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Coronary stent placement inevitably causes mechanical damage to the endothelium,
leading to endothelial denudation and in-stent restenosis (ISR). Re-endothelialization
depends mainly on the migration of vascular endothelial cells (VECs) adjacent
to the damaged intima, as well as the mobilization and adhesion of circulating
VECs. To evaluate the combined contribution of VEC migration and adhesion to
re-endothelialization under flow and the influence of stent, in vitro models were
constructed to simulate various endothelial denudation scales (2 mm/5 mm/10 mm)
and stent deployment depths (flat/groove/bulge). Our results showed that (1) in 2 mm
flat/groove/bulge models, both VEC migration and adhesion combined completed the
percentage of endothelial recovery about 27, 16, and 12%, and migration accounted
for about 21, 15, and 7%, respectively. It was suggested that the flat and groove
models were in favor of VEC migration. (2) With the augmentation of the injury scales
(5 and 10 mm), the contribution of circulating VEC adhesion on endothelial repair
increased. Taken together, endothelial restoration mainly depended on the migration
of adjacent VECs when the injury scale was 2 mm. The adhered cells contributed to
re-endothelialization in an injury scale-dependent way. This study is helpful to provide
new enlightenment for surface modification of cardiovascular implants.

Keywords: in-stent restenosis, re-endothelialization, fluid shear stress, cell migration, cell adhesion

INTRODUCTION

Cardiovascular disease remains the leading cause of death globally (Kivimaki and Steptoe, 2018).
Stent implantation reconstructs stenotic arteries by expanding the vascular wall and restoring
blood flow perfusion. However, stent deployment inevitably causes endothelial denudation, which
promotes in-stent restenosis (ISR) and late thrombosis (Krankenberg et al., 2015). Rapid re-
endothelialization is an important therapeutic goal to avoid ISR and thrombosis (Liang et al., 2016;
Bedair et al., 2017).
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Endothelium restoration after stenting has been widely
investigated (Tesfamariam, 2016). The repair of impaired
vascular endothelium involves the migration of vascular
endothelial cells (VECs) from adjacent uninjured sites and
homing and adhesion of circulating VECs. However, the cell
source of re-endothelialization is still being disputed (Van der
Heiden et al., 2013). Since endothelial progenitor cells (EPCs)
were found in peripheral blood, circulating EPCs were regarded
as the primary cell source for reconstructing the damaged
endothelium (Zhang et al., 2014). On the other hand, mounting
evidence indicated that circulating EPCs (most likely monocytic)
could not directly contribute to endothelial regeneration by
forming part of the regenerating endothelium (Evans et al., 2020).
As a marker of endothelial injury, circulating endothelial cells
detached from impaired vessels, sloughed into the circulation,
and contributed to vascular repair (Quilici et al., 2004; Blann
et al., 2005). Hagensen et al. (2011) indicated that endothelial
restoration mainly depended on the migration of VECs from
the adjacent healthy endothelium. Douglas et al. (2013) found
that both migration of VECs and adhesion of circulating cells
participated in endothelial repair in stented arteries. Therefore,
the contribution of adjacent VEC migration and circulating VEC
adhesion to re-endothelialization needs further study.

There are several factors that can potentially influence
endothelium recovery post stenting, including stent deployment
depth, the scale of endothelial denudation, hemodynamic
changes, and the structure and material properties of the
stent (Kakinoki et al., 2018; Wang et al., 2018; Torii et al.,
2020). Due to differences in individual vessel diameter and
atherosclerotic plaque type, stent placement causes endothelium
injury of various depths and scales (O’Brien et al., 2016).
However, the effects of stent deployment depth and injury
scales on adjacent VEC migration and circulating VEC adhesion
remain poorly understood. Of note, if the diameter of the
vessel is mismatched with stent expansion, stent strut is deeply
embedded in a vessel well to form a “groove,” or part of the
stent strut is exposed in the vessel lumen forming a “bulge”
(insufficient expansion). In addition, the dilation of stent leads
to almost complete endothelial loss of the stented segment,
and only few endothelial cells remained at the edge of the
stent (Douglas et al., 2013; Du et al., 2018). The average
available stent length is longer than 10 mm, and the diameter
of the stent ranges from 1 to 3 mm (Kalapatapu et al.,
2007; Byrne et al., 2017). Accordingly, models with various
scales were designed: (1) the thickness of a single stent strut
(2 mm), (2) half of endothelial denudation at stent segment
(5 mm), and (3) whole length of stented damaged to the
vessel well (10 mm).

The presence of stent markedly alters vascular mechanics,
especially blood flow patterns and fluid shear stress (FSS) (Gijsen
et al., 2019; Torii et al., 2020). Under physiological conditions,
endothelial cells are exposed to laminar FSS ranging from
10 to 20 dyn/cm2 (Kwak et al., 2014). Atherosclerotic plaque
leads to arterial stenosis or occlusion, which increases FSS in
the upstream and central plaque areas, while the downstream
areas of plaque are exposed to low FSS (Michail et al., 2018).
Implanted stent restores stenotic vessels and converts sharply

elevated wall shear stress to relatively low level, but induces
geometric changes of vascular wall and local turbulence (Van
der Heiden et al., 2013). However, the influence of stent
deployment depth and injury scales on local hemodynamics
is still unclear.

In the present study, in vitro models were constructed
to explore the effects of stent deployment depth and injury
scales on local hemodynamics. Using these models, we further
investigated the combined contribution of VEC migration and
adhesion to re-endothelialization under flow. Our study will
provide new inspiration for exploring the mechanism about stent
re-endothelialization upon vascular biomechanical stimuli and
modifying the surface of cardiovascular stent.

MATERIALS AND METHODS

Construction of in vitro Injury Models
After Stent Implantation
To explore the influence of stent on local hemodynamics
and the combined contribution of VEC migration and
adhesion to re-endothelialization, we constructed in vitro
injury models to simulate various endothelial denudation
scales (2 mm/5 mm/10 mm) and stent deployment depths
(groove/flat/bulge). First, glass slides (7.5 × 2.5 × 1.0 cm) were
used to build 2 mm/5 mm/10 mm embedment/protrusion,
respectively (referred to as groove2 mm/groove5 mm/groove10 mm,
bulge2 mm/bulge5 mm/Bulge10 mm, respectively).

Characterization of Groove/Bulge Slide
Models by SEM
The slides were dipped in a mixture of concentrated sulfuric acid
and potassium dichromate overnight, cleaned to remove surface
contaminants, dried, and then autoclaved. Sprayed with Au, the
constructed groove, and bulge slide models were observed under
a scanning electron microscope (SEM, Hitachi Company, Japan).

Computational Fluid Dynamic Simulation
In this study, the straight left coronary artery was selected as
the geometric structure of the vascular model based on the
finite element method to calculate the hemodynamic and flow
distribution of the coronary artery. ANSYS 16.0 (ANSYS, Inc.,
United States) was applied to divide finite element mesh and
generate the finite element model. The input–output boundary
of each finite element model was applied with the physiological
boundary condition of the left coronary artery, and the control
condition was set. The mean of the physiological parameters
was applied in the numerical simulation. In detail, the vessel
diameter was set as 4 mm, the inlet velocity was 0.5 m/s,
the density of blood was 1,050 g/cm3, and the viscosity
coefficient was 0.003 mPa s, respectively. Groove/bulge with
a width of 2 mm/5 mm/10 mm and 0.085 mm/0.17 mm in
depth was set in the vessels to simulate the different injury
scales and stent deployment depths. Finally, the finite element
method was used to solve the divided finite element model.
After the solution was completed, the hemodynamic and flow
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distribution in different injury models after stent implantation
were numerically analyzed.

Cell Culture
Human umbilical vein endothelial cells (HUVECs) were chosen
in the present study, which were purchased from Jiangsu Blood
Research Institute. HUVECs were maintained in RPMI-1640
complete growth medium (Invitrogen Company, United States)
with 10% fetal bovine serum (FBS, Gibco BRL, United States),
2 mM L-glutamine, 100 U/ml penicillin, 20 mmol/L HEPES
(Sigma, United States), 2% NaHCO3, and 50 mg/ml streptomycin
(Beyotime Institute of Biotechnology).

Lentivirus-GFP/Lentivirus-mCherry
Transfection of HUVECs
Lentivirus-GFP/Lentivirus-mCherry (Heyuan Biotechnology
Co., Ltd., China) was used to transfect HUVECs with green
fluorescent (GFP) and red fluorescent mCherry protein markers,
respectively. HUVECs were grown in 24-well plates at a density
of 7 × 104 cells/well, then added with 500 µl RPMI-1640
complete growth medium and cultured at 37◦C, in 5% CO2
incubator (Heraeus Company, Germany) for 24 h. Next,
the culture medium was replaced with DMEM high-glucose
complete medium (Gibco BRL, United States) with 5 µg/ml
polybrene (Heyuan Biotechnology Co., Ltd., China) and
preconfigured virus solution with MOI = 40. Polybrene is a
cationic polymer, which can neutralize the electric charge to
promote binding between the lentivirus and cell membrane.
After 72 h of infection, the infection efficiency was evaluated
by a fluorescence microscope (Olympus, Japan); 0.5 µg/ml
purinomycin was selected to maintain HUVECs labeled with
green fluorescent protein (GFP-HUVECs) or red fluorescent
protein (mCherry-HUVECs). In the following experiments,
GFP-HUVECs were used to characterize the migration of
adjacent VECs, and mCherry-HUVECs to indicate the adhesion
of circulating VECs.

Cell Migration and Adhesion Assays
As shown in Figure 1A, the scratch-wound assay was used
to measure the migration ability of HUVECs. (GFP-)HUVECs
were cultured to approximately 90% confluence, and then a cell-
free area was constructed at the embedment/protrusion part
of groove2 mm/bulge2 mm models and 2 mm scratches on flat
slides (flat2 mm). Static culture or slides were placed into a
parallel plate flow chamber to load 15.27 dyn/cm2 FSS for 24 h.
The migrated distance/area of the cell was determined and
calculated. As shown in Figure 1B, the adhesion assay was used
to evaluate the adhesion ability of circulated HUVECs under
static condition and FSS stimulation. The blank groove/bulge
models were placed into static or circulated mCherry-HUVEC
suspension (1 × 105 cells/ml) for 24 h. The number/area of red
fluorescent spots in each field of vision was analyzed. For the
combined effect of cell migration and adhesion, the cell-free area
on the embedment/protrusion part of the groove/bulge models
after 90% confluence of (GFP-)HUVECs was constructed, and
the mCherry-HUVEC suspension (1× 105 cells/ml) under static

or dynamic condition for 24 h was introduced (as shown in
Figure 1C). The cell migration distance/area and the adhesion
number/area were quantitatively analyzed through ImageJ 1.44p
software (National Institutes of Health, United States).

F-Actin Staining
HUVECs on the groove2 mm model were loaded with 15.27
dyn/cm2 FSS for 24 h and fixed with 4% paraformaldehyde
(Biosharp Company, China) for 10 min at 37◦C and then with
0.5% Triton X-100 for 5 min and 1% BSA block for 30 min.
Then, the TRITC-labeled antibody F-actin (Solarbio Science &
Technology Co., Ltd., China) with 1:200 dilution was added and
co-incubated for 20 min at 37◦C, followed by 1:800 diluted DAPI
(4′,6′-diamidino-2-phenylindole) staining for 10 min at 37◦C
and washed with phosphate buffered saline (PBS). The samples
sealed with glycerol were observed by laser scanning confocal
microscopy (Leica TCS SP5, Germany).

Cell Morphology by SEM
HUVECs were seeded onto 2 mm flat/groove/bulge models
and cultured to approximately 90% confluence. Cells at
the embedment/protrusion part of the groove/bulge models
were removed. Then, cells were loaded with 15.27 dyn/cm2

laminar FSS for 24 h, followed by 0.1 M, pH 7.35, sodium
arsenate solution (Budweiser Biotechnology Co., Ltd., China)
containing 2% glutaraldehyde (Amerso Company, China) and
2% paraformaldehyde (Biosharp Company, China) fixation for
15 min, and washed for 5 min with PBS and distilled deionized
water (ddH2O), respectively. The samples were dehydrated
by 30, 50, 70, 90, and 100% ethanol solution and placed
in a freeze dryer (Yaxing Yike Technology Co., Ltd., China).
SEM (Hitachi Company, Japan) was used to observe the
morphology of HUVECs.

Statistical Analysis
All statistics were analyzed using statistical software SPSS 11.5
(SPSS, Inc., Chicago, Illinois). Data obtained from different
treatment groups were statistically compared and reported as
mean ± SD. To reveal differences among the groups, one-way
ANOVA followed by Tukey’s test was used. Differences were
considered significant at P < 0.05.

RESULTS

Establishment of in vitro Vascular Injury
Models After Stent Placement
To simulate sufficient/insufficient expansion of stent in vitro,
glass slides with embedment (thereafter referred to as groove)
and protrusion (thereafter referred to as bulge) in injured
scales of 2 mm/5 mm/10 mm were designed and constructed
(Figures 2A,B). We verified that the depth of the groove model
(2 mm) was 197.0 ± 6.8 µm. The left-edge angle (29.7 ± 1.2◦)
and the right-edge angle (29.9 ± 0.8◦) were measured by
SEM (Figure 2C, up panel). In the bulge model, the height
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FIGURE 1 | Schematic of exploring the cell sources of re-endothelialization and their contribution. GFP-HUVECs (green) and mCherry-HUVECs (red) were used to
characterize adjacent VEC migration and adhesion of circulating VECs: (A) The migration of adjacent VECs contributed to re-endothelialization. (B) Circulatory VECs
adhered to complete endothelium restoration. (C) The combined effect of adjacent VEC migration and circulatory VEC adhesion on stent re-endothelialization.

of protrusion was 185.9 ± 2.8 µm, and the left- and right-
edge angles were 30.0 ± 0.4◦ and 28.9 ± 1.0◦, respectively
(Figure 2C, down panel).

Numerical Simulation of Hemodynamics
and Flow Distribution
ANSYS 16.0 was used to simulate and calculate the effects
of different stent deployment depth and injury scales on
hemodynamics and flow distribution. The straight left main
coronary artery was selected as the geometric structure of the
vascular model. According to the physiology parameter of the left
coronary artery, the vessel diameter was set as 4 mm, the inlet
velocity was 0.5 m/s, the blood density was 1,050 g/cm3, and the
viscosity coefficient was 0.003 mPa s, respectively.

It could be found that the overall flow distribution was
not affected by stent placement (Figure 3). In the groove
models simulating sufficient stent dilation, the scale of vascular
damage was set as 2, 5, and 10 mm with 0.085 mm in depth
(Figure 3A). There was no flow disturbance in the upstream
and downstream of the damaged vessel segment. In the models
simulating stent expansion with proper pressure, the height of
the stent protrusion was 0.085 mm. An obvious disturbance
appeared in the downstream of 2 mm width; when the damage
scale was up to 5 and 10 mm, the disturbance flow disappeared
(Figure 3B). In the bulge models simulating insufficient stent
expansion, the scale of vascular damage was set as 2, 5, and
10 mm with 0.17 mm in height. The downstream of 2 and
5 mm width caused fluid separation area and obvious flow
turbulence. When the injury scale increased to 10 mm, the
flow disturbance disappeared (Figure 3C). These results implied
that stent-induced injury had no obvious influence on the
upstream flow distribution but had a significant influence on
the downstream flow, depending on the injury scales and
height of the stent.

Cell Sources and the Respective
Contribution to Re-endothelialization
Under Static Conditions
Using scratch-wound assays, we investigated the effects of
groove/bulge models with 2 mm width (referred to as groove2

mm/bulge2 mm) on the adjacent VEC migration and re-
endothelialization under static conditions. The 2 mm scratch
on glass slides (flat2 mm) was constructed as the control group.
Under static condition, 90% of wound was healed in the flat2

mm/groove2 mm/bulge2 mm models at 8, 16, and 24 days,
respectively (Figure 4A, left panel), suggesting that the migration
velocity of VECs in the flat2 mm model was faster than that in
the groove2 mm model and the bulge2 mm model (Figure 4A,
right panel). The number of adhesive VECs per unit area in
flat2 mm/groove2 mm/bulge2 mm was 126 ± 5, 142 ± 7, and
68 ± 11 after 24 h, which was groove2 mm > flat2 mm > bulge2

mm (Figure 4B).
Additionally, we further examined the combined effect of

VEC migration and adhesion and analyzed their respective
contribution to re-endothelialization. The results indicated that
the adhesion of mCherry-HUVECs was the main cell source
for damaged endothelium repair under static condition. In the
flat2 mm/groove2 mm/bulge2 mm model, endothelium recovery
in flat2 mm was 41%, adjacent VEC migration accounted for
11%, and the percentage of adherent VECs was 30%. In the
groove2 mm model, approximately 59% endothelium restoration
was completed, the migrated cells accounted for 6%, while the
adherent cells contributed 29%. In the bulge2 mm model, the
percentage of re-endothelialization was 23%, the migration was
4%, and the adhesion was 19% (Figure 5A).

With increased injury scales (5 and 10 mm), more adherent
circulating VECs contributed to endothelial repair. In the groove
model with widths of 5 and 10 mm, endothelium recovery was
up to approximately 48 and 61%, and adhesion was about 43
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FIGURE 2 | Construction of glass slide models to simulate vascular injury after stent implantation. (A) Design of vascular injury scales with 2 mm (the thickness of a
single stent strut), 5 mm (half of endothelial denudation at stent segment), and 10 mm width (whole length of stent). The stent is embedded in the vessel wall with a
horizontal line (flat model) or deeply embedded into the vessel wall (groove model); the stent is protruded from the vessel wall (bulge model). The black dots and
squares represent stent struts embedded in the vessel wall. The curved lines indicate internal elastic lamina (IEL). (B) Typical digital images of groove/bulge models
with widths of 2 mm/5 mm/10 mm. (C) Observation of edge angles at groove/bulge models with the width of 2 mm by SEM. Scale bars = 1 mm and 500 µm.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 5 March 2021 | Volume 9 | Article 641382

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-641382 February 27, 2021 Time: 15:51 # 6

Wang et al. Endothelial Cells Contributed to Re-endothelialization

FIGURE 3 | Numerical analysis of hemodynamics and flow distribution in embedment models with different injury scales (2 mm/5 mm/10 mm). (A) Embedment with
0.085 mm in depth and the hemodynamics and flow distribution of the injured blood vessels; (B) protrusion with 0.085 mm in height in the vessel lumen and the
hemodynamics and flow distribution of the injured vessel segment; (C) protrusion with 0.17 mm in height in the vessel lumen and the hemodynamics and flow
distribution of the injured blood vessels. The enlarged black area indicated that downstream of the 2 and 5 mm bulge model caused fluid separation area and flow
turbulence.
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FIGURE 4 | Effects of groove/bulge models on VEC migration or adhesion under static condition. Under static condition, (A) groove2 mm/bulge2 mm models were
cultured until 90% confluence, and then cells were removed on the embedment/protrusion part, investigating the effects of stent embedment/protrusion on VEC
migration and its statistical results. (B) Blank groove2 mm/bulge2 mm models were placed into 1 × 105 cells/ml mCherry-HUVEC suspension for 24 h, determining
the effects of stent embedment/protrusion on VEC adhesion and its statistical results. *P < 0.05 vs. flat2 mm; #P < 0.05 vs. groove2 mm, the difference was
statistically significant (n = 3). Scale bar = 500 µm.

and 56%, respectively (Figure 5B). In the bulge5 mm/bulge10

mm models, the percentage of re-endothelialization was 33 and
45%, and adhesion accounted for 30 and 42%, respectively
(Figure 5C). The results demonstrated that circulating VECs
contributed to re-endothelialization in an endothelial denudation
scale-dependent way under the static condition.

Effects of Vascular Injury Model on VEC
Morphology Under Flow
The influence of flat2 mm/groove2 mm/bulge2 mm on VEC
morphology under flow was observed by SEM. As shown
in Figure 6A, compared with static control, FSS promoted
endothelial cells to arrange along the shear direction. In response
to FSS exposure, endothelial cells spread out with obvious
parapodium in groove2 mm models in favor of directed cell
locomotion, while VECs accumulated in clusters on the edge of
bulge2 mm models. Additionally, in the groove2 mm model, the

distribution of F-actin in VECs exposed to FSS was examined.
The confocal images indicated that VECs upstream showed
longer filopodia and more bundles of filaments at the leading edge
of the cells. By contrast, VECs downstream displayed disordered
actin stress fibers (Figure 6B).

Cell Sources of Re-endothelialization
and Their Contribution Under Flow
To explore the combined contribution of VEC migration and
adhesion to re-endothelialization under flow, the labeled GFP-
HUVECs and circulating mCherry-HUVECs were placed in a
flow chamber together. The GFP-HUVECs were firstly cultured
onto flat2 mm/groove2 mm/bulge2 mm models until confluence,
and subsequently, the cell-free area of the embedment/protrusion
part was constructed. These models were then placed in the
parallel plate flow chamber with circulated mCherry-HUVEC
suspension (1× 105 cells/ml) in the perfusion system for 24 h.
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FIGURE 5 | The combined effect of VEC migration and adhesion on re-endothelialization under static condition. (A) In the flat2 mm/groove2 mm/bulge2 mm models,
the endothelial cell source of endothelium recovery and their respective contributions were analyzed. *P < 0.05 vs. flat2 mm, the difference was statistically significant
(n = 3). (B,C) With the augmentation of the injury scales to 5 and 10 mm in the groove/bulge models, the endothelial cell sources of re-endothelialization were
analyzed. *P < 0.05 vs. groove2 mm or bulge2 mm, the difference was statistically significant (n = 3). Scale bar = 500 µm.
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FIGURE 6 | Morphology of endothelial cells in vascular injury models under flow. (A) Exposed to FSS, endothelial cells spread out with obvious parapodium in the
groove models in favor of directed cell locomotion, while they accumulated in clusters on the edge of the bulge models. Scale bars = 100 and 10 µm. The black
dashed lines indicated the flow direction. (B) Exposed to FSS, the distribution of F-actin arrays in VECs upstream and downstream of the groove2 mm model. Scale
bar = 10 µm.

It could be found that approximately 27% (flat2 mm), 16%
(groove2 mm), and 12% (bulge2 mm) of re-endothelialization were
completed. The migrated VECs (GFP-HUVECs) accounted for
21% (flat2 mm), 15% (groove2 mm), and 7% and the adhered VECs

(mCherry-HUVECs) were 6% (flat2 mm), 1% (groove2 mm), and
5% (bulge2 mm), respectively (Figure 7A). These results indicated
that the flat and groove models promoted VEC migration under
flow, while the bulge model facilitated cell adhesion.
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FIGURE 7 | The combined contribution of VEC migration and adhesion to re-endothelialization under flow. (A) In the flat2 mm/groove2 mm/bulge2 mm models, the
endothelial cell source of endothelial restoration and their respective contribution under flow were analyzed. (B,C) With the augmentation of the injury scales to 5 and
10 mm in the groove/bulge models, the endothelial cell source of re-endothelialization under flow was analyzed. The white dashed lines indicated the flow direction.
*P < 0.05 vs. flat2 mm or groove2 mm or bulge2 mm; #P < 0.05 vs. groove5 mm or bulge5 mm, the difference was statistically significant (n = 3). Scale bar = 500 µm.

With increased injury scales (5 and 10 mm), more adherent
circulating VECs could be found, in turn largely contributing to
endothelial repair in an endothelial denudation scale-dependent
way. In the groove model with widths of 5 and 10 mm,
impaired endothelium recovered approximately 16 and 25%, and

the adhesion was about 6 and 15%, respectively (Figure 7B).
In the bulge5 mm/bulge10 mm models, the percentage of re-
endothelialization was 17 and 30%, and the adhesion was 13
and 26% (Figure 7C). The results indicated that adjacent VEC
migration was the main contributor of endothelial restoration
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under flow in models with 2 mm injury width. The increased
injury scale promoted the adherent cells to contribute to
endothelial regeneration.

DISCUSSION

Interventions including balloon angioplasty and stent
implantation inevitably cause mechanical damage to the
endothelium, leading to endothelial denudation and subsequent
ISR and late thrombosis. The pathophysiological mechanism
of ISR has not been fully elucidated, but it is considered to
include inflammation, proliferation, and matrix remodeling.
Rapid restoration of functional vascular endothelium is an
important therapeutic goal to avoid ISR, late thrombosis, and
other postoperative complications (Bedair et al., 2017; Chang
et al., 2018).

Factors including stent deployment depth, the scale of
endothelial denudation, hemodynamic changes, and the
structure and material properties of the stent potentially regulate
re-endothelialization in stented vessels (Conway and Schwartz,
2015; Kang et al., 2015; Liang et al., 2016; Ostrowski et al., 2016).
Due to the lack of effective in vivo and in vitro models, the cell
sources of endothelial repair after stent implantation have not
been fully understood. In this study, we developed an in vitro
vascular injury model to mimic various endothelial denudation
scales (2 mm/5 mm/10 mm) and stent deployment depths
(groove/flat/bulge) (Figures 2A,B). The models of vascular
injury in vitro were validated by SEM, and our results revealed
that in the groove model, the deployment depth was 197.0 ± 6.8
µm, and the left- and right-edge angles were 29.7 ± 1.2◦ and
29.9 ± 0.8◦, respectively. In the bulge model, the protrusion
height was 185.9 ± 2.8 µm, and the left- and right-edge angles
were 30.0± 0.4◦ and 28.9± 1.0◦, respectively (Figure 2C).

The presence of stent inside the blood vessel causes changes
in the local flow environment (Ng et al., 2017; Tenekecioglu
et al., 2017). To evaluate the influence of different deployment
depths and endothelial denudation scales on flow distribution,
computational fluid dynamics simulation analysis was carried
out. Our results suggested that groove/bulge models did not
alter the hemodynamics in the upstream of stent segment,
while they generated flow separation in the downstream and
led to turbulence, depending on the injury scales and stent
deployment depth (Figure 3). Consistent with our results,
Jiang et al. (2019) revealed that stent deployment led to local
flow turbulence and fluid separation area at the distal end
of stent struts, which was characterized by flow recirculation,
low shear rate, and long particle residence time. Of note, it
is hard to simulate all physiological parameters at the same
time in numerical simulation, and some conditions may be
simplified. In the present study, we performed a two-dimensional
simulation, which neglected some details that could be observed
in three-dimensional simulation, such as blood vessel wall
pressure, wall shear stress (WSS), and other hemodynamic
parameters. Therefore, the changes of WSS in the groove and
bulge models were not calculated and analyzed. By placing
undersized stent at the lesion site or insufficient expansion, it

was found that upstream of the stent induced high shear stress
while the downstream produced low shear stress (Rikhtegar et al.,
2014). Wang et al. (2018) indicated that low WSS was usually
observed at the distal of the stent struts as compared with the
proximal end of the struts. Using an in vitro flow chamber
that contained ridges, Hsiao et al. (2016) indicated that flow
rate of 21.6 ml/min medium would generate flow velocities that
were the highest through the center (0.25 m/s). Additionally,
the ridges created local flow disturbances including a region of
very high unidirectional WSS (>100 dyn/cm2) at the top of the
ridge and recirculating bidirectional flow with low-average WSS
downstream from the ridge.

Increasing evidence pointed out that the degree of stent-
induced arterial injury was correlated to re-endothelialization
rate (Gunn et al., 2002; Gao et al., 2015). However, the effect
of stent deployment depth and injury scales on endothelial
restoration remains unclear. Based on the constructed flat2

mm/groove2 mm/bulge2 mm models, we investigated the effects
of stent deployment depth on adjacent VEC migration,
circulating VEC adhesion, and their combined effect on
re-endothelialization under static condition. As shown in
Figures 4, 5, our results indicated that the groove model was in
favor of VEC migration and adhesion, and re-endothelialization
was mainly derived from the adhesion of VECs under static
condition. Consistently, Palmaz et al. (1999) found that grooved
surfaces significantly increased the migration rate of endothelial
cells. A novel micro/nanopatterned scaffold surface with a typical
geometry of groove, ranging from 0.5 to 50 µm, was developed
to evaluate cell reactions. Their results revealed that groove
could selectively promote endothelial repair and inhibit the
proliferation of SMCs in a width-dependent manner (Ding et al.,
2014). Additionally, with stent deployment depths of 90, 110, and
130 µm, Tahir et al. (2013) showed that the deeper penetration
of stent struts resulted in a late endothelial recovery and higher
neointimal growth. Further, they qualitatively compared the
restoration of damaged intima at a deployment depth of 110
µm, which found approximately 59% endothelium presented
from the third day after stenting, and endothelium recovery was
100% after 15 days.

Stent application results in geometric changes of vascular
wall and disturbed flow, which regulate the physiology of VECs.
VECs showed resistance to vascular injury under high laminar
FSS, while they expressed proinflammatory and prothrombotic
genes and adopt an athero-prone phenotype when exposed
to low and oscillating flow (Souilhol et al., 2020). Here, we
explored the effects of the vascular injury model on VEC
morphology under flow. It was found that VECs spread out
with obvious parapodium in groove models in favor of directed
cell locomotion, while they accumulated in clusters on the edge
of bulge models (Figure 6A). Additionally, endothelial cells
exposed to FSS exhibited stress filament formation upstream of
groove2 mm, while they displayed disordered actin stress fibers
downstream of groove2 mm (Figure 6B). The difference in the
morphologies of VECs upstream and downstream may be caused
by the changes of flow distribution and wall shear stress. Yoshino
et al. (2017) showed that a higher WSS flow needed a higher
WSS gradient to be able to affect the cell’s morphological change.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 March 2021 | Volume 9 | Article 641382

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-641382 February 27, 2021 Time: 15:51 # 12

Wang et al. Endothelial Cells Contributed to Re-endothelialization

Instead, on lower uniform WSS without WSS gradient flow, EC
elongation and reorientation to the flow direction occurred.

Re-endothelialization is a complex mechanobiological
process, which is modulated by the proliferation and migration
of resident endothelial cells from uninjured intima (Evans et al.,
2020; Li et al., 2021) and by the adhesion of circulating endothelial
cells (Tesfamariam, 2016; Hu et al., 2019). Increased circulating
endothelial cells in the peripheral blood have been reported
in various pathologic conditions involving severe endothelial
perturbation, including inflammatory disease, acute myocardial
infarction, unstable angina, and critical limb ischemia (Makin
et al., 2004; Lee et al., 2005). Using different pathological animal
models and mechanical damage models in various studies,
the cell source of endothelial repair after vascular injury has
been controversial. By grafting the common carotid artery
of transgenic mice with fluorescent endothelium (Tie2-GFP)
into wild-type mice, Hagensen et al. (2011) illustrated that the
migration but not the adhesion of endothelial cells contributed to
the regeneration of the endothelium. However, using mice that
received either aortic or bone marrow grafts from transgenic mice
with Tie2-LacZ-labeled endothelial cell, another study revealed
that both local VEC migration and circulating cell adhesion
participated in endothelium restoration, although the respective
contribution varied between animals (Douglas et al., 2013).

Combining stent-induced vascular injury with mechanical
factors, we further explored the combined effect of VEC
migration and adhesion on re-endothelialization and their
contribution. It could be seen from Figure 7 that endothelial
repair mainly depended on the migration of adjacent VECs at
an injury scale of 2 mm, while the quantity of circulating VEC
adhesion increased and largely contributed to endothelial repair
with the increase of the injury scale, showing an injury scale
dependence. A possible explanation for this phenomenon is the
different WSS in the groove and bulge models. Alterations in
flow patterns and WSS induced by stent application have been
correlated with VEC migration and adhesion (Putra et al., 2018;
Wang et al., 2018). Consistently, using a ridged flow chamber,
Hsiao et al. (2016) demonstrated that VECs migrated in the
direction of flow upstream from the ridges but subsequently
accumulated downstream from ridges at sites of bidirectional
flow. Localized bidirectional flow in the downstream of the
stent trapped migrating VECs, which involved reduced migratory
polarity associated with altered actin dynamics. Ostrowski et al.
(2014) observed that human microvascular ECs were stimulated
to migrate toward the region of high WSS and against the
flow direction under the influence of WSS gradient distribution
created by the impinging flow. Additionally, employing a lab-
on-a-chip system, Stamp et al. (2016) systematically investigated
cell adhesion under static, dynamic, and physiologically relevant
conditions. They found increased detachment with increasing

surface roughness under dynamic conditions, which involved
shear flow-induced activation of focal adhesions, leading to an
enhancement of stress fibers.

In conclusion, we successfully constructed an in vitro injury
model to simulate various endothelial denudation scales and
stent deployment depths. Flow distribution analysis revealed
that the injury models did not alter the hemodynamics in
the upstream of stent segment but generated flow separation
in the downstream and led to turbulence, depending on the
injury scales and stent deployment depth. Furthermore, this
study preliminarily clarified the endothelial cell sources of re-
endothelialization mainly derived from the migration of adjacent
VECs when the injury scale was 2 mm; with the increase
of the injury scale, the contribution of VEC adhesion to
endothelium restoration increased in an injury scale-dependent
way. Our study will provide new enlightenment for researchers
engaged in vascular biomechanics and surface modification of
cardiovascular implants.
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