intima hyperplasia and proliferation of SMCs are vis-
ible (arrows), and the vascular injury in group SH is severer than that in group 
S. E. The IMR (intima-to-media ratio) between the groups. The IMR in groups 
S and SH were remarkably higher than that in group H. Scale bars =100 μm. 
Data were shown as mean ± SEM. n=5, *P<0.05 vs. group H.

(Tiangen, Beijing, China) and 
treated with DNase. cDNA 
was obtained by a reverse 
transcriptase reaction. mRNA 
expression levels were ana-
lyzed by real-time quantitative 
polymerase chain reaction 
(RT-qPCR) using the SYBR 
PrimeScriptTM RT-PCR kit (Ta- 
kara, Dalian, China). β-actin 
was used as an internal con-
trol to normalize the RNA 
quantification. The primers 
used were as follows: β-actin, 
upstream primer, 5’-CGGGA- 
CATCAAGGAGAAGC-3’, down-
stream primer, 5’-AGGAAGGA- 
GGGCTGGAAGA-3’; β-catenin, 
upstream primer, 5’-TCGTCC- 
TTTAGGAGTAACAATACA-3’, do- 
wnstream primer, 5’-ACAAG- 
CAAGGCTAGGGTTTGA-3’. The 
reaction was carried out in 
the CFX96 Touch™ Real-Time 
PCR Detection system (Bio-
Rad, USA). The RNA was quan-
tified using the Livak method, 
i.e. 2-ΔΔCt.

Statistical analysis 

The data wereexpressed as 
mean ± SEM. The compari-
sons among the groups were 
analyzed by one-way ANOVA. 
The SNK test was used for 
post hoc analysis. P-values 
<0.05 were considered statis-
tically significant. The statisti-
cal analyses were performed 
by the SPSS 13.0 software 
package (SPSS, USA).

Results
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tration of total cholesterol was 9-20-fold high-
er, and that of triglycerides was 2-fold higher. 

or transverse collagen fibers accumulated in 
the tunica intima (Figure 4E and 4F). In the 

Figure 4. Carotid stenosis simultaneously leads to severe vascular injury 
than hyperlipidemia during AS. A, B. Control; the endothelial cells tightly con-
nect with the basement membrane and are apart from the SMCs by IEL, 
which are closely arranged parallel to each other. C, D. Group H; the endo-
thelial cells separated from the basement membrane and abscission (arrows 
in C), and a few liposomes are visible in the endothelial cells (arrows in D). 
E, F. Group S; the smooth muscle cells migrate inside the IEL and become 
smaller, which leads to the severe thickening and deformation of the intima 
(arrows in E), and the vertical or transverse collagen fibers accumulate in IEL 
(arrow in F). G, H. Group SH; a large number of liposomes and phagocytic 
vesicles can be observed in the smooth muscle cells (arrows in H), and the 
foam cells and high-electron-density materials appear in the IEL (arrows in 
G). (En, endothelium; SMC, smooth muscle cell; IEL, internal elastic lamina; 
FC, foam cell; scale bars =2 μm).

Thus, a high-fat diet can sig-
nificantly increase the con-
centration of cholesterol and 
triglycerides in the serum 
(Figure 2, P<0.05).

Micro- and ultra-structure of 
the rabbit carotid artery

HE staining did not show any 
significant alterations in the 
morphology of bilateral com-
mon carotid arteries in group 
H (Figure 3B). However, in the 
majority samples of group S, 
the left carotid artery under-
went incrassation. The SMCs 
migrated from the tunica me- 
dia to the intima and formed 
intima hyperplasia (Figure 
3C). However, distinct intima 
hyperplasia and foam cells 
existed because of the cyto- 
phagy of lipid by the mono-
karyon macrophages in the 
left of group SH (Figure 3D). 
The IMR (intima-to-media ra- 
tio) between the groups was 
analyzed quantitatively and 
observed as remarkably high-
er in groups S and SH than 
that in group H (Figure 3E). 
The ultrastructure displayed 
additional details of the vas-
cular wall. The linkage inter-
ruption of the endothelial ce- 
lls or some deficiency could 
also be observed in the carot-
id arterial tissue of group H. 
Moreover, the endothelial ce- 
lls were separated from the 
basement membrane (Figure 
4C and 4D). Noticeably, the 
vascular damage in group H 
was mainly in the endothelial 
cell layer. However, apart from 
the disruption of intercellul- 
ar connection, abnormal cell 
morphology, severe intimal 
thickening, and deformation 
were also observed in group 
S. Furthermore, some vertical 
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group SH, endothelial cells underwent apopto-
sis, and the intima severely thickened. The 
internal elastic fiber membrane was disassem-
bled into irregular elastic fibers in some sam-
ples, and the basement membrane was dis-
rupted or disappeared. The foam cells and high 
electron density particles could be observed in 
the intima, and generous liposome and phago-
cytic vesicles appeared in the SMCs (Figure 4G 
and 4H). Thus, carotid stenosis could damage 
not only the endothelial cells but also the inti-
ma and media simultaneously.

Carotid stenosis leads to an increased expres-
sion of β-catenin and the accumulation of pro-
tein in the cytoplasm of proliferative smooth 
muscle cells

The gene expression level of β-catenin was 
quantified using qPCR and was consistent with 
the IHC results for each group (Figure 5A). The 
expression level in group S was 2-fold higher 
than that of the control while that in SH was 
5-fold higher. IHC staining revealed that this 
protein was absent in the control group and the 
bilateral carotid artery of group H (Figure 5D). 
In groups S and SH, β-catenin was primarily 
localized in the intima hyperplasia, which is 
mainly composed of the proliferative SMCs, 
and a small amount was also located in the 
tunica media and foam cellular layers. The 
intracellular β-catenin was present in the cyto-
plasm rather than in the nucleus (Figure 5D). 
The hypothesis test on the positive expression 
numbers in the groups indicated that the left 
side in groups S and SH was remarkably higher 
than the right side (Figure 5B). Image-ProPlus 
13.0 was used to quantitatively analyze the 
optical density of the positive region in the IHC 
image. Although a positive expression exists in 
groups S and SH, SH was evidently higher than 

S (Figure 5C). This showed that the expression 
level of the protein was positively correlated 
with a vascular injury during AS.

Discussion

For several years, hyperlipidemia and hyperten-
sion have been considered the leading causes 
of AS. Although in recent years, FSS is specu-
lated to be correlated to the occurrence of AS, 
its relationship with hyperlipidemia is not clear. 
In the present study, the blood biochemical 
indexes showed that the lipid concentration in 
animals fed a high-fat diet is higher than those 
operated for carotid stenosis. However, micro- 
and ultramicro-structure results did not show 
any obvious intima hyperplasia in the former. 
Nevertheless, injury in representative endothe-
lial cells, the proliferation of SMCs, and the 
incursion of macrophages are visible in the lat-
ter. In addition, necrosis of the intima and tuni-
ca media tissue could be observed in the same 
carotid stenosis animals that formed an irre-
versible pathophysiological cycle [22]. There- 
fore, the results of the present study suggested 
that carotid stenosis via cannulation tends to 
cause vascular inflammation and initiate stable 
AS rather than the high-fat diet. Notably, vascu-
lar injury is more severe in the carotid stenosis 
animals fed a high-fat diet than in the carotid 
stenosis only. A large number of foam cells 
accumulate in the intima, which further leads 
to the plaque formation. Some reports con-
firmed that continued low FSS could precipitate 
an increase in endothelial cell permeability and 
MCP-1 expression. This is beneficial to recruit 
macrophages and assist the low-density lipo-
proteins located in the endothelial cells [23, 
24]. Also, hyperlipidemia provides more lipids 
to infiltrate the injured vessels caused by artery 
stenosis. Thus, our data also indicate that FSS 

Figure 5. Expression level of β-catenin is positively correlated with vascular injury. A. The mRNA expression levels of 
β-catenin in the left carotid artery; the expression levels in the left carotid artery narrowed by cannulation of groups 
S and SH are remarkably increased. B. Comparison of the positive results of the bilateral carotid artery; the positive 
numbers in the left carotid artery of groups S and SH are higher than those on the right that were not narrowed. 
C. The protein expression level of β-catenin in the left carotid artery; the expression levels in groups S and SH are 
increased and that in group SH is higher than that in group S, which shows that the expression level of this protein 
is positively correlated with vascular injury during AS. Data were shown as mean ± SEM. n=5, *P<0.05 vs. group 
H, #P<0.05 vs. group S. D. IHC indicates that β-catenin mainly accumulates in the cytoplasm of proliferative SMCs. 
(L in the upper left corner of the figures represent the left artery and R the right). In the control and H groups, no 
localization of β-catenin occurs in the bilateral arteria carotis. In the group S, β-catenin is mainly localized in the 
cytoplasm of the endometrial hyperplasia and not in the nucleus (arrow) and also on the right side. In the group SH, 
the expression of β-catenin in the left artery carotid increases compared to that of group S; some locations also exist 
in the tunica elastic and foam cells (arrow on the left), and slight expression can be found on the right side (arrow 
on the right). (The insertion is the magnification in the white box. Scale bars =50 μm).
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plays a primary role in the early stage of AS, 
and hyperlipidemia promotes pathological 
development.

Multiple other studies have converged on 
β-catenin activation as a key component of 
arteriosclerotic physiology. In endothelial cells, 
it interacts with stress fibers to maintain the 
integrity and regulate the permeability, which is 
related to the inflammatory reaction of endo-
thelial cells [25, 26]. In SMCs, β-catenin partici-
pates in the proliferation and migration [18, 
27]. However, we observed for the first time 
that the protein expression increases markedly 
in flow-induced AS animals rather than the 
hyperlipidemia-induced AS animals. In addi-
tion, a positive correlation between vascular 
injury and the expression level of this protein 
was noted in each group. Although recent stud-
ies have shown that β-catenin may play a role in 
VSMC proliferation induced by hyperlipidemia 
through the Wnt signaling pathway [27], during 
the flow-induced AS, it may be initially activated 
by FSS. Accumulating evidence shows that acti-
vation of the β-catenin signaling pathway is a 
critical downstream event in response to 
mechanical loading [28-30]. Accordingly, the 
results of the present study indicate that 
β-catenin participates in the flow-induced vas-
cular injury.

Previous studies showed that activated Wnt/β-
catenin signaling pathway led to VSMC prolifer-
ation. Friedrich et al. reported that it can medi-
ate the cell matrix connection in the VSMCs 
[31], and some reports also posit that the acti-
vation of the Wnt/β-catenin signal pathway can 
promote proliferation of VSMCs and neointima 
formation [17, 32, 33]. In the present study, we 
observed that a large amount of β-catenin was 
localized to the intima hyperplasia, which was 
due to the proliferation and migration of VSMCs 
in the flow-induced group. Thus, β-catenin is 
putatively involved in the proliferation and 
migration of SMCs during flow-induced AS. 
Interestingly, the IHC results showed that this 
protein accumulated in the cytoplasm of VSMCs 
rather than undergoing a nuclear translocation. 
Although β-catenin is the key element in Wnt 
signaling pathway, it also binds to the cytoplas-
mic region of cadherins, a superfamily of calci-
um-dependent cell-cell adhesion proteins as- 
sociated with adherent junctions [34]. β-catenin 
dissociates from cadherin and translocates to 

the nucleus while cadherin is modulated by 
metalloproteinase-mediated proteolysis [35]. 
This indicates that FSS may not induce VSMCs 
proliferation through the canonical Wnt signal-
ing pathway. Some reports deem that E-cad- 
herin/β-catenin/Tcf signaling exhibits a pivotal 
role and participates in AS development, as 
well as, the β-catenin signal induced by FSS is 
initiated by adherent junction signaling [36, 
37]. We infer that β-catenin may be involved in 
the flow-induced VSMCs proliferation and 
migration via the intercellular connection with 
actin. Nevertheless, the loading of FSS, the 
relationship between the β-catenin, actin, and 
cadherin during VSMCs proliferation remains to 
be studied further. In addition, considering that 
the protein has been examined for a long time 
after the surgery, supplementary investigations 
are essential to determine the FSS regulation 
of the function of VSMCs through the Wnt/β-
catenin pathway in the early stage.

Low shear stress increases the expression of 
β-catenin and its accumulation in the cyto-
plasm of proliferative VSMCs rather than its 
nuclear localization. Thus, we show that 
β-catenin is an important signaling molecule in 
shear stress-induced AS. In addition, β-catenin 
may have some role in the proliferation of 
VSMCs via the intercellular connection with 
actin rather than the canonical Wnt signaling 
pathway.
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