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Abstract Atherosclerosis is a chronic inflammatory disease, occurring preferentially in bifur-
cation, branching, and bending of blood vessels exposed to disturbed flow. Disturbed flow in
atheroprone areas activates elevated proteases, degrading elastin lamellae and collagenous
matrix, resulting in endothelial dysfunction and vascular remodeling. As a mediator for extra-
cellular matrix protein degradation, cathepsin K (CTSK) was directly regulated by hemody-
namics and contributed to atherosclerosis. The mechanism of CTSK responding to disturbed
flow and contributing to disturbed flow-induced atherosclerosis is unclear. In this study, the
partial carotid ligation model of mice and in vitro disturbed shear stress model were con-
structed to explore the contribution and potential mechanism of CTSK in atherosclerosis.
Our results indicated that CTSK elevated in the disturbed flow area in vivo and in vitro along
with endothelial inflammation and atherogenesis. Additionally, the expression of integrin avb3
was upregulated in these atheroprone areas. We found that inhibition of the integrin avb3-
cytoskeleton pathway could significantly block the activation of NF-kB and the expression of
CTSK. Collectively, our findings unraveled that disturbed flow induces increased CTSK expres-
sion, and contributes to endothelial inflammation and vascular remodeling, leading to
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atherogenesis eventually. This study is helpful to provide new enlightenment for the therapy of
atherosclerosis.
ª 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Atherosclerosis is a complex vascular inflammatory disease
characterized by lipid accumulation, plaque formation,
and artery stenosis, which remains the leading cause of
vascular diseases worldwide.1 Due to being constantly
exposed to blood flow, the vascular heterogeneity and
homeostasis were regulated by different flow velocities
and patterns. The endothelial cell layer senses laminar
flow in most arterial regions and exerts atheroprotective
functions. However, exposure to disturbed blood flow
leads to endothelial dysfunction and inflammation in ar-
teries bifurcation, curvatures, and branch areas.2,3 It is
known that endothelial inflammation-induced vascular
remodeling plays a vital role in atherogenesis. The adap-
tive and compensatory remodeling is understood as
compensation of luminal modulation to delay plaque
development.

Atherosclerosis induced by disturbed flow promotes
endothelial dysfunction, activates elevated levels of pro-
teases, and modulates the arterial matrix’s composition,
resulting in vascular remodeling and the formation of
atherosclerotic plaques eventually. Vascular remodeling is
associated with elastin lamellae and collagenous matrix
degradation and redistribution of extracellular matrix
(ECM).4 The classical view is that matrix metalloproteinases
(MMPs) belong to a family of proteases known as the met-
zincin superfamily and degrade all kinds of ECM proteins.
Besides, cathepsin K (CTSK), one of the most potent pro-
teases in lysosomal cysteine proteases belonging to the
peptidase protein C1 family, is confirmed to be involved in
the redistribution of ECM in the process of atherosclerosis.5

Recently, CTSK has been reported expressed in the endo-
thelial cells, macrophages, and vascular smooth muscle
cells of human atherosclerotic lesions.6 The high co-
localization of CTSK and CTSK-generated C-telopeptides
of type I collagen was found in the neointima and athero-
sclerotic shoulders, providing strong evidence that CTSK
contributed to the vascular remodeling and the formation
of atherosclerotic plaques.7 It has been found that CTSK
was regulated by oxidized LDL (OxLDL),8 cytokines,9,10 and
oscillating shear stress.11 However, the molecular mecha-
nism of how hemodynamics transmits and regulates CTSK
expression is not well understood.

As an essential candidate of biomechanical sensors,
integrins play a central role in transducing the mechanical
stimuli into biochemical signals. Integrin clusters facilitate
dynamic linkages between the cytoplasmic tails of the b
subunit and the intracellular actin cytoskeleton assemble
to focal adhesion plaques formation and cytoskeletal
arrangement. In addition, the assembly of endothelial
actin has been implicated in pathological inflammatory
responses. A previous study identified integrin avb3 as a
primary flow-induced NF-kB activation and contributed to
early atherogenic inflammation.12 To investigate the mo-
lecular mechanisms of CTSK in regulating disturbed flow-
induced atherogenesis. The partial carotid ligation mice
model was constructed to explore the mechanism of
disturbed flow-induced CTSK participating in endothelial
inflammation and vascular remodeling. The expression
levels of avb3 integrin and CTSK in atheroprone areas and
activation of NF-kB were examined. Our results demon-
strated that CTSK contributed to flow-dependent endo-
thelial inflammation and vascular remodeling, which are
expected to be inhibited by targeting integrin avb3-
cytoskeleton. This study is helpful to provide new enlight-
enment for the therapy of atherosclerosis.

Materials and methods

Cell culture

The Human umbilical vein vessel endothelial cells (HUVECs,
Jiangsu Blood Research Institute) were cultured in RPMI-
1640 (GIBCO), including 10% fetal bovine serum (FBS,
GIBCO), penicillin (100 U/mL), and streptomycin (100 mg/
mL). All cell lines were cultured under an atmosphere of 5%
CO2 at 37 �C.

Animals

Male C57BL/6 mice and male apolipoprotein E knockout
(ApoE�/�) mice were obtained from the GemPharmatech
Co., Ltd. Male mice (6e8 weeks) were used in this study. All
mice have free access to water and food and are kept at a
constant temperature of 25 �C. All animal work was per-
formed with the approval of the Medical Ethics Committee
of Sichuan University (K2021015). All ethical guidelines for
experimental animals were followed. The atherosclerosis
model was established with ApoE�/� mice fed a high-fat
diet (5 g per mouse per day, #D12108C, SYSEBIO Co).

Partial carotid ligation models

The partial carotid ligation model was performed as
described previously.13,14 Briefly, the external carotid ar-
tery (ECA), occipital artery (OA), and internal carotid artery
(ICA) of the left carotid artery (LCA) were ligated, leaving
the superior thyroid artery (STA) intact. The ligation model
could induce disturbed flow in LCA and aortic arch (AA)
regions; on the contrary, the RCA and DA were laminar
shear stress. All model mice were ligated for 21 days, the
C57BL/6 were fed a normal diet, and the ApoE�/� mice
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were fed a high-fat diet. The test group was given i.v. With
integrin inhibitor cilengitide (5 mg/kg/d) for 21 days, and
the dimethyl sulfoxide vehicle (1:1 solution of dimethyl
sulfoxide: PBS) as the control group.
Application of shear stress

HUVECs were seeded on gelatin-coated m-slides for
8 hours. Laminar shear stress (LSS) was applied to HUVECs
for 8 hours using a parallel plate flow chamber that
generated 15 dyn/cm2 of unidirectional flow.15,16 In
addition, � 4.5 dyn/cm2 of disturbed shear stress (DSS)
was generated using a rocker model to simulate the pro-
atherogenic flow.17,18 Briefly, the HUVECs were seeded in
a 10-cm length of the Petri dish with 2.0-mm culture
medium and placed in a rocker shaker with a tilt angle of
7� and a rocking frequency of 0.5 Hz.

In the experiment of inhabitation of integrin subunits,
we used different integrin inhibitors (including 5 mM of
integrin avb3 inhibitor cilengitide for 12 hours, 5 mM of
integrin a4b1/a4b7 inhibitor firategrast for 1 hour, and 5 mM
of integrin a5b1 inhibitor ATN-161 for 12 hours, respec-
tively) to pre-treat the HUVECs and then subject to the
stimulation of LSS or DSS.
En face immunostaining

En face immunostaining was performed on the luminal side
of the aortas and common carotid arteries as previously.19

Briefly, the aorta was isolated and dissected longitudinally.
Dissected tissues were fixed in 4% paraformaldehyde for
4 hours and washed with 0.3% PBST (0.3% Triton X-100 in
PBS) at room temperature three times (15 minutes/time).
Subsequently, samples were blocked with 5% goat serum at
4 �C overnight. The aorta and carotid artery tissue sections
were incubated with different antibodies for immunofluo-
rescence analysis, including CTSK (1:300), CD31 (1:500), or
p65 (1:300), respectively (Table S2). The nuclei were
stained with DAPI dyes and observed under a confocal laser
microscope (Zeiss, LSM710).
Western blotting

After homogenizing the isolated aorta and carotid artery or
HUVECs under different flow conditions, the total protein
was extracted with radioimmunoprecipitation assay (RIAP).
The BCA protein assay determined the protein concentra-
tions. Approximately 30 mg of protein was loaded on a 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoreti-
cally separated and electrophoretically transferred onto
polyvinylidene fluoride (PVDF) membranes. After blocking
Tris-buffered saline with 5% nonfat dry milk (phosphorylation
antibody blocking with 5% bovine serum albumin), PVDF
membranes were incubated overnight at 4 �C with primary
antibodies, including CTSK (1:300), integrin av (1:200),
integrin b3 (1:200), p65 (1:300), phosphorylation p65 (p-p65,
1:300) at 536, and GAPDH (glyceraldehyde 3-phosphate de-
hydrogenase, 1:1000) (Table S2). Then, HRP-conjugated
secondary antibody was added and incubated at room for
1 hour. PVDF membranes were examined using the molecular
image chemiDoc XRS þ system (Bio-Rad Inc., USA).

RNA isolation and qRT-PCR

Total RNAs from shear stress treated HUVECs or RCA, LCA,
DA, and AA in ligation mice were extracted by TRIzol re-
agent (Invitrogen, USA). To quantify CTSK expression
levels, equal amounts of cDNA were synthesized using the
Takara PrimeScript� RT Master Mix (#RR036A, Takara,
Japan). Quantitative real-time polymerase chain reaction
(qRT-PCR) was done in triplicates in 20 mL of the brilliant
SYBR green PCR master mixture (#4913914, Roche,
Switzerland) and five pmol of both forward and reverse
primers. GAPDH was amplified as an internal control. Se-
quences for the qRT-PCR primers are listed inTable S1.

Immunofluorescence staining

Immunofluorescence staining was performed for tissue
sections or cells as recently reported.20 Briefly, tissue sec-
tions or cells were fixed with 4% paraformaldehyde for
30 minutes. After blocking in 1% goat serum in PBS, samples
were immune-stained with the antibodies as indicated,
including CD31 (1:500), CTSK (1:300), integrin av (1:200),
and integrin b3 (1:200), Col1-A (1:200), p65 (1:200) et al
(Table S2). The nuclei were stained with DAPI dyes and
observed under a confocal laser microscope.

Oil red O (ORO) staining

ApoE�/� mice were euthanized after administration, and
the aorta was isolated. Aorta was resected and perfused
with 10% neutral buffered formalin for 2 hours. Carefully
removing the periadventitial tissue and the atherosclerotic
plaques of the aorta were detected by en face ORO stain-
ing. Quantitative analysis of atherosclerotic plaque areas
was determined by software Image-Pro Plus 6.0 (National
Institutes of Health, Bethesda, USA).

H&E staining

The aorta paraffin sections were deparaffinized, rehy-
drated, and stained with hematoxylin for 3 minutes. After
washing with triple distilled water, the samples were
stained with eosin for 1 minute. Next, the samples are
dehydrated through graded alcohol. At last, the slides are
mounted with neutral gum.

Van Gieson (VG) staining

The aorta paraffin sections were deparaffinized, rehy-
drated, and stained with weigert’s hematoxylin for 20 mi-
nutes. After washing with water for 10 minutes, the
samples were stained with Van Gieson’s solution for 1 min-
ute. Subsequently, we performed rapid dehydration with
95% alcohol and absolute alcohol, and mounted the slides
with neutral gum.
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Statistical analysis

All data are expressed as the mean � standard error (SE) in
this study. IBM SPSS Statistics 26 (IBM, USA) was used for the
statistical analysis. One-way ANOVA and Student’s t-test
were utilized for statistical analysis.
Results

Disturbed flow-induced vascular remodeling in
ApoE�/� mice

Firstly, we established the disturbed flow model using the
classical partial carotid ligation model of ApoE�/� mice
(Fig. 1A). In this in vivo flow model, LCA and AA regions are
exposed to disturbed flow, while the RCA and DA regions
are exposed to a steady laminar flow. After 21 days of high-
fat feeding after surgery, oil red O (ORO) staining results
demonstrated that in the ligated LCA, the lipid deposition
was significantly higher than that in sham groups (Fig. 1B,
indicated by yellow arrows). H&E staining confirmed that
the LCA lumen was obstructed by arterial wall thickening
after 21-day ligation (Fig. 1C). In addition, the diameter of
blood vessels in the ligation groups also increased signifi-
cantly (Fig. 1D). Furthermore, the VG staining results
showed that the thickness of the medial layer increased,
and more broken elastic fibers were observed in the aortic
medial layer in the ligated LCA compared to the sham group
(Fig. 1EeG, as blue arrows indicated). These results
demonstrated that the disturbed flow cloud induces fast
atherosclerosis associated with excessive expansive
vascular remodeling.

Disturbed flow-induced vascular inflammation is
accompanied by vascular remodeling

To exclude the influence of serum cholesterol levels and
lipid deposition on vascular inflammation and remodeling,
we used normolipidemic mice’s partial carotid ligation
model to perform disturbed flow in vivo. We tested the
hypothesis that NF-kB is responsible for flow-induced cell
inflammation. Therefore, we detected the translocation of
p65, which plays a crucial role in the NF-kB family, in ECs
under different flow regions. As shown in Figure 2A, the p65
protein was mainly located in the cytoplasm of the laminar
flow areas (RCA and DA) in vivo. However, the p65 protein
was translocated into the nucleus in the LCA and AA regions
(indicated by yellow arrows), demonstrating the activation
of NF-kB. Subsequently, we detected the mRNA levels of
pro-inflammation cytokines in LCA, RCA regions from
C57BL/6 mice 21 days after ligation. The qRT-PCR results
showed that the inflammation-related mRNA (IL-1b, IL-6,
TNF-a, and p65) in the LCA region was significantly
increased compared with the RCA region (Fig. 2B).

In addition, the H&E staining results demonstrated that
disturbed flow leads to neointimal hyperplasia without lipid
deposition in normolipidemic mice (Fig. 2C). As shown in
Figure 2D, more elastin layer breaks were found in
disturbed flow areas (LCA and AA region, as indicated by
blue arrows). Taken together, these results revealed that
the vascular inflammation and remodeling induced by
disturbed flow during the initiation and progression of
atherogenesis are independent of serum cholesterol levels
or lipid deposition in the arterial wall.

Upregulation of CTSK expression in the disturbed
flow region

In the process of vascular remodeling, the migration of
SMCs from the intima to the terminal is the leading cause of
intimal thickening.21 The SMCs migration requires space for
ECM redistribution. CTSK is one of the most potent pro-
teases in the lysosomal cysteine proteases family and is
involved in ECM degradation. It is reported that CTSK reg-
ulates inflammation response through TLR-922 and TGF-b23

signaling pathways. Therefore, CTSK is probably involved in
vascular remodeling and vascular inflammation induced by
the disturbed flow. Firstly, we detected the distribution of
CTSK and Col1-A in the ligated ApoE�/� mice. As shown in
Figure S1, we observed the co-localization of CTSK and
Col1-A in the ligated group, indicating that CTSK may
remodel the extracellular matrix by degrading type I
collagen. En face immunofluorescence staining results
showed that the expression of CTSK in ECs of disturbed flow
areas (LCA, AA) was significantly higher than that of laminar
flow areas (RCA, DA) of C57BL/6 mice 21 days after ligation
(Fig. 3A). Furthermore, the protein and mRNA level of CTSK
in LCA and AA regions was markedly increased than that of
RCA and DA regions, respectively (Fig. 3B, C).

Disturbed flow increases integrin avb3 expression

Next, we investigated the molecular process underlying
disturbed flow that induces CTSK in the pro-atherosclerosis
area. Integrin plays an essential role in the mechano-
transduction of hemodynamic forces to biochemical sig-
nals. Among them, integrin avb3 is a direct sensor of uni-
directional flow for keeping vascular homeostasis.24 Based
on the previous research, the integrin is proposed as the
mechanical mediator in disturbed flow, promoting the
expression of CTSK. Therefore, we use a partial carotid
ligation model to create disturbed flow in LCA and curved
AA. Meanwhile, the RCA and DA regions served as control
groups for disturbed flow due to their exposure to laminar
blood flow. The immunofluorescence images showed that
integrin av and b3 (labeled by red fluorescence) levels in
LCA and AA of C57BL/6 mice 21 days after ligation were
significantly higher than those in the RCA and DA groups
(Fig. 4A, B).

DSS induces cell inflammation and increases CTSK
expression in vitro

Furthermore, a parallel plate flow chamber and rocker
model in vitro were used to generate unidirectional
laminar shear stress (LSS) or disturbed shear stress (DSS).
HUVECS were exposed to laminar shear stress (15 dyn/
cm2) or disturbed shear stress (�4.5 dyn/cm2) for 8 hours,
respectively. As shown in Figure 5A, the expression levels
of phosphorylation p65 at ser536, determined by Western
blot, was elevated by DSS, compared with LSS or static



Figure 1 Disturbed flow induces atherosclerotic and vascular remodeling in the left carotid artery (LCA). (A) Schematic of partial
carotid ligation surgery model. Right subclavian artery (RSA), right carotid artery (RCA), external carotid artery (ECA), superior
thyroid artery (STA), occipital artery (OA), internal carotid artery (ICA), left carotid artery (LCA), left subclavian artery (LSA),
aortic arch (AA), descending aorta (DA). (B) The arterial whole-mount ORO staining on the arteries harvested 21 days ligation from
ApoE�/� mice showed the lipid-rich plaques (red) in LCA, the lipid deposition as indicated by yellow arrows. (C) H&E staining of LCA
sections from ApoE�/� mice 21 days after ligation. (D) The vascular mean diameter of LCA tissue sections was measured by Image J
software (n Z 3). (E) VG staining of LCA sections from ApoE�/� mice 21 days after ligation, the sites of elastic breaks as indicated
by blue arrows. (F) Medial diameter and elastin break number (G) of VG-stained LCA tissue sections were measured by Image J
software (n Z 3).
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control. In vitro study confirmed that the p65 protein
translocated from cytoplasm to nucleus in HUVECs induced
by DSS for 8 hours (Fig. 5B). The intensity curve showed
the evident co-localization of p65 protein and the cell
nucleus in the DSS condition compared with the LSS and
static control group (Fig. 5B). Because the phosphorylation
of p65 protein invoked by DSS could promote NF-kB acti-
vation and lead to cell inflammation, we assessed the
mRNA expression of pro-inflammatory mRNA in HUVECs
under different flow conditions by qRT-PCR. The



Figure 2 Disturbed flow induces vascular inflammation in normolipidemic mice. (A) en face staining of p65 (red) and CD31
(green) in RCA, LCA, DA, and AA regions from normolipidemic mice 21 days after ligation. DAPI stained the nucleus, and the images
were captured by confocal microscopes (Scale bar: 20 mm). (B) The mRNA expression levels (IL-1b, IL-6, TNF-a, and p65) in RCA and
LCA regions from mice 21 days after ligation were determined by qRT-PCR (n Z 3). (C) H&E staining of RCA, LCA, DA, and AA
sections from C57BL/6 mice 21 days after ligation, respectively. (D) VG staining of RCA, LCA, DA, and AA sections from C57BL/6
mice 21 days after ligation, respectively (elastin rupture sites were shown in blue arrow).

Figure 3 Disturbed flow promotes the expression of CTSK in vivo. (A) En face immunofluorescence staining for CTSK (red) and
CD31 (ECs marker, green) on the RCA, LCA, DA, and AA of C57BL/6 mice 21 days after ligation, respectively. Nuclei were stained
with DAPI, and the image was captured by a confocal microscope (Scale bar: 20 mm). (B, C) The protein and mRNA expression levels
of CTSK in the RCA, LCA, DA, and AA of C57BL/6 mice 21 days after ligation, respectively (n Z 3).
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Figure 4 Disturbed flow upgraded the expression of integrins. Immunofluorescence staining for integrin av (A) or b3 (B) on the
RCA, LCA, DA, and AA of C57BL/6 mice 21 days after ligation, respectively (n Z 3). The endothelium was indicated by CD31 (ECs
marker) with green fluorescence. Nuclei were stained with DAPI, and the image was captured by a confocal microscope (Scale bar:
20 mm). White arrows indicated the positive areas.
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quantitative expression of mRNA (IL-1b, IL-6, TNF-a, and
IL-8) was markedly upregulated by DSS compared with LSS
or static control (Fig. 5C).

Subsequently, we examined the expression of CTSK in
HUVECs exposed to different flow conditions by Western
blot. As shown in Figure 5D, it revealed that DSS signifi-
cantly increased the level of CTSK in HUVECs compared
with LSS and static control group, consistent with the re-
sults of in vivo model. The qRT-PCR results further
confirmed that the mRNA expression of CTSK was markedly
enhanced by DSS (Fig. 5E).

The type I collagen is the substrate of CTSK; the triple
helix structure of type I collagen can be cleaved by CTSK.
Accordingly, CTSK and type I collagen were labeled by red
and green fluorescence. As shown in Figure 5F, prominent
type I collagen filaments are observed in the static control
and LSS group but significantly decreased with a high level
of CTSK in the DSS group. These results indicated that the
DSS could promote the expression of CTSK and degrade the
matrix, leading to vascular remodeling eventually.

In addition, we found that the expression of integrin av
and b3 in DSS groups was significantly increased than that in
the LSS group or static control group (Fig. 5G). Taken
together, our results demonstrated that DSS could induce
endothelial inflammation and ECM redistribution, accom-
panied by high levels of CTSK and integrin avb3.

Integrin-cytoskeleton mediates flow-induced NF-kB
activation and vascular remodeling

We further elucidate how integrin mediates shear-induced
atheroprone changes. As a downstream signal transduction
element of integrins, the actin dynamics responded
to different flow patterns, implicated to pathological in-
flammatory responses. Previous results indicated DSS
induced the translocation of p65 (Fig. 5B), which could be
redistributed to the cytoplasm in the presence of cilengi-
tide (a specific inhibitor of integrin avb3), and ATN-161
(integrin a5b1 inhibitor), suggesting that endothelial
inflammation could be blunted entirely by inhibition of
integrins. By using integrin inhibitor cilengitide or ATN-161
(integrin a5b1 inhibitor), it could be found that there are no
obvious differences of actin fiber (labeled by green fluo-
rescence, Fig. 6A, B).

Interestingly, even if exposed to LSS, the p65 signal in
HUVECs was activated with cilengitide pre-treatment for
12 hours. Similarly, inhibition of integrin a4b1/a4b7 with
firategrast showed the anti-inflammatory effects in HUVECs
exposed to DSS, but pro-inflammatory effects in HUVECs in
LSS treated group (Fig. S2).

The qRT-PCR results showed that the mRNA expression
levels of the pro-inflammatory factors (IL-6, TNF-a, ICAM-
1, p65, and IL-8) significantly decreased in the DSS groups
than those in LSS groups with pre-blocking integrin
(Fig. 6C). By contrast, exposure to LSS significantly
enhanced the CTSK level by inhibiting integrin (Fig. 6D).
The cytoskeleton polymerization inhibitors latrunculin B
(LatB, 10 mM for 12 hours) was used to explore the
integrin-induced cytoskeletal arrangement and inflam-
mation under the different flow conditions. As shown in
Figure S3A, cells displayed disordered actin stress with
less and short pseudopodia at the leading edge of lamel-
lipodia after inhibiting the cytoskeleton arrangement.
Additionally, inhibition of cytoskeleton polymerization
with the treatment of LatB strengthened flow-dependent
endothelial inflammation. That is to say, LatB stimula-
tion will further increase the retention of p65 protein in
the cytoplasm in both static culture and LSS groups; in the
DSS groups, LatB will promote the p65 protein to enter the
nucleus (Fig. S3B).



Figure 5 DSS induces endothelial inflammation and increases CTSK expression in vitro. (A) The Western blot of p65 and p-p65 in
HUVECs were subject to different flows. The grayscale value was quantized by Image J software (n Z 3). (B) Immunofluorescence
images of p65 (red) in HUVECs under different flow conditions, the nucleus stained by DAPI, and the images captured by confocal
microscopes (Scale bar: 20 mm). (C) The expression levels of mRNA (IL-1b, IL-6, TNF-a, and IL-8) were measured by qRT-PCR in
HUVECs exposed to different flow conditions (n Z 3). (D, E) The related protein and mRNA expression levels of CTSK in HUVECs
were exposed to different flow conditions for 8 hours (n Z 3). (F) Immunofluorescence images of CTSK (red) and Col1-A (green) in
HUVECs exposed to different flow conditions. Nuclei were stained with DAPI, and images were captured by confocal microscope
(Scale bar: 20 mm). (G) The HUVECs were exposed to different flow conditions, and the total cell lysates were immunoblotted with
integrin av or b3 (n Z 3).
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Using IkB/IKK inhibitors BAY 11e7085 (10 mM for
12 hours), we further investigate the effects of NF-kB on
the CTSK expression in HUVECs exposed to DSS or LSS. It
could be found in Figure 6E, the expression of CTSK induced
by DSS was significantly decreased by the inhibition of the
activation of NF-kB pathway.

Integrin blocking alleviate inflammation and
remodeling in normolipidemic mice

Based on the above in vitro research results, the cell sur-
face integrin receptor could serve as a potential thera-
peutic target. Therefore, we tested the anti-inflammation
effects of integrin inhibitor cilengitide (5 mg/kg/d) in the
carotid artery ligation model. As shown in Figure 7A, the
expression of p-p65 was hindered by cilengitide in ligation
normolipidemic mice. These results indicated that integrin
blocking could decrease the vascular inflammation induced
by the disturbed flow. H&E staining results demonstrated
that cilengitide treatment could reduce the intima thick-
ening in LCA regions (Fig. 7B). In addition, there was no
apparent rupture of elastin in LCA after administration of
cilengitide (Fig. 7C). However, the number of elastin breaks
in DA regions (LSS area) were increased after cilengitide
administration compared with dimethyl sulfoxide vehicle
control (1:1 solution of dimethyl sulfoxide: PBS) group
(Fig. 7C).

Integrin blocking reduces disturbed flow-induced
atherosclerosis

Based on the above promising results, we evaluated the
athero-protective property of integrin blocking in fast
atherosclerosis induced by the DSS. As shown in Figure 8A
and B, the lipid deposition in the LCA and AA regions of
hyperlipidemia mice with carotid artery ligation in the cil-
engitide treatment groups was significantly decreased than
dimethyl sulfoxide vehicle control. Meanwhile, the
expression of CTSK, measured by immunofluorescence im-
ages, in the atherosclerotic plaques was decreased after
cilengitide administration (Fig. 8C). Additionally, we also
found that the inhibition of integrin could decrease the co-



Figure 6 Disturbed flow induces endothelial cell inflammation depending on the integrineNFekB axis. (A) Immunofluorescence
images of p65 (red) and actin (green) on the HUVECs under different flow conditions in the presence of a specific inhibitor of
integrin avb3 cilengitide (5 mM for 12 hours), ATN-161 (5 mM for 12 hours) (B). Nuclei were stained with DAPI, and the images were
captured by a confocal microscope (Scale bar: 20 mm). (C) The pro-inflammatory mRNA expression in HUVECs, determined by qRT-
PCR, under different flow conditions in the presence of integrin inhibitors cilengitide (n Z 3). (D) HUVECs are subject to different
flow conditions in the presence of integrin inhibitors cilengitide (5 mM for 12 hours). Total cell lysates of treated cells were
immunoblotted for CTSK, and GAPDH. The images were captured by Western blot imaging systems, and the quantitation were
measured by Image J software (nZ 3). (E) HUVECs are subject to different flow conditions in the presence of IkB/IKK inhibitors BAY
11e7085 (10 mM for 12 hours). Total cell lysates of treated cells were immunoblotted for CTSK, and GAPDH. The images were
captured by Western blot imaging systems, and the quantitation was measured by Image J software (n Z 3).
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Figure 7 Integrin blocking alleviates inflammation and remodeling in normolipidemic mice. (A) Immunofluorescent staining for p-
p65 (red) and CD31 (green) on the RCA, LCA, DA, and AA from normolipidemic mice 21 days after ligation administrated with a
specific inhibitor of integrin avb3 cilengitide (5 mg/kg/d), respectively. Nuclei were stained with DAPI, and images were captured
by confocal microscope (Scale bar: 20 mm). (B) H&E staining of RCA, LCA, DA, and AA sections from 21 days after ligation was
administrated with cilengitide (5 mg/kg/d). (C) VG staining of RCA, LCA, DA, and AA sections after blocked integrin by cilengitide
in vivo, respectively (elastin rupture sites were shown in blue arrow).
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localization of CTSK and Col1-A (Fig. S4). H&E staining re-
sults showed that integrin blocking could significantly
reduce the progression of atherosclerotic plaques and
vascular mean diameter in hyperlipidemia 21 days after
ligation (Fig. 8D, E). In addition, the medial diameter and
number of ruptures of elastin in LCA were decreased in the
cilengitide administrated groups compared with dimethyl
sulfoxide vehicle control (Fig. 8FeH).

Discussion

Atherosclerosis is a chronic inflammatory disease, occurring
preferentially in bifurcation, branching, and bending of
blood vessels exposed to disturbed flow.25 Atheroprone flow
induces the formation of atherogenic endothelial pheno-
type and early atherosclerotic plaque through complex
mechanical-reception and mechanicaletransduction pro-
cesses to regulate endothelial gene expression.26 Interest-
ingly, this phenomenon is not independent, usually
accompanied by vascular remodeling. The proliferation and
migration of SMCs from medial to intimal are contributed to
the intimal thickening induced by the disturbed flow.27 The
extracellular matrix components will be degraded during
this process to provide space for smooth muscle migration.
Matrix metalloproteinases,28 cathepsin,29 and angiotensin30

are essential factors that can reshape the extracellular
matrix and cause vascular remodeling. CTSK is one of the
most potent proteases in lysosomal cysteine proteases
belonging to the peptidase protein C1 family, mainly
expressed in osteoclasts and involved in bone remodeling
and resorption. In addition, CTSK has been reported to play
an essential role in other diseases, such as keratinocyte



Figure 8 Integrin blocking reduces disturbed flow-induced atherosclerosis. (A) The arterial whole-mount ORO staining on the
arteries was harvested 21 days after ligation from ApoE�/� mice administrated with a specific inhibitor of integrin avb3 cilengitide
(5 mg/kg/d). (B) The lipid deposition in AA and LCA were quantified by Images J software (n Z 3). (C) Immunofluorescence images
of CTSK (red) and CD31 (green) in LCA from ApoE�/� mice 21 days after ligation and administrated with cilengitide (5 mg/kg/d).
DAPI stained the nucleus, and the images were captured by a confocal microscope (Scale bar: 20 mm). (D) H&E staining of LCA
sections from ApoE�/� mice 21 days after ligation and administrated with cilengitide (5 mg/kg/d). (E) The vascular mean diameter
of LCA tissue sections was measured by Image J software (n Z 3). (F) VG staining of LCA sections from ApoE�/� mice 21 days after
ligation, the sites of elastic breaks as indicated by blue arrows. (G) Medial diameter and (H) elastin break number of VG-stained LCA
tissue sections were measured by Image J software (n Z 3).
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differentiation,31 tumor invasion and metastasis,32

congenital heart defects,33 and atherosclerosis.11 The pri-
mary function of CTSK is extracellular matrix degradation
and remodeling and has potent collagenolytic activity
against type I/II collagen. Furthermore, it is reported that
CTSK regulates inflammation response through TLR-922 and
TGF-b23 signaling pathways. In this work, we reveal that the
vascular inflammation caused by the disturbed flow could
promote the expression of CTSK, which in turn leads to
vascular remodeling.

Integrin is a transmembrane receptor that mediates the
mechanic-chemical signal transport between the extracel-
lular matrix (ECM) and the cytoskeleton.34 Endothelial cells
express different integrin receptors for mediating binding to
the extracellular matrix. For example, the expression of
integrin a1b1 and a2b1 binds to collagen, and the expression
(a3b1, a6b1, and a6b4) integrin binds to laminin in the
natural state for anchoring to the extracellular matrix to
maintain vascular homeostasis. In addition, endothelial cells
also expressed integrins (including a5b1 and avb3) that cause
ECs activation for angiogenesis or pathological conditions. In
the early stage of atherosclerosis, integrin avb3 is consid-
ered the main element that mediates the pro-inflammatory
signals (NF-kB) generated by the atheroprone flow.12 The
inhabitation of integrin avb3 or av knockout could decrease
the inflammation and plaques deposition in ApoE�/� mice
aorta. Notably, inhibition of other integrins (a535,36, b119)
subunits can also block the activation of endothelial cell
inflammatory signals induced by the disturbed flow. How-
ever, we used laminar flow to stimulate HUVECs that have
been inhibited by integrin and found the activation of NF-kB
and upgraded expression of inflammatory cytokines. In
addition, we also observed more elastin breaks in laminar
shear stress of vascular (such as DA) after treatment with
integrin inhibitors. These results suggest that integrin may
be a two-way switch that can sense laminar flow and
disturbed flow, respectively, resulting in different inflam-
matory responses. Similar results have been observed by
Vedanta et al37; they found that a force sensor guidance
receptor plexin D1 has binary functions to sense the up-
stream mechanical signals. The plaque areas in the aorta
arch of plexin D1 knockout ApoE�/� mice were significantly
reduced compared to wild-type mice.37 However, obvious
plaque burden has been observed in the descending aorta
areas in the plexin D1 knockout ApoE�/� mice.

Interestingly, when we inhibit NF-kB in vitro, the
expression of CTSK decreases. Therefore, we believe that
the CTSK may be regulated by NF-kB signal. NF-kB is a
transcription factor belonging to the “Rel” family. It rep-
resents a critical intracellular signal transduction system
and is involved in various inflammatory diseases, including
atherosclerosis.38 Inhibition of NF-kB eliminates the in-
duction of adhesion molecules in endothelial cells, dis-
rupts the recruitment of macrophages to atherosclerotic
plaques, and reduces the expression of cytokines and
chemokines in the aorta.39 Therefore, the strategies for
local or endothelial-specific inhibition of NF-kB may open
up new therapeutic methods for preventing and treating
this disease.

The actin cytoskeleton is a critical component of cells,
which plays an essential role in regulating cell proliferation
and migration. Studies have shown that the cytoskeleton is
closely related to the activation of NF-kB.40 For example,
Crépieux et al41 found that the NF-kB inhibitor, IkB-a,
physically binds to the microtubules, which is a component
of the cytoskeleton. On the other hand, NF-kB can be active
by the Rho family, which is an important enzyme involved in
regulating the structure of the actin cytoskeleton.42 In
addition, Alexandra et al found that the p65 protein can
bind to the filamentous actin.43 In this study, we demon-
strated that the inhibition of cytoskeleton polymerization
with the treatment of LatB would further increase the
retention of p65 protein in the cytoplasm in both static
culture and LSS conditions; in the DSS condition, LatB will
promote the p65 protein to enter the nucleus.

Conclusion

In conclusion, we demonstrated that the CTSK contributed
to disturbed flow-induced endothelial inflammation and
vascular remodeling, dependent on integrin avb3-
cytoskeletoneNFekB signaling. Additionally, the inhibi-
tion of integrin avb3-cytoskeleton is promising as a target
for vascular anti-inflammation and anti-atherosclerosis
treatment.
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