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Abstract. Low shear stress serves an important role in the 
initiation and progression of atherosclerotic lesions, with 
an impact on progression, but its detailed mechanisms are 
.not yet fully known. The present study aimed to investigate 
endothelial cell (EC) apoptosis, as well as monocyte adhe-
sion induced by low shear stress and the potential underlying 
mechanisms. The expression of platelet endothelial cell 
adhesion molecule‑1 (PECAM‑1) was demonstrated to be 
enhanced in human umbilical vascular ECs with a trend that 
was associated with time when stimulated by low shear stress 
compared with unstimulated cells. EC apoptosis was increased 
under low shear stress compared with unstimulated cells, and 
knockdown of PECAM‑1 inhibited this process. Furthermore, 
downregulation of PECAM‑1 reduced monocyte adhesion 
induced by low shear stress compared with that in the negative 
control cells. Mechanistically, PECAM‑1 small interfering 
RNA transfection increased Akt and forkhead box O1 phos-
phorylation under low shear stress conditions compared with 
that in the negative control cells. Collectively, the findings of 
the present study revealed that low shear stress induced EC 
apoptosis and monocyte adhesion by upregulating PECAM‑1 
expression, which suggested that PECAM‑1 may be a potential 
therapeutic target for atherosclerosis.

Introduction

As a leading cause of cardiovascular disease, atherosclerosis is 
a serious health hazard in humans (1). Endothelial dysfunction, 

characterized by changes in sensitivity to apoptosis, coagula-
tion, inflammatory activity, barrier function and proliferation, 
is the first step in atherosclerosis development (2,3). Recent 
advances made regarding atherosclerosis have emphasized 
that improvement of endothelial function is a potential target 
for atherosclerosis treatment (4).

Increasing evidence has demonstrated that the endothelial 
dysfunction process is directly influenced by various factors, 
including nitric oxide dysfunction, epigenetic factors, oxidative 
stress, inflammatory factors and low shear stress (LSS) (5‑11). 
Among these, LSS, tangential stress produced by endothelial 
surface blood flow friction, which is observed at bifurca-
tions, branching points and inside areas of curved segments 
of the coronary artery, induces inflammation and apoptosis, 
and subsequently disrupts the endothelial barrier, eventu-
ally leading to atherosclerosis (11‑15). However, to date, no 
molecular targets have clearly linked LSS with the endothelial 
barrier. Thus, it is important to identify potential molecular 
targets for the improvement of atherosclerosis treatment.

As a molecule that causes cell adhesion, the expression 
of platelet endothelial cell adhesion molecule‑1 (PECAM‑1, 
also termed CD31) is ubiquitous in various types of cells, 
including monocytes, neutrophils, T cells and endothelial 
cells (ECs), and is crucial for vascular barrier function regula-
tion as a result of various stimuli, including shear stress (16). 
Under certain physiological conditions, the endothelial 
barrier function is supported by PECAM‑1 by controlling 
the junctional and adhesive properties of ECs (17). During 
inflammation observed in vessels affected by atherosclerosis, 
the function of PECAM‑1 is impaired, leading to an increase 
in neutrophils and other leukocytes adhering to ECs, vascular 
integrity loss and increased transmigration of leukocytes to 
the intima media  (18). Of note, increasing evidence from 
in vivo experiments has indicated that PECAM‑1 removal 
leads to a decrease in the development of plaque in LSS 
environments (19‑21). These observations indicate a proath-
erogenic role of PECAM‑1 under LSS, but its mechanism 
of action has not yet been elucidated. The present study 
hypothesized that LSS may upregulate PECAM‑1 expres-
sion, leading to EC apoptosis and monocyte adhesion that 
subsequently disrupts the endothelial barrier, resulting in 
atherosclerosis.
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Materials and methods

Reagents. Antibodies against PECAM‑1 (cat. no.  77699S), 
PECAM‑1 (cat. no. 3528S), phospho‑Akt (Ser473; cat. no. 4060S), 
phospho‑Akt (Thr308; cat. no. 13038S), Akt (cat. no. 9272S), 
phospho‑forkhead box O (FoxO1; Ser256; cat. no. 84192S), 
FoxO1 (cat. no.  2880S) and β‑actin (cat.  no.  8457S) were 
purchased from Cell Signaling Technology, Inc. FITC‑labeled 
goat anti‑rabbit IgG (cat. no. GB22303) and horseradish peroxi-
dase (HRP)‑labeled goat anti‑rabbit IgG (cat. no. GB23303) were 
purchased from Wuhan Servicebio Technology Co., Ltd. FBS, 
DMEM and RPMI‑1640 media were purchased from Gibco; 
Thermo Fisher Scientific, Inc. The Annexin V‑FITC/propidium 
iodide (PI) Apoptosis Detection kit was purchased from BD 
Bioscience.

Cell culture. The EA.hy926 cells, obtained from The Type 
Cell Bank of Culture Collection of the Chinese Academy of 
Sciences, are a human umbilical vein EC (HUVEC) line. The 
cells were cultured in 10% FBS‑supplemented DMEM in a 5% 
CO2 incubator at 37˚C. The American Type Culture Collection 
was the source of the human monocytic leukemia cell line 
THP‑1. RPMI‑1640 medium supplemented with 10% FBS was 
used to culture the THP‑1 cells in a 5% CO2 incubator at 37˚C.

Small interfering RNA (siRNA) transfection. The siRNA 
sequences used in the present study were as follows: 
PECAM‑1 forward, 5'‑AUU​CUG​GUC​UCG​AGA​AUU​CUU‑3' 
and reverse, 5'‑GAA​UUC​UCG​AGA​CCA​GAA​UUU‑3'; and 
PECAM‑1 negative control (NC) forward, 5'‑ACG​UGA​
CAC​GUU​CGG​AGA​ATT‑3' and reverse, 5'‑UUC​UCC​GAA​
CGU​GUC​ACG​UTT‑3' (Shanghai GenePharma Co., Ltd.). 
The Lipofectamine®‑RNAiMAX transfection reagent 
(Invitrogen; Thermo Fisher Scientific, Inc) was utilized 
to transfect the HUVECs with PECAM‑1 or NC siRNA as 
previously described (15). Cells at 70‑80% confluency were 
co‑cultured with 50 nmol/l PECAM‑1 or 50 nmol/l NC siRNA 
and Lipofectamine®‑RNAiMAX at 37˚C for 6 h. At 48 h 
post‑transfection, the cells were either exposed to shear stress 
or not. The experiments were performed in triplicate.

Shear stress experiment. Shear stress of 2  dyn/cm2 was 
applied in  vitro using a parallel‑flow chamber as previ-
ously described (15,22,23). In brief, endothelial monolayers 
containing cell culture slides were subjected to LSS for 0, 
30, 60 and 120 min after being placed in a parallel‑plate flow 
chamber. Prior to the flow experiments, the cells were trans-
ferred to serum‑free DMEM for 120 min to maintain their 
quiescence.

Western blotting analysis. Total protein of the HUVECs 
was obtained as previously described  (15). The protein 
expression of PECAM‑1, FoxO1, phospho‑FoxO1, Akt, and 
phospho‑Akt in HUVECs were analyzed using western blot-
ting. SDS‑PAGE (10% gel) was used to separate an equal 
quantity (40 µg) of proteins, which were then transferred 
onto PVDF membranes. After blocking with 5% BSA (cat. 
no. SBJ‑DB2040; Nanjing SenBeiJia Biological Technology 
Co., Ltd.) for 2 h at 25˚C, incubation of the membranes was 
performed at 4˚C with anti‑PECAM‑1 (1:1,000), anti‑FoxO1 

(1:1,000), anti‑phospho‑FoxO1 (1:1,000), anti‑Akt (1:1,000), 
anti‑phospho‑Akt Ser473 (1:1,000), anti‑phospho‑Akt Thr308 
(1:1,000) and anti‑β‑actin (1:1,000) antibodies overnight. 
The membranes were washed with TBS with 0.1% Tween‑20 
(cat.  no.  T8220; Beijing Solarbio Science & Technology 
Co., Ltd.) and incubated with HRP‑conjugated secondary 
antibodies (1:10,000) for 2 h at 25˚C. The antibody‑bound 
target antigens were detected using enhanced chemilumines-
cence reagents (cat. no. WBKLS0500; EMD Millipore). A 
GeneGnome chemiluminescence imaging system (Syngene) 
was used to capture images, and ImageJ software (v.1.8.0; 
National Institutes of Health) was used to analyze the target 
protein expression. The experiments were performed at least 
in triplicate.

Adhesion assay. The effects of LSS on THP‑1 cell adherence 
onto HUVEC monolayers was assessed by an adhesion assay. 
Following exposure of the HUVECs to LSS for 60 min, the 
HUVECs were covered with THP‑1 cells (10,000 cells/ml) 
and co‑incubated for 1 h at 37˚C. Attached THP‑1 cell quantity 
was detected using an IX73P2F light microscope (Olympus 
Corporation), magnification x200. The adherent cell quantity 
was determined in three high‑power microscopic fields that 
were randomly chosen.

Flow cytometry for apoptosis analysis. HUVEC early and 
late apoptosis determination was conducted using an Annexin 
V‑FITC/PI Apoptosis Detection kit according to the manu-
facturer's instructions. In brief, LSS was used to stimulate the 
HUVECs for 90 min, and subsequently Annexin V‑FITC/PI 
was used to stain the cells at 37˚C for 30 min. The HUVECs 
were washed twice with PBS, and cold PBS was used to resus-
pend the stained cells. The BD FACSCanto II system (BD 
Biosciences) was used to perform the flow cytometry, and BD 
FACSDiva Software (version 8.0.1; BD Biosciences) was used 
to analyze the data.

Immunofluorescence. The HUVECs were fixed in 4% para-
formaldehyde for 20 min at 25˚C, permeabilized with 0.1% 
Triton X‑100/PBS for 10 min and blocked with 5% BSA for 
30 min at 25˚C. Subsequently, the HUVECs were incubated 
with a primary rabbit anti‑FoxO1 monoclonal antibody (1:100) 
overnight at 4˚C. After three washes with PBS and incuba-
tion with FITC‑labeled goat anti‑rabbit IgG (1:200) secondary 
antibody for 120 min at 25˚C, DAPI (1:1; Beyotime Institute 
of Biotechnology) was used to incubate the slides according to 
the manufacturer's instructions. Images were captured using an 
LSM 880 (Carl Zeiss AG) laser scanning confocal microscope 
(magnification, x630; 3 fields analyzed per sample).

Animals and surgical procedures. The Institutional 
Animal Care and Use Committee of Nanjing Medical 
University approved the in  vivo experimental procedure 
(approval  no.  SYXK2016‑0006). According to previous 
studies  (15,24), 8  week‑old male C57BL/6 mice (n=8; 
Nanjing Medical University Animal Center, Nanjing, China), 
weighing ~25 g, fed with a standard chow diet and adequate 
water, housed in specific pathogen‑free facilities with a 12 h 
light/dark cycle, 25‑26˚C controlled temperature, standard 
atmospheric pressure and 50% humidity, were euthanized 
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with an intraperitoneal injection of 200 mg/kg sodium pento-
barbital. Cold PBS was used to rinse the aortas three times by 
inserting a cannula into the left ventricle. The aortic arch and 
the descending aorta were separated and fixed in 4% parafor-
maldehyde for 24 h at 25˚C, and then embedded in paraffin.

Immunohistochemistry of tissues. Fixed and paraffin‑
embedded aortic tissues were sectioned at 5 µm. Following 
previously described protocols  (25), immunochemistry 
analysis was conducted. PBS was used to rinse the aortic 
slices, followed by 30 min of 3% H2O2 treatment at 25˚C for 
quenching endogenous peroxidase activity and subsequent 
incubation for 1 h at 25˚C with 5% BSA supplemented with 
0.3% Triton X‑100. The sections were incubated overnight 
at 4˚C using a rabbit anti‑PECAM‑1 antibody (1:100) for the 
detection of PECAM‑1. PBS was used for control staining. 
Incubation with HRP‑labeled goat anti‑rabbit IgG (1:200) 
was conducted for 1  h at 25˚C for visualization. Images 
were captured using a BX43 light microscope (Olympus 
Corporation) at magnification x400, and CellSens Standard 
software (version 1.14; Olympus Corporation). The hormone 
receptor score (H‑Score) was used to evaluate PECAM‑1 
expression, as previously described (26).

Statistical analysis. Data are presented as the mean ± SD of 
each experiment performed in triplicate. ANOVA followed by 
post hoc Turkey's test or Student's t‑test were performed using 
GraphPad Prism (version 8.0.1; GraphPad Software, Inc.). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

LSS enhances PECAM‑1 expression in ECs. In order to observe 
the differences in PECAM‑1 expression between the descending 
aorta and the aortic arch, the entire mouse aortic arch from 
the aortic valve to the descending thoracic aorta was serially 
sectioned, and the cross‑sections were stained by immunohis-
tochemistry. PECAM‑1 was expressed in aortic ECs of mice 
and was observed at similar levels in the descending aorta and 
the aortic arch in the cross‑sectional analysis (Fig. 1). To further 
investigate the effects of LSS on PECAM‑1 expression, in vitro 
flow experiments were performed using a parallel‑plate flow 
chamber system. LSS increased the PECAM‑1 protein level 

in the HUVECs in a time‑dependent manner (Fig. 2A and B), 
and this effect was attenuated by transfection with PECAM‑1 
siRNA (Fig. 2C and D).

PECAM‑1 knockdown suppresses LSS‑induced adhesion of 
monocytes to HUVECs. Under LSS conditions, monocytes 
easily adhere to ECs (27). Atherosclerosis initiation involves 
the adhesion of monocytes to the endothelium, which can be 
induced by LSS (27‑29). Therefore, the present study examined 
whether PECAM‑1 regulated monocyte adhesion to HUVECs. 
THP‑1 cell adhesion to the HUVECs was significantly 
increased by LSS compared with the unstimulated HUVECs, 
and this effect was inhibited by PECAM‑1 siRNA transfec-
tion (Fig. 3). These results suggested that PECAM‑1 promoted 
LSS‑induced adhesion of monocytes to HUVECs.

PECAM‑1 knockdown inhibits LSS‑induced apoptosis of 
HUVECs. LSS is an identified risk factor for atherosclerosis, 
which results in the apoptosis of ECs (30). Flow cytometry was 
used to analyze the effects of PECAM‑1 impact on HUVEC 
apoptosis induced by LSS. LSS induced a significant increase 
in HUVEC apoptosis compared with unstimulated cells 
(Fig. 4A and B). PECAM‑1 siRNA transfection decreased 
the LSS‑induced apoptosis of the HUVECs compared with 
the NC siRNA‑transfected cells (Fig. 4A and B). These results 
suggested that PECAM‑1 increased the LSS‑induced apoptosis 
of HUVECs.

PECAM‑1 knockdown increases LSS‑induced Akt and FoxO1 
phosphorylation in HUVECs. LSS induced Akt phosphory-
lation at Ser473 and Thr308 and FoxO1 phosphorylation at 
Ser256. PECAM‑1 siRNA transfection enhanced the effects of 
LSS‑induced phosphorylation of Akt and FoxO1 in HUVECs 
compared with NC siRNA‑transfected cells (Fig. 5A‑D). These 
results indicated that both Akt and FoxO1 were regulated by 
PECAM‑1 under LSS conditions. In order to further define 
the nuclear or cytoplasmic relocation of FoxO1 under LSS 
conditions with or without PECAM‑1 siRNA transfection, 
immunofluorescence staining was performed. LSS induced 
nucleocytoplasmic transportation of FoxO1 compared with 
untreated cells, and this effect was enhanced by PECAM‑1 
siRNA transfection (Fig. 5E). These results suggested that 
PECAM‑1 knockdown inhibited LSS‑induced apoptosis of 
HUVECs by enhancing Akt and FoxO1 phosphorylation.

Figure 1. PECAM‑1 expression in mouse aortic ECs. (A) Immunohistochemical staining of PECAM‑1 expression (arrowheads) in luminal ECs of the descending 
aorta and the aortic arch in wild‑type mice. Original magnification, x400; scale bar, 50 µm. (B) Semi‑quantification of PECAM‑1 expression using the H‑Score. 
PECAM‑1, platelet endothelial cell adhesion molecule‑1; EC, endothelial cells; H‑score, hormone score.
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Discussion

The role of PECAM‑1 in LSS‑induced EC apoptosis and 
monocyte adhesion was the main finding of this study. 
Maintenance of vascular integrity is a major role of the endo-
thelial barrier (17). Macromolecules and cells leak out of the 
vascular lumen into the interstitial space, inducing inflamma-
tion if the endothelial barrier is damaged (13). This induction 
of inflammation may lead to chronic vascular diseases, such 
as atherosclerosis, in which barrier function is disrupted and 
vessel integrity cannot be restored (17). Anti‑inflammatory and 
anticoagulation states, as well as normal blood flow are main-
tained as a result of the vascular integrity provided by dormant 
ECs under appropriate physiological conditions. Once a stimuli 
is received, ECs are activated and undergo apoptosis, which 
weakens barrier function, resulting in increased permeability and 
extravasation of inflammatory cells (predominantly leukocytes) 
and proteins into the inflamed areas (31). PECAM‑1 is crucial 
for stimuli, such as shear stress, which regulate vascular barrier 
function. Leukocytes, platelets and ECs express PECAM‑1 
to regulate cell‑cell interactions (32). Emerging evidence has 
revealed that PECAM‑1 produces either proatherogenic or 
antiatherogenic effects, depending on the local hemodynamic 
environment (19‑21). Specifically, PECAM‑1 is proatherogenic 

in the aortic arch where LSS is present, but antiatherogenic in 
the descending aorta where high shear stress is present (20,21). 
Under normal conditions, EC barrier properties are supported 
by PECAM‑1 and are influenced by the actions of extracel-
lular messengers, such as cytokines and vascular endothelial 
growth factor‑A, as well as blood flow (32). Under inflam-
matory conditions, such as atherosclerotic vessels, mediators, 
including proinflammatory cytokines, which enhance adhesion 
properties and decrease vascular integrity, have a large impact 
on PECAM‑1 function. Enhanced leukocyte transendothelial 
migration levels contribute to atherogenesis and atherosclerotic 
plaque formation (17). High PECAM‑1 expression has been 
observed in vascular cells, including leukocytes, platelets and 
other blood‑borne cells, as well as ECs. Junctional and adhesive 
properties in ECs are controlled by PECAM‑1. Under certain 
physiological conditions, PECAM‑1 also supports the endothe-
lial barrier function (33‑35). However, atherosclerosis causes 
vessel inflammation, which impairs the function of PECAM‑1, 
leading to an increase in leukocytes adhered to ECs, vascular 
integrity loss and increased transmigration of leukocytes to the 
intima media (18). The present study demonstrated that LSS 
enhanced PECAM‑1 expression in a time‑dependent manner 
in HUVECs. Knockdown of PECAM‑1 inhibited LSS‑induced 
EC apoptosis and monocyte adhesion.

Figure 2. LSS increases PECAM‑1 expression in HUVECs. (A) Representative immunoblots and (B) quantitative analysis of PECAM‑1 after 0, 30, 60, and 
120 min of HUVEC exposure to LSS. *P<0.05, ***P<0.001 vs. 0 min (C) Representative immunoblots and (D) quantitative analysis of PECAM‑1 in the HUVECs 
transfected with NC siRNA or PECAM‑1 siRNA after 60‑min LSS exposure. *P<0.05, ***P<0.001 vs. NC+LSS 0 min or as indicated. HUVECs, human umbilical 
vein endothelial cells; PECAM‑1, platelet endothelial cell adhesion molecule‑1; LSS, low shear stress; NC, negative control; siRNA, small interfering RNA.
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Previous studies have demonstrated that PECAM‑1 modu-
lates the phosphorylation of Akt (17,36,37), which initiates the 
phosphorylation of FoxO and subsequently rapid relocation to 
the cytoplasm from the nucleus, leading to the inhibition of 
pro‑apoptotic activity (38). Based on these findings, the present 
study speculated that the Akt/FoxO1 signaling pathway may 
be involved in PECAM‑1‑mediated LSS‑induced HUVEC 

apoptosis. The present study further demonstrated that 
PECAM‑1 had an effect on the phosphorylation of Akt, indi-
cating that PECAM‑1 plays a role in the activation of Akt under 
LSS. As downstream targets of Akt (serine/threonine protein 
kinase B or PKB), FoxO transcription factors cause apoptosis and 
quiescence by limiting cell proliferation (38). The present study 
also demonstrated that the phosphorylation of FoxO1 occurred 

Figure 3. Knockdown of PECAM‑1 inhibits LSS‑induced adhesion of monocytes to HUVECs. (A) Representative micrographs of monocyte adhesion to the HUVECs. 
The small round cells are adhered THP‑1 monocytic cells (arrowheads). Cells of sample fields at high magnification (x200) are presented. Scale bar, 25 µm. (B) Total 
numbers of adherent cells in a total of three randomly selected microscopic fields. **P<0.01 vs. NC+LSS 0 min or as indicated. HUVECs, human umbilical vein 
endothelial cells; PECAM‑1, platelet endothelial cell adhesion molecule‑1; LSS, low shear stress; NC, negative control; siRNA, small interfering RNA.
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in the same direction as Akt phosphorylation. Phosphorylation 
of FoxOs by Akt leads to nuclear exclusion and inactivation, 
inhibiting FoxO transcriptional functions, while enhancing 
cell proliferation, growth and survival (38‑40). It was further 
confirmed that FoxO1 relocalization from the nucleus to the 
cytoplasm followed the phosphorylation of FoxO1. FoxOs can 
induce the expression of multiple proapoptotic proteins of the 
mitochondria‑targeting Bcl2 family, whereas the expression 

of death receptor ligands are stimulated to enhance apoptosis 
signaling and/or cell growth inhibition (38). A method by which 
cell survival is promoted by Akt is the sequestration of FoxOs 
from apoptotic gene promoters. Therefore, FoxOs can drive 
the expression of multiple apoptotic genes by functioning as 
important Akt signaling effector arms (41‑43). Previous studies 
have suggested that FoxO1 is phosphorylated and translocated 
to the cytoplasm from the nucleus, causing FoxO1‑mediated 

Figure 4. Knockdown of PECAM‑1 inhibits LSS‑induced apoptosis of HUVECs. (A) Representative flow cytometry blots of HUVECs transfected with NC 
or PECAM‑1 siRNA after 90 min of LSS exposure. (B) Quantification of the apoptosis data. **P<0.01 vs. NC+LSS 0 min or as indicated. HUVECs, human 
umbilical vein endothelial cells; PECAM‑1, platelet endothelial cell adhesion molecule‑1; LSS, low shear stress; NC, negative control; siRNA, small interfering 
RNA; PI, propidium iodide.
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apoptosis inhibition (42,44). The results of the present study 
demonstrated that PECAM‑1 knockdown further promoted 
the phosphorylation of Akt/FoxO1 and mitigated LSS‑induced 
apoptosis of HUVECs, which suggested that PECAM‑1 
knockdown inhibiting LSS‑induced HUVEC apoptosis may be 
relevant to the Akt/FoxO1 signaling pathway.

In conclusion, the present study revealed that PECAM‑1 
promoted LSS‑induced EC apoptosis and monocyte adhesion. 
PECAM‑1 knockdown inhibiting LSS‑induced apoptosis of 
ECs may be mediated by enhancing the Akt/FoxO1 signaling 
pathway activation. The results also indicated that PECAM‑1 
may be a promising target for the treatment of atherosclerosis.

Figure 5. PECAM‑1 knockdown enhances LSS‑induced Akt and FoxO1 phosphorylation in HUVECs. (A) Representative immunoblots and (B‑D) quantitative 
analysis of (B) phospho‑Akt Ser473, (C) phospho‑Akt Thr308 and (D) phospho‑FoxO1 in HUVECs transfected with NC or PECAM‑1 siRNA after 60 min 
of LSS exposure. (E) Immunofluorescence assay was to determine the nuclear translocation of FoxO1 (green). Nuclei were stained with DAPI (blue) Original 
magnification, x630; scale bar, 10 µm. *P<0.05, **P<0.01. HUVECs, human umbilical vein endothelial cells; PECAM‑1, platelet endothelial cell adhesion 
molecule‑1; LSS, low shear stress; P‑, phospho‑; FoxO1, forkhead box O1.
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