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Abstract

Background and 
aims

Atherosclerosis preferentially develops in arterial branches and curvatures where vascular endothelium is exposed to dis-
turbed flow. In this study, the effects of disturbed flow on the regulation of vascular endothelial phosphoproteins and their 
contribution to therapeutic application in atherogenesis were elucidated.

Methods Porcine models, large-scale phosphoproteomics, transgenic mice, and clinical specimens were used to discover novel site- 
specific phosphorylation alterations induced by disturbed flow in endothelial cells (ECs).

Results A large-scale phosphoproteomics analysis of native endothelium from disturbed (athero-susceptible) vs. pulsatile flow 
(athero-resistant) regions of porcine aortas led to the identification of a novel atherosclerosis-related phosphoprotein vin-
culin (VCL) with disturbed flow-induced phosphorylation at serine 721 (VCLS721p). The induction of VCLS721p was mediated 
by G-protein-coupled receptor kinase 2 (GRK2)S29p and resulted in an inactive form of VCL with a closed conformation, 
leading to the VE-cadherin/catenin complex disruption to enhance endothelial permeability and atherogenesis. The gener-
ation of novel apolipoprotein E-deficient (ApoE−/−) mice overexpressing S721-non-phosphorylatable VCL mutant in ECs 
confirmed the critical role of VCLS721p in promoting atherosclerosis. The administration of a GRK2 inhibitor to ApoE−/− 

mice suppressed plaque formation by inhibiting endothelial VCLS721p. Studies on clinical specimens from patients with cor-
onary artery disease (CAD) revealed that endothelial VCLS721p is a critical clinicopathological biomarker for atherosclerosis 
progression and that serum VCLS721p level is a promising biomarker for CAD diagnosis.

Conclusions The findings of this study indicate that endothelial VCLS721p is a valuable hemodynamic-based target for clinical assessment 
and treatment of vascular disorders resulting from atherosclerosis.
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Structured Graphical Abstract

Proposed mechanisms by which disturbed flow induces vinculin phosphorylation at serine 721 (VCLS721p) in vascular endothelium, leading to ath-
erosclerosis. A combination of porcine models, large-scale phosphoproteomics, transgenic mice, and clinical specimens was used to demonstrate 
that disturbed flow induces endothelial VCLS721p via G-protein-coupled receptor kinase 2 (GRK2)S29p, resulting in an inactive form of VCL with a 
closed conformation. This disrupted the VE-cadherin junction/catenin complex to enhance endothelial permeability and atherosclerosis. Statin ther-
apy was associated with reduced levels of sVCLS721p and sVCLS721p/sVCL in the serum of patients with coronary artery disease. Thus, endothelial 
VCLS721p and serum levels of sVCLS721p and sVCLS721p/sVCL are promising molecular targets for the clinical assessment and treatment of athero-
sclerosis. AJ, adherens junction.

Keywords Atherosclerosis • Disturbed flow • Endothelial cell • Phosphoproteomics • Shear stress • Vinculin
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Translational perspective
Atherosclerosis preferentially develops in arterial branches and curvatures where vascular endothelium is exposed to disturbed flow. In this 
study, we used porcine models, large-scale phosphoproteomics, transgenic mice, and human specimens to demonstrate that disturbed flow in-
duces vinculin phosphorylation at S721 (VCLS721p) in vascular endothelium to enhance endothelial permeability and atherosclerosis. VCLS721p 

abundance was found to be positively correlated with atherosclerotic stages in clinical biopsies and sera from patients with coronary artery dis-
ease, suggesting that VCLS721p abundance can be used as a seromarker to guide medication selection. Endothelial VCLS721p is a promising target 
for clinical assessment and treatment of atherosclerosis.

Permissions information
The authors do hereby declare that all illustrations and figures in the 
manuscript are entirely original and do not require reprint permission.

Introduction
Cardiovascular disease (CVD) is a major cause of death and various dis-
abilities worldwide, and atherosclerosis is a critical pathophysiological 
factor for CVD. Vascular endothelial dysfunction (ED), including in-
creased vascular permeability and inflammation, initiates the early de-
velopment of atherosclerotic lesions.1 Since the clinical identification 
of ED is essential for preventing or reversing its progression to athero-
sclerotic disease, there is a need to develop new diagnostic biomarkers 
and therapeutic targets for clinical assessment and treatment of ED and 
atherosclerosis.

Force sensing by vascular endothelial cells (ECs) is critical for their 
biological functions. Clinical evidence revealed that areas of pulsatile 
flow with unidirectional shear stress (PS) in straight segments of the ar-
terial tree are athero-resistant. In contrast, areas of disturbed flow with 
low and oscillatory shear stress (OS) at arterial branches and curvatures 
are prone to atherosclerosis.2 However, the mechanism by which dif-
ferent flow patterns and shear stresses regulate molecular signaling and 
functions in ECs still needs to be elucidated. Protein phosphorylation, a 
necessary post-translational modification, is a critical regulatory mech-
anism associated with flow disturbances and atherogenesis.3 Exposure 
of ECs to disturbed flow modulates the expression of various phospho-
proteins, including Smad1/5S463/S465p (i.e. Smad1/5 phosphorylation at 
serine 463 and 465)4 and p65S536p, to induce endothelial proliferation 
and inflammation.2 In contrast, pulsatile or laminar flow stimulates nitric 
oxide production by inducing endothelial nitric oxide synthase 
(eNOS)S1177/S1179p;5 this was associated with improved endothelial 
function in patients with coronary artery disease (CAD).6 To discover 
new molecular targets and generate new approaches for the early diag-
nosis and treatment of atherosclerosis, it is necessary to determine the 
in vivo correlation between local phosphoprotein expression profiles in 
ECs and their athero-susceptibility in different flow areas.

Vinculin (VCL), a membrane-cytoskeletal protein involved in the link-
age of integrins and the F-actin cytoskeleton, has been found to act as a 
mechanosensor that transmits forces to the cytoskeleton to maintain cell 
shape.7 VCL controls cell motility by altering the cell’s conformation 
from an inactive state, characterized by a tight head–tail interaction, to 
an active state in which intramolecular head–tail interaction is severed.8

Deficiency of VCL reduces adhesion strength and results in defective car-
diovascular development.9 In contrast, VCL overexpression improves 
cardiac contractility and prolongs lifespan.10 VCL can be phosphorylated 
at its tyrosine residues 100, 822, and 1065 in response to mechanical fac-
tors to induce its active form for contractile force transmission.11

Investigations on plasma samples from patients with atherosclerotic 

disease showed up-regulation of VCL plasma levels in patients with acute 
coronary syndrome.12 However, whether VCL phosphorylation can be 
differentially regulated by different flow patterns and shear stresses to 
contribute to atherogenesis remains unclear.

In this study, we used porcine models, large-scale phosphoproteo-
mics, transgenic (Tg) mice, and human specimens to demonstrate 
that disturbed flow induces VCL phosphorylation at S721 (VCLS721p) 
in vascular endothelium to promote atherosclerosis. Investigations on 
clinical biopsy specimens and sera from patients with CAD indicated 
that endothelial VCLS721p is a critical clinicopathological biomarker 
for atherosclerosis progression and that the serum VCLS721p 

(sVCLS721p) level is a promising biomarker for CAD diagnosis. Our find-
ings suggest that VCLS721p may serve as a valuable hemodynamic-based 
target for clinical assessment and treatment of vascular disorders re-
sulting from atherosclerosis.

Methods
Detailed materials and methods are provided in the online supplemental 
document. The experimental workflow is summarized in Supplementary 
material online, Figure S1.

Results
VCLS721p is a novel atherogenic 
phosphoprotein in ECs that can be induced 
by disturbed flow in vivo and in vitro
Porcine vascular endothelia were harvested from the inner curvature 
(IA) (athero-susceptible, disturbed flow region) vs. the outer curvature 
(OA) of the aortic arch and the cranial part of descending thoracic aorta 
(TA) (athero-resistant, pulsatile flow regions) (see Supplementary 
material online, Figure S2A). EC purity was identified to be > 96% (see 
Supplementary material online, Figure S2B and C). These endothelia 
were subjected to quantitative large-scale phosphoproteomics analysis. 
A total of >1000 serine/threonine-phosphorylated peptides derived 
from >30 proteins were identified. We next identified atherosclerosis- 
related phosphoproteins that had (1) significant differences in expres-
sion between disturbed flow (i.e. IA) and pulsatile flow (i.e. OA and 
TA) regions and (2) no significant difference between the OA and 
TA regions. Threshold criteria of a >2-fold change (log2 fold change 
> 1) or <0.5-fold change (log2 fold change < −1) with a 99% confidence 
were used for the selection (see Supplementary material online, 
Table S1). Among these three regions, ECs from the IA expressed 
the highest levels of VCLS721p and the lowest eNOSS1179p and 
eNOST1177p, compared with OA and TA (Figure 1A). Thus, VCLS721p 

may be a critical pro-atherogenic phosphoprotein in ECs inducible by 
the disturbed flow.

To confirm the phosphoproteomics results on VCLS721p, a 
VCLS721p-specific rabbit polyclonal antibody was newly generated. 
Porcine ECs scraped from the IA exhibited higher levels of VCLS721p 
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Figure 1 VCLS721p is highly expressed in ECs exposed to disturbed flow in vivo and in vitro. (A) Approximately 107 cells were freshly scraped from the 
precisely defined areas of IA, OA, and TA of six pigs and subjected to large-scale phosphoproteomics analysis (n = 3). Results show the relative ratios of 
critical phosphoproteins in the IA compared with OA and TA. (B–D) Western blot analysis of VCLS721p expression in fresh porcine aortic ECs (B, n = 3), 
immunohistochemical staining of the cross-sections of the porcine aortic arch (C ), and en-face immunostaining of the ApoE−/− mouse aortic arch (D). (E) 
Longitudinally panoramic examination of EC VCLS721p expression from the upstream (US) through the midpoint to the downstream (DS) areas of the 
constriction in the experimentally stenosed rat abdominal aorta. *C indicates clip-injured areas. Right panels show the magnified views of the indicated 
areas (white dashed line box). (F ) ECs were kept under static condition as controls (CL) or subjected to oscillatory (OS) or pulsatile (PS) shear stress for 
the indicated times (n = 3). Arrows in C and E indicate the EC layer stained with an antibody against isolectin B4 (IB4). Data in B and F are means ± SEM 
and were analyzed by one-way ANOVA with Tukey multiple comparison test. The pictured images represent three independent experiments with 
similar results.
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than those from the OA (Figure 1B); this finding was confirmed by im-
munohistochemical or en-face staining of porcine (Figure 1C and 
Supplementary material online, Figure S3A) and mouse (Figure 1D and 
Supplementary material online, Figure S3B) aortas. The in vivo induction 
of EC VCLS721p by disturbed flow was further substantiated by immu-
nohistochemical staining on the experimentally stenosed rat abdominal 
aorta (Figure 1E). These results showed that VCLS721p was highly ex-
pressed in the EC layer at post-stenotic sites, where disturbed flow oc-
curs.4 In vitro flow chamber studies also showed that OS, but not PS, 
induced sustained expression of VCLS721p in ECs (Figure 1F).

G-protein-coupled receptor kinase 2 
(GRK2)S29p is an active kinase responsible 
for disturbed flow induction of VCLS721p

Motif-based analysis using Phospho Motif Finder and NetworKIN sug-
gested that GRK2, a central signaling node that modulates 
G-protein-coupled receptors,13 may be a potential upstream kinase 
for VCLS721p. GRK2S29p, the active form of GRK2,14 was found to be 
highly expressed in vascular endothelium in porcine IA, but not OA 
or TA (Figure 2A and B, and Supplementary material online, 
Figure S4). This high induction of EC GRK2S29p in the disturbed flow re-
gion was also observed in mouse IA (see Supplementary material 
online, Figure S5A) and post-stenotic sites of the stenosed rat abdominal 
aorta (Figure 2C); notably, it was co-localized with VCLS721p. In flow 
channel studies, OS, but not PS, induced sustained expression of EC 
GRK2S29p (Figure 2D) and its co-localization with VCLS721p (see 
Supplementary material online, Figure S5B). This OS induction of 
GRK2S29p was abolished by treating ECs with a GRK2-specific inhibitor 
(Figure 2E and Supplementary material online, Figure S6A) or transfect-
ing with GRK2-specific siRNA (Figure 2F and Supplementary material 
online, Figure S6B); both of these processes also inhibited OS-induced 
VCLS721p. GRKS29p is an active upstream kinase of VCLS721p in ECs 
that occurs in response to disturbed flow.

Disturbed flow induces an inactive form of 
VCL with a closed conformation
To investigate whether S721 phosphorylation of VCL affects its con-
formational changes, GFP-tagged wild-type VCL (VCLWT), non- 
phosphorylatable mutant VCLS721A (serine replaced by alanine), and 
phosphomimetic mutant VCLS721E (serine replaced by glutamate) 
were constructed. We also generated full-length VCL FRET probes 
(FRETVCL) in which ECFP (donor) was placed at the COOH terminus 
of the tail domain and EYFP (acceptor) was inserted into the end of 
the head domain (Figure 3A). Acceptor photobleaching of FRET probes 
in FRETVCLWT-transfected ECs exhibited low basal FRET levels. These 
results indicated that, under static conditions, VCL is in an active form 
with an open conformation (Figure 3B and C). Application of OS to 
FRETVCLWT-transfected ECs induced a conformational change of VCL 
from an active to inactive form, as indicated by the strong FRET signal 
in these ECs (Figure 3B). This OS-induced FRET signal was not observed 
in FRETVCLS721A-transfected ECs. Transfecting ECs with FRETVCLS721E 

probes also induced FRET signal in ECs, mimicking OS stimulation 
(Figure 3B and C). Blockage of VCLS721p in ECs by treating with a 
GRK2 inhibitor diminished the OS-induced FRET signal (Figure 3D 
and E). Thus, our results indicate that disturbed flow and S721 phos-
phorylation induce an inactive form of VCL with a closed conformation, 
thus affecting endothelial permeability.

VCLS721p induces endothelial permeability 
by disrupting VE-cadherin/catenin 
junctions
VCL prevents the opening of VE-cadherin/catenin junctions during their 
force-dependent remodeling.15 High levels of VCLS721p were corre-
lated with disrupted VE-cadherin expression in ECs exposed to 
disturbed flow in vitro (Figure 4A) and in mouse IA in vivo (Figure 4B). 
Co-immunoprecipitation assays demonstrated that OS inhibited the as-
sociation of VCL with VE-cadherin, α-catenin, and β-catenin in ECs 
(Figure 4C). These results were confirmed using the in situ proximity li-
gation assay (PLA). This process showed that OS inhibited direct asso-
ciations of VCL with α-catenin and β-catenin in ECs (see Supplementary 
material online, Figure S7). Treating ECs with a GRK2-specific inhibitor 
inhibited the OS-induced increase in GRKS29p/VCLS721p association 
(Figure 4D) and decreases in VCL associations with VE-cadherin, 
α-catenin, and β-catenin (Figure 4E), while the VE-cadherin expression 
recovered from its disrupted pattern in the OS-stimulated cells 
(Figure 4F). An in vitro assay demonstrated that endothelial permeability 
was significantly increased by overexpression of phosphomimetic 
VCLS721E in ECs (Figure 4G). This VCLS721p-induced endothelial perme-
ability was also confirmed using an in vivo endothelial permeability assay, 
which showed that administrating phosphomimetic VCLS721E to ApoE−/− 

mice disrupted VE-cadherin expression and increased microsphere ex-
travasation in mouse aortic ECs (see Supplementary material online, 
Figure S8). The disturbed flow-induced S721 phosphorylation of VCL 
in ECs impaired VE-cadherin/catenin junctions to increase EC 
permeability.

Inhibition of endothelial VCLS721p reduces 
atherosclerotic lesions and increases their 
stability in ECVclS721AApoE−/− mice
To investigate the in vivo pathophysiological roles of EC VCLS721p in ath-
erosclerosis, we generated novel ECVclS721A Tg ApoE−/− mice bearing 
EC-specific overexpression of non-phosphorylatable VCLS721A in 
ApoE−/− background (see Supplementary material online, Figure S9). 
These Tg mice were equivalent in body mass, serum chemistry, and to-
tal plasma lipid profiles compared with inbred control ApoE−/− mice 
(see Supplementary material online, Table S2). Overexpression of EC 
VCLS721A in ECVclS721AApoE−/− mice significantly inhibited the opening 
of VE-cadherin junctions (Figure 5A and Supplementary material 
online, Figure S10A) and endothelial (Figure 5B and Supplementary 
material online, Figure S10B) and vascular permeabilities (see 
Supplementary material online, Figure S10C). These actions were ac-
companied by reduced atherosclerotic lesions (Figure 5C) and macro-
phage infiltration (Figure 5D). In comparison with control ApoE−/− 

mice, plaques from ECVclS721AApoE−/− mice had reduced fibrous 
cap thickness (Figure 5E and Supplementary material online, 
Figure S10D), increased smooth muscle α-actin (αSMA)/Vimentin 
(Vim)-double-positive synthetic smooth muscle cells (SMCs) 
(Figure 5F and Supplementary material online, Figure S10E), and reduced 
necrotic core areas (Figure 5G and Supplementary material online, 
Figure S10E), whereas the collagen content was only slightly decreased 
(Figure 5H and Supplementary material online, Figure S10F). Moreover, 
the number of apoptotic cells in the plaque vascular endothelium in 
ECVclS721AApoE−/− mice was significantly lower than that in control 
mice (Figure 5I). Taken together, our results indicate that knock-in of 
non-phosphorylatable VCLS721A to decrease EC VCLS721p expression 
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Figure 2 Disturbed flow induction of VCLS721p is mediated by GRK2S29p. (A) Western blot analysis of the expression of indicated proteins in fresh 
porcine aortic ECs. (B) Immunofluorescence staining for GRK2S29p expression in the porcine IA and OA EC layers. Arrows indicate the EC layer stained 
for IB4. (C ) Longitudinally panoramic examination of EC GRK2S29p and VCLS721p expressions from the upstream (US) through the midpoint to the 
downstream (DS) areas of the constriction in the experimentally stenosed rat abdominal aorta. Co-immunostaining for GRK2S29p and VCLS721p indi-
cates their co-localization in ECs (arrows). *C indicates clip-injured areas. Right panels show the magnified views of the indicated areas (dashed line box). 
(D–F ) ECs were kept under static condition as controls (CL) or subjected to oscillatory (OS) or pulsatile (PS) shear stress for the indicated times (D) or 
24 h (E and F ). In some experiments, ECs were pre-treated with GRK2-specific inhibitor (GRK2-I, 30 μM) (E) or transfected with GRK2-specific siRNA 
(siGRK2, 15 nM) (F ) for 24 h. Data in A, D–F are means ± SEM (n = 3). One-way ANOVA with the Tukey multiple comparison test was applied to A and 
D. Two-way ANOVA with the Tukey multiple comparison test was applied to E and F. Results in each figure represent three independent experiments 
with similar results.
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Figure 3 Disturbed flow induces an inactive form of VCL with a closed conformation. (A) Schematic diagrams showing the conformational changes of 
the VCL conformation-responsive FRET construct used in this study. Active VCL exhibits an open conformation in which intramolecular head–tail 
interaction is severed. Inactive VCL shows a closed conformation characterized by a tight head–tail interaction. Inactive VCL induces a high FRET signal, 
whereas the FRET signal is diminished for active VCL. (B and C ) ECs were transfected with wild-type VCL FRET probe (FRETVCLWT) and mutant VCL 
FRET probes (FRETVCLS721A and FRETVCLS721E) for 24 h and then kept under static condition as controls (CL) or subjected to oscillatory (OS) or pul-
satile (PS) shear stress for 24 h. Pseudocolor FRET ratio images of these VCL FRET probes in live ECs were corrected after acceptor photobleaching 
(B), and the extracted FRET efficiencies were quantified (n = 25) (C ). (D and E) FRETVCLWT-transfected ECs were incubated with GRK2 inhibitor 
(GRK2-I, 30 μM) or control saline for 24 h. These cells were kept under static condition as controls (CL) or subjected to oscillatory shear stress 
(OS) for 24 h, and their FRET pseudocolor signals were examined. The mean values of extracted FRET efficiency were quantified (n = 15) (E). Data 
in C and E are means ± SEM from three independent experiments and were analyzed by two-way ANOVA with Tukey multiple comparison test. 
The images in the figure represent three independent experiments with similar results.
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Figure 4 Disturbed flow induction of VCLS721p increases EC permeability by disrupting VE-cadherin/catenin junctions. (A, C–F ) Cultured ECs were 
kept under static condition as controls (CL) or subjected to oscillatory (OS) or pulsatile (PS) shear stress for 24 h. Cultured ECs (A) and EC monolayer 
in IA, OA, and TA of ApoE−/− mice (B) were en-face co-immunostained for VCLS721p and VE-cadherin. (C and E) EC lysates were immunoprecipitated 
with VCL-specific antibodies, followed by Western blot analysis for VCL, VE-cadherin, α-catenin, β-catenin. *P < 0.05 vs. CL. #P < 0.05 vs. saline OS. (D 
and F ) Representative results of GRK2S29p and VCLS721p co-immunostaining (D) and VE-cadherin immunostaining (F ) in ECs. Cell nuclei were counter-
stained with DAPI. In some experiments, ECs were pre-treated with a GRK2-specific inhibitor (GRK2-I, 30 μM) for 24 h (D–F ). Arrowheads in A, B, and 
F indicate the gaps of inter-endothelial VE-cadherin junctions, and the gap areas were quantified. (G) Cultured ECs were transfected with VCLWT, 
VCLS721E, or VCLS721A, and their permeability was assessed using the in vitro endothelial permeability assay with FITC-conjugated dextran (70 kDa). 
n = 6 for each group in A, B, and F, and n = 3 for other results. Data are means ± SEM from three to six independent experiments. One-way 
ANOVA with the Tukey test was applied to A–C and G. Two-way ANOVA with the Tukey multiple comparison test was applied to E and F. 
Results represent three to six independent experiments with similar results.

EC VCLS721p induces atherosclerosis under flow                                                                                                                                             311



A

D

G H I

B C

E F

Figure 5 EC-specific overexpression of non-phosphorylatable mutant VCLS721A in ApoE−/− mice reduces atherosclerotic lesions and increases plaque 
stability. ECVclS721AApoE−/− and inbred control ApoE−/− mice were fed HCD for 6 weeks (n = 6 each), and their aortas were subjected to en-face 
co-immunostaining for DDK-tagged VCLS721A and VE-cadherin. The inter-endothelial gaps between VE-cadherin junctions in the IA region were quan-
tified (A). These mice were subjected to in vivo endothelial permeability assay using FITC-conjugated microspheres (G-spheres, 0.1 μm in size). The 
intensities of leaked microspheres in the endothelium of the IA region were quantified (B). (C–I ) ECVclS721AApoE−/− and inbred control ApoE−/− 

mice were fed HCD for 18 weeks (n = 6 each in C and D, n = 8 each in E–I ). Whole segments of mouse aortas were subjected to Oil-red O staining 
to examine plaque formation (C ). (D) Cross-sections of IA from these mice were co-immunostained for macrophage marker CD68 and SMC marker 
αSMA, with DAPI nuclear counterstains. Lower panels show magnified views of the indicated areas (dashed line box). The dashed lines indicate the 
margin of the tunica medial layer (M ). NC, necrotic core. The number of infiltrated macrophages in the lesions was quantified (n = 6). (E–I ) 
Quantifications of fibrous cap thickness by Movat pentachrome staining (E), synthetic SMCs within the lesions by co-immunostaining for αSMA and 
vimentin (VIM) (F ), necrotic core areas (identified as the regions that lack DAPI-positive nuclei) by DAPI counterstaining (G), and collagen content 
by PicroSirus red staining (H ). The representative images of A, B, E, F, G, and H are shown in Supplementary material online, Figure S10A, B, D, E, 
and F, respectively. (J ) Apoptotic ECs identified by TUNEL staining, with vWF as an EC marker. The number of apoptotic ECs in plaques was quantified. 
The right panels in I are the magnified views of the indicated areas (dashed line box). All analyses in E–I were performed on the sections of the innom-
inate artery and the IA region of mice. Data are shown as means ± SEM and were analyzed by a two-tailed Student t-test. Results represent six to eight 
independent experiments with similar results.
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in ApoE−/− mice reduced atherosclerotic lesions and plaque vulnerabil-
ity and increased plaque stability.

Administrating a GRK2 inhibitor to ApoE−/− 

mice reduces atherosclerotic lesions and 
increases plaque stability
The administration of a GRK2 inhibitor to ApoE−/− mice inhibited 
VCLS721p expression and recovered VE-cadherin junction integrity in 
ECs (Figure 6A and Supplementary material online, Figure S11A), thereby 
inhibiting endothelial (Figure 6B and Supplementary material online, 
Figure S11B) and vascular (see Supplementary material online, 
Figure S11C) permeabilities. These responses were accompanied by re-
duced atherosclerotic lesions (Figure 6C) and macrophage infiltration 
(Figure 6D). GRK2 inhibitor administration also decreased collagen con-
tent (Figure 6E and Supplementary material online, Figure S11D), fibrous 
cap thickness (Figure 6F and Supplementary material online, 
Figure S11E), and necrotic core area (Figure 6G and Supplementary 
material online, Figure S11F), while increasing the number of 
αSMA+Vim+ SMCs in plaques (Figure 6H and Supplementary material 
online, Figure S11F). GRK2 inhibitors also reduced the number of apop-
totic cells in the plaque vascular endothelium (Figure 6I). There were no 
effects on body mass, serum chemistry, and plasma lipid profiles in 
ApoE−/− mice in response to GRK2 inhibitor administration (see 
Supplementary material online, Table S3). These results indicate that 
GRK2 inhibitors may have great potential as anti-atherosclerosis drugs.

Endothelial VCLS721p serves as a 
clinicopathological marker for human 
atherosclerosis progression
To elucidate the clinical relevance of EC VCLS721p, we examined the EC 
VCLS721p levels and their correlation with the numbers of infiltrated 
macrophages in atherosclerotic lesions obtained from diseased human 
coronary arteries. According to American Heart Association guidelines 
for histological classification of atherosclerosis, diseased arteries con-
tain six types of atherosclerotic lesions, ranging from mild lesions 
with fatty streaks to advanced lesions.16 Serial sections of human ather-
omas were divided into three groups according to the following stages: 
initial neointima stage without macrophages (type I, group I), growing 
atheroma stage with intimal macrophages (types II–IV, group II), and ad-
vanced atheroma stage with fibrotic cap and calcification (types V–VI, 
group III) (n = 15–21 each). Compared with non-diseased arteries, 
VCLS721p (Figure 7A) and GRK2S29p (see Supplementary material 
online, Figure S12A) levels in the EC layers were increased in human 
atheromas, whereas the EC VE-cadherin expression was decreased. 
VCLS721p and GRK2S29p expressions were co-localized in ECs in groups 
II and III lesions (Figure 7B) and significantly higher than those in group I 
lesions (Figure 7C). Increased EC VCLS721p (Figure 7D) and GRK2S29p 

(see Supplementary material online, Figure S12B) were accompanied 
by the increased accumulation of invading macrophages in lesions. 
Interestingly, the numbers of CD68-positive macrophages were posi-
tively correlated with the level of EC VCLS721p in all human lesion 
specimens examined (Figure 7E). VCLS721p and GRK2S29p levels in 
ECs were positively correlated with the numbers of macrophages infil-
trated in human atherosclerotic lesions. These molecules may there-
fore serve as valuable clinicopathological markers for human 
atherosclerosis progression.

The levels of sVCLS721p and its ratio to 
total sVCL in patients with CAD are 
promising biomarkers for CAD diagnosis
We further investigated the clinical relevance of VCLS721p to human 
CVD by collecting sera from patients with CAD and healthy subjects 
(see Supplementary material online, Figure S13). One hundred and 
sixty-two individuals were divided into three groups (non-CAD, mild 
CAD, and moderate/severe CAD) following the CAD prognostic in-
dex17 (see Supplementary material online, Table S4). All statistical 
data on clinical sera were analyzed using the multivariate linear regres-
sion model and adjusted for age, sex, smoking, body mass index, hyper-
tension, diabetes, and hypercholesterolemia. In all cohorts, the levels of 
natural log-transformed (ln) sVCLS721p (Figure 8A) and total sVCL 
(Figure 8B) from patients with CAD were significantly higher than those 
from non-CAD patients. Moreover, the sVCLS721p/sVCL ratio in the 
moderate/severe CAD group was significantly higher than that in the 
non-CAD group (Figure 8C). We also analyzed sera from 
ECVclS721AApoE−/− vs. inbred control ApoE−/− mice. The serum levels 
of sVCLS721p and total sVCL in control ApoE−/− mice increased during 
atherosclerosis progression, while they decreased in ECVclS721AApoE−/− 

mice compared with control ApoE−/− mice (see Supplementary 
material online, Figure S14). The vascular endothelium appeared to be 
the main contributor to the increased levels of sVCLS721p and total 
sVCL during atherosclerosis progression.

The concentrations of sVCLS721p and sVCL and the sVCLS721p/sVCL 
ratio in the entire cohort were further analyzed based on the patients’ 
medical records and medications. The results showed that patients tak-
ing statins had significantly lower levels of ln sVCLS721p (Figure 8A) and 
sVCLS721p/sVCL ratios (Figure 8C) than non-statin patients; treatments 
with β-blockers, calcium channel blockers, anti-platelet drugs, or feno-
fibrate showed no evidence of correlation with these biomarker levels, 
and they did not affect the ln sVCL level in patients with CAD 
(Figure 8B). These results suggest that sVCLS721p and sVCLS721p/sVCL 
levels are promising molecular targets for clinical assessment and treat-
ment of atherosclerosis and that statin treatment is associated with the 
lower levels of sVCLS721p and sVCLS721p/sVCL in patients with CAD.

Discussion
Our in vitro and in vivo studies and investigations on human specimens 
have identified VCLS721p as a novel mechanoresponsive phosphopro-
tein whose expression in ECs can be induced by disturbed flow to en-
hance EC permeability and atherogenesis. We selectively targeted 
VCLS721p because: (1) VCL is an important mechanosensor whose 
phosphorylation plays a pivotal role in mechanotransduction and func-
tional modulation in ECs. (2) Phosphoproteomics studies showed that 
ECs in athero-susceptible regions of aortas expressed higher levels of 
VCLS721p than in athero-resistant regions. (3) VCLS721p is highly ex-
pressed in the EC layer of human atherosclerotic coronary arteries, 
and its level is positively correlated with the number of macrophages 
that infiltrated atherosclerotic lesions. (4) The level of VCLS721p and 
its ratio to total VCL in the serum of patients may be promising biomar-
kers for diagnosing CAD progression and medication selection. Thus, 
VCLS721p is a valuable hemodynamic-based target for clinical assess-
ment and treatment of atherosclerosis (Structured Graphical Abstract).

VCL is phosphorylated at Y100 and Y1065 to induce its active form 
with an open conformation.11 However, the effects of different hemo-
dynamic forces on VCL conformational changes and the specific resi-
dues that induce the inactive form of VCL have not been elucidated. 
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The present results are the first evidence to suggest that VCLS721p is an 
inactive form of VCL with a closed conformation in ECs in response to 
disturbed flow. This disturbed flow-induced conformational change of 
VCL disrupted the VE-cadherin/catenin complex to lead to increased 

EC permeability. These new findings provide novel mechanisms by 
which disturbed flow alters the phosphorylation status of VCL in ECs 
to impair junctional integrity, thus contributing to the pathogenesis of 
atherosclerosis.
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Figure 6 Administrating a GRK2-specific inhibitor to ApoE−/− mice reduces atherosclerotic lesions and increases plaque stability. ApoE−/− mice re-
ceived vehicle control or GRK2-specific inhibitor (GRK2-I, 10 mg/kg IV every 3 d) for 6 (A and B), 12 (C and D), or 18 weeks (E–I ). (A) Mouse aortas were 
subjected to en-face co-immunostaining for VCLS721p and VE-cadherin with DAPI nuclear counterstains (n = 6). The inter-endothelial gaps between 
VE-cadherin junctions in the IA region were quantified. (B) Mice (n = 4) were subjected to in vivo endothelial permeability assay using 
FITC-conjugated microspheres. The intensities of leaked microspheres in the endothelium of the IA region were quantified. (C ) Whole aortas 
were dissected and stained with Oil-red O to quantify lesion areas. (D) Serial longitudinal sections of aortas were stained with hematoxylin and eosin 
(upper panel). Macrophages infiltrated in lesions were determined by co-immunostaining for the macrophage marker CD68 and the SMC marker αSMA 
with DAPI nuclear counterstains (lower panel). The number of macrophages infiltrated in lesions was quantified (n = 8). (E–I ) Quantifications of col-
lagen content by PicroSirus red staining (E), fibrous cap thickness by Movat pentachrome staining (F ), necrotic core areas (identified as the regions that 
lack DAPI-positive nuclei) by DAPI counterstaining (G), synthetic SMCs within the lesions by co-immunostaining for αSMA and vimentin (VIM) (H ), and 
percentage of TUNEL-positive ECs on the lesions by co-immunostaining with TUNEL and vWF (I ). The right panels in I are the magnified views of the 
indicated areas (dashed line box). The representative images of A, B, E, F, G, and H are shown in Supplementary material online, Figure S11A, B, D, E, and F, 
respectively. All analyses in E–I were performed on the sections of the innominate artery and the IA region of mice (n = 8 per group). Data are means ± 
SEM, and the images represent four to eight independent experiments with similar results. A two-tailed Student t-test was applied to A and C–I. 
One-way ANOVA with the Tukey multiple comparison test was applied to B.
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To the best of our knowledge, this is the first report to generate 
ECVclS721A Tg ApoE−/− mice to investigate the in vivo pathophysiological 
roles of EC VCLS721p in atherogenesis. Phenotypic studies indicated 
that these Tg mice were fully viable and without major anatomical 

defects and embryonic developmental effects. The areas of atheroscler-
otic lesions were significantly reduced in these Tg mice. In addition, the 
knock-in of non-phosphorylatable VCLS721A to decrease VCLS721p ex-
pression in ECs can inhibit EC apoptosis, reduce plaque vulnerability, 
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Figure 7 Atheroma plaques rich in CD68-positive macrophages exhibit higher EC VCLS721p than initial lesions without intimal macrophages. (A) 
Cross-sections of diseased human coronary arteries and control internal thoracic arteries were co-immunostained for VCLS721p and VE-cadherin. 
Left-lower panels in each picture show the magnified views of the indicated areas (white dashed line box). (B) Representative images of 
co-immunostaining for VCLS721p and GRK2S29p, followed by immunostaining for EC marker IB4 to examine VCLS721p/GRK2S29p co-localization in 
ECs. The lower panels in each group are the magnified views of the indicated areas (dashed line box) in the top panels. The numbers of ECs co- 
expressing VCLS721p and GRK2S29p were quantified (n = 6 in each group) and shown at the bottom. (C ) Quantifications of average fluorescence inten-
sity (arbitrary units, A.U.s) of EC VCLS721p and GRK2S29p in cross-sections of initial neointima lesions (type I, group I) (n = 21), growing atheromas (types 
II–IV, group II) (n = 15), and advanced atheromas (types V–VI, group III) (n = 17). (D) Cross-sections of different types of atheromas were 
co-immunostained for VCLS721p and macrophage marker CD68. (E) Scatter plots showing a positive correlation between the average fluorescence 
intensities (arbitrary units, A.U.s) of EC VCLS721p and the numbers of CD68-positive macrophages in the examined human atheroma sections (n = 
23, r = 0.5468, P = 0.0069). P-values and correlation coefficients (r) were calculated by using the Spearman correlation test. Cell nuclei were counter-
stained with DAPI. Data in C are means ± SEM and were analyzed by two-way ANOVA with Tukey multiple comparison test. Arrows in A and D indicate 
the VCLS721p-positive EC layers. Arrowheads in D indicate CD68-positive macrophages. The dotted lines in A, B, and D indicate the margins of the vessel 
lumen. IEL, internal elastic lamina; L, lumen; M, medial region; Neo, neointima. Pictured images represent at least six independent experiments with 
similar results.
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Figure 8 sVCLS721p serves as a promising biomarker for CAD diagnosis. Measurements of the levels of sVCLS721p and sVCL in the serum samples 
from the study cohort. Whole serum samples from the study cohort (see Supplementary material online, Table S4) were subjected to ELISA with anti-
bodies against VCLS721p and total VCL. All data were analyzed using the multivariate linear regression model and adjusted with multiple parameters, 
including age, sex, smoking, body mass index, hypertension, diabetes, and hypercholesterolemia. (A–C) The forest plots of the associations between 
different CAD severities or clinical drug therapies and the levels of sVCLS721p (A), sVCL (B), or sVCLS721p/sVCL (C ) in all cohorts (n = 162). The dis-
tributions of sVCLS721p (A) and sVCL (B) were skewed, and a natural log transformation (ln) was performed before statistical analysis. (D) Schematic 
diagram summarizing the mechanisms by which disturbed flow induces vinculin phosphorylation at S721 residue in vascular endothelium and contribute 
to atherosclerosis development.
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and increase its stability. Thus, our findings suggest that inhibiting endo-
thelial VCLS721p may enhance vascular integrity, reduce the number of 
invading macrophages and markers of vulnerability, and increase ath-
erosclerotic plaque stability.

Interestingly, GRK2S29p appears to be an active upstream kinase that 
regulates VCLS721p in ECs in response to disturbed flow. The pivotal 
role of GRK2 in modulating VCLS721p was supported by GRK2 gain- 
and loss-of-function experiments that used its overexpression plasmid 
and specific siRNA, respectively (see Supplementary material online, 
Figure S15). GRK2 inhibition is a potential therapeutic strategy for 
CVD.18 In the present study, the blockage of EC GRK2S29p by its spe-
cific inhibitor inhibited the disturbed flow-induced EC VCLS721p and 
atherosclerotic lesion formation and increased plaque stability. Our 
findings advance the notion that GRK2S29p inhibition may treat vascular 
disorders resulting from atherosclerosis.

The GRK2 inhibitor may exert atheroprotective effects through a 
VCL-independent pathway. GRK2 administration can elevate the sys-
temic levels of several inflammatory cytokines in the serum of ApoE−/− 

mice (see Supplementary material online, Figure S16A) and increase pla-
que areas (see Supplementary material online, Figure S16B). No signifi-
cant difference in the expression profiles of circulating cytokines 
between ECVclS721AApoE−/− and control ApoE−/− mice was observed 
(see Supplementary material online, Figure S16C). Moreover, proteins 
other than VCL, such as eNOSS1177p and caveolin-2S23p, which were dif-
ferentially regulated in IA vs. OA (see Supplementary material online, 
Table S1), may also be affected by GRK2 activation (see Supplementary 
material online, Figure S17). Thus, administrating GRK2 to ApoE−/− 

mice may produce VCL-independent effects to induce vascular inflam-
mation, thereby promoting atherosclerosis.

Studies by us19 and others20 have shown that α5β1 and αvβ3 integrins 
are pivotal mechanoreceptors that transmit extracellular stimuli into 
intracellular signaling to regulate EC functions. Exposure of ECs to 
OS, but not PS, induced sustained activations of β1 and β3 integrins in 
ECs (see Supplementary material online, Figure S18A). Knockdown of 
β1, but not β3, integrin significantly inhibited OS-inductions of EC 
GRK2S29p and VCLS721p (see Supplementary material online, 
Figure S18B and C). These results suggest that β1 integrin may be in-
volved in OS-induced GRK2S29p/VCLS721p signaling cascade in ECs.

The phenotypic switch of SMCs to macrophage-like cells is an es-
sential mechanism in atherosclerosis pathology.21,22 In this study, 
αSMA+CD68+ cells represented only approximately 4–5% of all 
αSMA+ cells in all animal models tested. In all human lesion specimens 
examined, there was no correlation between the number of 
αSMA+CD68+ cells in plaques (see Supplementary material online, 
Figure S19A) and EC VCLS721p (see Supplementary material 
online, Figure S19B) or GRK2S29p (see Supplementary material 
online, Figure S19C) levels. In contrast, there was a positive correl-
ation between the number of αSMA+CD68− cells in plaques and 
EC VCLS721p (see Supplementary material online, Figure S19D) and 
GRK2S29p (see Supplementary material online, Figure S19E) levels. 
These results suggest that the VCLS721p and GRK2S29p levels in 
ECs may not be associated with SMC phenotypic switch to 
macrophage-like cells in atherosclerotic plaques.

This is the first study to show that VCLS721p is highly expressed in the 
endothelium of human atheroma and that its level and ratio to total 
VCL in the serum of patients with CAD are increased during athero-
sclerosis progression. The mechanisms by which VCLS721p and VCL 
are released into plasma remain unclear. sVCL may be contained in 
exosomes or extracellular vesicles (EVs) released from prostate cancer 
cells.23 In addition, VCL could be proteolyzed into a cleaved fragment 

(∼95 kDa) by a specific protease calpain.24 Most sVCLS721p and sVCL 
present in serum were in the full-length form (∼124 kDa), and only a 
minority were in the cleaved form (∼95 kDa) (Figure 14A). Both full- 
length and cleaved forms of sVCLS721p and sVCL were detected in 
EVs and CD9+ exosomes in the ECVclS721AApoE−/− and control ApoE−/− 

mice serum (see Supplementary material online, Figure S20A). 
Moreover, en-face immunostaining showed that μ-calpain (i.e. the active 
form of calpain) was highly expressed in the vascular endothelium of the 
IA in comparison with OA (see Supplementary material online, 
Figure S20B). Disturbed flow may induce the expression of active calpain 
in ECs. Our findings provide new insights into the changes in the expres-
sion of essential molecules in the arterial endothelium during atheroscler-
osis progression, which can eventually be transformed into measurable 
fingerprints in plasma.

Interestingly, we found that statin therapy was associated with re-
duced levels of ln sVCLS721p and sVCLS721p/sVCL in the entire study co-
hort. Statin exerts pleiotropic effects to inhibit EC dysfunction and 
atherosclerosis.25 Atorvastatin treatment inhibited OS-induced 
GRK2S29p and VCLS721p in cultured ECs (see Supplementary material 
online, Figure S21A–C). The administration of atorvastatin to ApoE−/− 

mice inhibited endothelial inductions of GRK2S29p and VCLS721p and 
atherosclerosis development (see Supplementary material online, 
Figure S21D–F). These results suggest that statins may exert atheropro-
tective effects, at least in part, via the inhibition of disturbed 
flow-induced EC GRK2S29p/VCLS721p signaling cascade. Compared 
with statin therapy alone, we found no evidence of synergistic or addi-
tive effects of combined therapy of statins with other drugs on reduc-
tions of ln sVCLS721p and sVCLS721p/sVCL levels. Further investigations 
are needed to determine which specific drug combinations have syner-
gistic or additive effects.

There were several limitations to our study. First, the Tie-2 pro-
moter used in ECVclS721AApoE−/− mice might not be specific to 
ECs.26 The use of the Tie-2 promoter did not affect VCLS721p and 
VCL expressions in other tissues (see Supplementary material 
online, Figure S9E). However, its effect on different cell types such 
as macrophages cannot be excluded. Second, VCL phosphorylation 
is complex, with multiple functional and structural states. Previous 
studies reported that VCLY100p, VCLY1065p, and VCLY822p regulated 
focal adhesions, actin filament assembly, and cell spreading.11 In hu-
man pathophysiology, these post-translational modifications may 
regulate vinculin function in an integrated manner. Third, in humans, 
the coronary or carotid arteries are typically responsible for clinical 
events and the focus of stenting treatments.27 Phosphoproteomics 
studies using coronary or carotid arteries are needed to match our 
findings with current clinical practices. Fourth, this study was limited 
by the small number of human samples; hence, further studies with 
many patients are warranted.

In summary, VCL was highly phosphorylated at its S721 residue in 
ECs by disturbed flow, consequently promoting EC permeability and 
atherosclerosis (summarized in Figure 8D). EC VCLS721p may serve as 
a promising hemodynamic-based target for clinical assessment and 
treatment of vascular disorders resulting from atherosclerosis.
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