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Abstract. S100 calcium binding protein A8 (S100A8) and
A9 (S100A9) belong to the S100 family of calcium‑binding
proteins and have important roles in inflammation. They
increase endothelial cell proliferation, thereby affecting
inflammation, angiogenesis and tumorigenesis. However,
the mechanism of action of S100A8/9 in endothelial cells
needs further study. Therefore, the present study sought
to investigate the effects of S100A8/9 on the proliferation
and angiogenesis of human umbilical vein endothelial cells
(HUVECs) and their mechanism of action. The viability of
HUVECs was determined through a Cell Counting Kit‑8
assay. The effect of S100A8/9 on the proliferation of HUVECs
was detected by flow cytometry. Migration was evaluated
by a Transwell migration assay. Apoptosis was evaluated
by Annexin V‑FITC and PI staining via flow cytometry.
Western blot analysis and reverse transcription‑quantitative
polymerase chain reaction assays were performed to evaluate
the activation of the phosphatidylinositol 3‑phosphate kinase
(PI3K)/Akt/mTOR pathway and mTOR complex 2 (mTORC2).
We previously confirmed that S100A8/9 were consistently
overexpressed at 1 and 7 days post‑surgery in a rabbit vein
graft model, which is the period when apoptosis changes to
proliferation in neointimal hyperplasia. In the present study,
proliferation, viability and migration were increased after
treating HUVECs with S100A8/9. S100A8/9 stimulated the
PI3K/Akt/mTOR pathway and mTORC2, which was significantly suppressed by a receptor for advanced glycation end
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products (RAGE)‑blocking antibody. Furthermore, depleting
expression of RAGE or mTORC2 protein components
(rapamycin‑insensitive companion of mTOR) by small interfering RNA was found to reduce the cell viability, migration
and angiogenesis of S100A8/9‑treated HUVECs. The development of neointimal hyperplasia is a complex process initiated
by damage to endothelial cells. In conclusion, S100A8/9 has
an important role in intimal hyperplasia by promoting cell
growth and angiogenesis via RAGE signaling and activation
of mTORC2.
Introduction
Vein grafts are currently the preferred method for coronary
artery bypass grafting (1). However, because of atherosclerosis,
atherosclerotic plaque rupture and intimal hyperplasia (2), the
10‑year primary patency rate is only 60% (3‑5). Few interventions are effective in preventing vein graft failure (1). No‑touch
techniques, antiplatelet (aspirin) therapy and lipid‑lowering
agents are effective treatments for atherosclerosis, but no
intervention is unequivocally clinically effective in intimal
hyperplasia, which is the primary reason for vein graft
failure (1). Therefore, a novel treatment strategy for intimal
hyperplasia is essential for long‑term surgical success.
S100 calcium binding protein A8 (S100A8) and A9
(S100A9) belong to the S100 calcium‑binding protein
family, which is characterized by the presence of two
Ca 2+ ‑binding sites of the EF‑hand type (6). S100A8 and
S100A9 normally form a heterodimer called calprotectin that,
when secreted, binds receptor for advanced glycation end
products (RAGE) (7,8) and Toll‑like receptor 4 on different
cell types (9,10). In inflammation, S100A8/9 are primarily
secreted by neutrophils and induce a broad range of processes,
including cellular differentiation, apoptosis, proliferation,
migration, calcium homeostasis, energy metabolism and
inflammation (11‑14). S100A8/9 are increased in a number of
cardiovascular diseases. The expression levels of S100A8/9
are increased in coronary artery blood in patients with acute
coronary syndrome where they co‑localize with leukocytes
and are correlated with leukocyte activation (15). This activation induces their adhesion to the endothelium and increases
transendothelial migration (16). Serum S100A8/9 expression

5294

ZHONG et al: S100A8 AND S100A9 PROMOTE ENDOTHELIAL CELL ACTIVATION

levels are significantly promoted 1 day after percutaneous
coronary intervention in patients with acute myocardial
infarction (17). As inflammatory molecules, S100A8/9 have
an important role in inducing vascular inflammation (18).
Previous research revealed that S100A8/9 promoted vessel
formation (19). However, endothelial cell injury or exposure of
vascular smooth muscle cells to circulating blood components
triggers the development of neointimal hyperplasia (1). Venous
graft failure after coronary artery bypass graft is caused by the
loss of endothelial cell integrity (20).
Extensive studies have focused on the role of S100A8/9 in
proinflammation (9,18,19); however, previous findings indicated that a low concentration of S100A8/9 might be associated
with cell growth (21,22) and angiogenesis‑related activity (19).
Xu et al (21) observed cell proliferation in a concentration‑ and
time‑dependent manner with maximal effects observed with
500 ng/ml S100A9. Li et al (19) demonstrated that following
treatment with S100A8 and S100A9, angiogenesis was
promoted for endothelial cells; both proteins increased vessel
development in gel plugs that were subcutaneously injected
in BALB/c mice. These findings indicate that S100A8/9 are
associated with endothelial cell growth and angiogenesis,
which might protect vein grafts from neointimal hyperplasia.
However, the downstream signaling mechanisms are not fully
understood, which led the present study to explore their potential mechanisms. The phosphatidylinositol 3‑phosphate kinase
(PI3K)/Akt/mTOR signaling pathway is a regulator of cell
growth, proliferation, metastasis, lipogenesis, angiogenesis
and lipogenesis. In the early stage of neointimal hyperplasia,
the activation of PI3K/Akt/mTOR promotes the proliferation
of vascular smooth muscle cells and increased extracellular
matrix (23). The present study focused on overexpressed
S100A8 and S100A9 genes in a vein graft model and used
in vitro human umbilical vein endothelial cells (HUVECs)
to evaluate the effects of exogenous S100A8/9 on proliferation, migration and angiogenesis, and to explore the signaling
pathways involved.
Materials and methods
Cell culture and viability assay. HUVECs were isolated
from umbilical cord veins of normal pregnancies following a
previously described protocol (24). The cells were cultured in
Endothelial Cell Medium (ScienCell Research Laboratories,
Inc.) containing 100 U/ml penicillin, 100 µg/ml streptomycin
and 5% fetal bovine serum (Gibco; Thermo Fisher Scientific,
Inc.) and 1% vascular Endothelial Cell Growth Factor (ECGF;
ScienCell Research Laboratories, Inc.) at 37˚C with 5% CO2.
HUVECs were pretreated with 10 µg/ml RAGE blocking antibody (cat. no. MAB11451; R&D Systems) or 100 nM rapamycin
for 1 h prior to treating with S100A8/9 for 48 h at 37˚C with
5% CO2. Cell viability was measured using a Cell Counting
Kit‑8 (CCK‑8) assay (Sigma‑Aldrich; Merck KGaA) according
to the manufacturer's protocol. Briefly, cells (3x104 cells/100 µl
per well) were plated in 96‑well microplates, cultured overnight in complete culture medium, washed and starved in
serum‑free DMEM (ScienCell Research Laboratories, Inc.)
for 6 h. Cells were then treated with S100A8/9 mixture (0, 1,
2, 4 and 8 µg/ml) in 5% serum DMEM for 24, 48 and 72 h.
The mixture contained the same concentration of recombinant

low endotoxin‑grade human S100A8 and S100A9 (CycLex:
Medical & Biological Laboratories Co., Ltd). A total of 10 µl
CCK‑8 reagent was added to each well and incubated for 1 h
in the dark and absorbance was quantified at 450 nm using
a SpectraMax® 190 spectrophotometer (Molecular Devices,
LLC).
Cell transfection. RAGE‑specific small interfering (si)RNA
(si‑RAGE) and rapamycin‑insensitive companion of mTOR
(Rictor)‑specific siRNA (si‑Rictor) (25 nM, final concentration) were transfected into HUVECs (3x104 ) in 6‑well plates
using 10 nM Lipofectamine® RNAiMAX Transfection Reagent
(Thermo Fisher Scientific, Inc.) for 24 h at 37˚C, according
to the manufacturer's instructions. All gene‑specific siRNAs
(RAGE and Rictor) and negative controls (cat. no. A06001)
were purchased from Suzhou GenePharma Co., Ltd.. After
treatment with 8 µg/ml S100A8/9 for 24 h, cell proliferation,
Transwell assays and vascular tube formation assays were
subsequently performed and transfected cells were harvested
at 24 h for reverse transcription‑quantitative PCR (RT‑qPCR)
or western blotting.
Western blotting. RIPA lysis buffer (TransGen Biotech Co.,
Ltd.) and protease inhibitor cocktail (TransGen Biotech Co.,
Ltd.) were used to extract total protein from HUVECs. Total
protein was quantified using a bicinchoninic acid assay kit
(TransGen Biotech Co., Ltd.). Proteins (30 µg protein/lane)
were separated via 10% SDS‑PAGE and electroblotted onto
polyvinylidene difluoride membranes. Subsequently, the
membranes were blocked with TBS containing 5% non‑fat dry
milk at 37˚C for 1 h. Membranes were incubated overnight
at 4˚C with the following antibodies: Anti‑β ‑actin (1:1,000;
Abcam; cat. no. ab6276), anti‑phosphorylated (p)‑PI3K
(1:1,000; Cell Signaling Technology, Inc.; cat. no. 4257) and
total (t)‑PI3K (1:1,000; Abcam; cat. no. ab40776), anti‑p‑Akt
(1:5,000; Abcam; cat. no. ab81283) and t‑Akt (1:1,000; Cell
Signaling Technology, Inc.; cat. no. 4691), anti‑p‑mTOR
(1:1,000; Cell Signaling Technology, Inc.; cat. no. 5536) and
anti‑t‑mTOR (1:1,000; Cell Signaling Technology, Inc.; cat.
no. 2983), Bcl‑2 (1:1,000; Abcam; cat. no. ab32124), Rictor
(1:500; Abcam; cat. no. ab104838), anti‑protein kinase Cα
(PKCα; 1:1,000; Abcam; cat. no. 32376) and anti‑GAPDH
(1:1,000; Abcam; cat. no. ab8245). Membranes were incubated
with HRP‑conjugated secondary antibodies (cat. nos. ab6721
and ab6728; 1:3,000; Abcam) at 37˚C for 1 h. Finally, the
immunoreactive bands were developed using Supersignal
West Femto Maximum Sensitivity Substrate (Thermo Fisher
Scientific, Inc.). Protein expression levels were semi‑quantified using Quantity One software (version 4.6.6; Bio‑Rad
Laboratories, Inc.).
Flow cytometry. HUVECs were stimulated with 8 µg/ml
S100A8/9 for 24 h. After two washes with PBS, harvested
cells were fixed with 75% ice‑cold ethanol in 4˚C for 8 h.
HUVECs were incubated with Cell Cycle Staining Kit
(Nanjing KeyGen Biotech Co., Ltd.) for 30 min in the dark
according to the manufacturer's instructions. Then, cells were
analyzed using a BD FACSCanto™ II flow cytometer (BD
Biosciences). Data were analyzed using FlowJo software
(version 7.6.1; Tree Star, Inc.).
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Cell apoptosis. In the present study, the induction of early
and late apoptosis was evaluated by Annexin V‑FITC and
PI staining and flow cytometry. In brief, HUVECs were
seeded (1.2x106) in 6‑well plates and treated as described in
the previous sections. After cell serum‑starvation, 8 µg/ml
S100A8/9 was added into the culture medium and the cells
were cultured for another 24 h. Subsequently, the apoptosis
of HUVECs was evaluated using an Annexin V‑FITC/PI kit
(BD Biosciences), according to the manufacturer's protocol.
Cells were gently washed with ice‑cold PBS by centrifugation (120 x g for 5 min at 4˚C), and resuspended in 500 µl 1X
binding buffer supplemented with 5 µl Annexin V‑FITC and
5 µl PI each cell suspension and incubated for 15 min at room
temperature in the dark. The samples were analyzed using
a BD FACSCalibur™ flow cytometer (BD Biosciences) and
FlowJo software (version 7.6.1; Tree Star, Inc.).

Table Ι. Primers used for reverse transcription‑quantitative
PCR.

Transwell migration assay. HUVECs were cultured, transfected
with RAGE siRNA (si‑RAGE), Rictor siRNA (si‑Rictor) or negative controls (NC), and then serum‑starved as aforementioned.
Transfected cells were harvested by trypsinization. Cells (3x104)
in DMEM supplemented with 5% FBS (ScienCell Research
Laboratories, Inc.) were seeded into the Transwell insert (8 µm
pore size; Corning, Inc.). DMEM supplemented with 5% FBS
with or without S100A8/9 protein (2, 4 or 8 µg/ml) was placed in
the lower chamber. The Transwell plates were incubated at 37˚C
in 5% CO2 for 20 h. Non‑migrated cells in the top insert were
carefully removed using a cotton swab, and the cells that had
migrated to the lower surface of the filter were stained with
crystal violet dye for 20 min in room temperature. Images were
captured from three random fields per well using a light microscope (magnification, x200). The results are expressed as the
number of migrated cells per field.

Microarray and bioinformatics analyses of gene expression.
Gene expression data from our previous study of rabbit vein
grafts was used (26). Briefly, New Zealand white rabbits
(2.5‑3.0 kg) were subjected to the induction of anesthesia
with 3% sodium pentobarbital solution (30 mg/kg). Rabbits
underwent unilateral jugular vein into common carotid
artery interposition grafting. This procedure involved 2 cm
segments of jugular vein being harvested using a no‑touch
method. Segments were stored in an iso‑osmotic sodium
chloride solution (0.9 g/l) containing 2 IU/ml of heparin and
50 µg/ml of glyceryl trinitrate at 23˚C until needed. Animals
were sacrificed with an overdose of sodium pentobarbital
solution (900 mg/kg), cardiac and respiratory arrest as a
mark of animal death. A total of six samples were selected
from each of the peaks of apoptosis (day 1) and the peak of
PCNA proliferation (day 7) and four samples from normal
veins (Control group). Total RNA from each sample was
quantified using the NanoDrop ND‑1,000 system (NanoDrop
Technologies; Thermo Fisher Scientific, Inc.). RNA integrity
was assessed using standard electrophoresis on a denaturing
agarose gel. Sample labelling and array hybridization were
carried out according to the protocol provided by a One‑color
Microarray‑based Gene Expression Analysis kit by Agilent
Technologies, Inc. A bioinformatics analysis of the gene
expression data was performed. All the animal experiments
were carried out according to ethical principles and protocols approved by Medical Ethical Committee of The First
Affiliated Hospital of Nanchang University.

In vitro vascular tube formation assay. Transfection of cultured
cells was performed as aforementioned, with modifications.
Microplates (48‑well) were coated with 100 µl ice‑cold growth
factor reduced Matrigel (BD Biosciences) at 37˚C for 1 h. Cells
(3x104) were plated in each well with media with or without
S100A8/A9 proteins. The plates were then incubated at 37˚C in 5%
CO2 for 4 h. Cultures were then photographed in three randomly
selected fields using a fluorescence inverted microscope (magnification, x100) and tube‑like structures were evaluated using
ImageJ software (version 1.49; National Institutes of Health).
RT‑qPCR. HUVECs were adjusted to a density of 1x105 cells per
cm2 in culture media and incubated with S100A8/9 for 24 h. Total
RNA was then extracted from the cells using TRIzol® (Beijing
Transgen Biotech Co., Ltd.). Single‑stranded complementary
DNA was synthesized from total RNA by reverse transcription using the PrimeScript RT Reagent kit (Takara Bio, Inc.).
RT‑qPCR was performed using SYBR‑Green master mix (Takara
Bio, Inc.) in 96‑well reaction plates using the ABI StepOnePlus™
Real‑Time PCR system (Thermo Fisher Scientific, Inc.). Optimal
reaction conditions for amplification of the target genes were
used according to the manufacturer's recommendations. β‑actin
was used as an internal control. Each experiment was performed
in duplicate and repeated independently at least three times.
Expression levels were quantified using the 2‑ΔΔCq method (25).
The primers used for RT‑qPCR are presented in Table Ι.

Gene

Sequence (5'→3')

β‑actin

F: TCACCAACTGGGACGACAT
	R: GCACAGCCTGGATAGCAAC
Bcl‑2
F: CCGTGGAATGGAATGAGAT
	R: TGGTCAAACTTGTTGTCCC
Rictor
F: CTGGAAATTCTGGGATACAGTCTCT
	R: GGGCTTCTATGAACTCATCCGT

F, forward; R, reverse; Rictor, rapamycin‑insensitive companion of
mTOR.

Statistical analysis. The data are presented as means ± standard deviation from at least three independent experiments.
Significant between‑group differences were analyzed by
one‑way analysis of variance followed by a Tukey's post hoc
test. The analyses were performed with SPSS version 22.0
software (IBM Corp.). P<0.05 was considered to indicate a
statistically significant difference.
Results
S100A8 and S100A9 expression is upregulated in a rabbit
vein graft model. A total of 1 day after surgery, cell apoptosis
reached a peak and cell proliferation reached a peak 7 days
after surgery (26). To discover the potential genes in vein grafts
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whose upregulation was dysregulated during environmental
rehabilitation in arteries, these two time points were selected
to analyze differential gene expression in the experimental
vessel wall relative to the control group. As shown in Fig. 1,
S100A8 and S100A9 were significantly upregulated genes
among the differentially expressed genes compared with the
control group.
S100A8 and S100A9 promote HUVEC viability, proliferation
and migration. To investigate the influence of S100A8/9 on cell
viability, HUVECs were starved in serum‑free DMEM for 6 h
before treatment with S100A8/9 at different times. As shown
in Fig. 2A, S100A8/9 exerted a distinct effect on HUVECs.
When S100A8/9 was added to culture media at 1, 2, 4 and
8 µg/ml, it increased HUVEC viability in dose‑dependent and
time‑dependent manners. The greatest effects were observed
with 8 µg/ml at 72 h. As the cell cycle distribution is directly
connected to proliferation, the present study further investigated the cell cycle distribution of HUVECs incubated with
S100A8/9. As shown in Fig. 2B, the S100A8/9 group displayed
the following distribution: G 0/G1 phase, 44.76±1.10%; S
phase, 40.10±0.73%; G2/M phase, 15.14±1.59%. The control
group displayed the following distribution: G 0/G1 phase,
59.13±1.52%; S phase, 27.16±5.31%; G2/M phase, 13.70±4.12%.
The results showed that S100A8/9 increased the G1 phase cells
to enter the S phase, thereby improving the cell proliferation
ability. Furthermore, the effects of S100A8/9 on HUVEC
apoptosis were detected using flow cytometry. After treatment
with 8 µg/ml S100A8/9 for 24 h, the cell apoptosis rate was
significantly decreased from 7.39±1.23 to 4.17±0.89 (P<0.05;
Fig. 2C). Next, the effects of S100A8/9 on migration were
evaluated using a Transwell chamber system. As shown in
Fig. 2D, DMEM with S100A8/9 at 2, 4 and 8 µg/ml in the
lower chamber stimulated cell migration and maximal effects
were observed with 8 µg/ml S100A8/9. These results indicated
that a S100A8/9 promoted cell viability and migration.
S100A8 and S100A9 stimulate the PI3K/Akt/mTOR signaling
pathway. It was previously demonstrated, in an experimental
rabbit vein graft model, that the mTOR signaling pathway was
upregulated 1 and 7 days after transplantation, when the vein
was in the arterialization process (26). It was hypothesized
that this could be the mechanism leading to remodeling in
the vessel wall. To explore the pathway involved in the effect
of S100A8/9 on HUVECs, HUVECs were cultured with
0.5‑5 µg/ml S100A8/9 for 48 h. Western blot assays (Fig. 3A)
showed that the PI3K/Akt/mTOR pathway was activated, as
indicated by the increased expression ratios of p‑PI3K/t‑PI3K,
p‑Akt/t‑Akt and p‑mTOR/t‑mTOR. The Akt signaling pathway
regulates Bcl‑2, which is an important anti‑apoptotic protein,
therefore, the expression levels of Bcl‑2 protein and mRNA
were determined. As shown in Fig. 3C, S100A8/9 promoted
the expression of Bcl‑2 mRNA and protein. mTOR is involved
in two distinct multi‑protein complexes, mTORC1/2. mTORC2
contains mTOR, target of rapamycin complex subunit LST8,
Rictor, target of rapamycin complex 2 subunit MAPKAP1,
proline‑rich protein 5 and DEP domain containing
mTOR‑interacting protein, and regulates Akt and PKCα
phosphorylation and actin cytoskeleton formation (27,28).
The expression of Rictor was examined to determine whether

Figure 1. Altered expression levels of S100A8 and S100A9. The expression
levels of S100A8 and S100A9 were detected at 0, 1 and 7 days after surgery.
Sample labelling and array hybridization were carried out according to
the protocol provided by a One‑color Microarray‑based Gene Expression
Analysis kit (Agilent Technologies, Inc.). Data and error bars represent the
mean ± SEM (n=6). **P<0.01 vs. control group. S100A, S100 calcium binding
protein A.

mTORC2 was activated. S100A8/9 significantly upregulated
Rictor, similarly to its downstream factor PKCα (Fig. 3B).
This suggested that PI3K/Akt/mTOR and mTORC2 signaling
pathways may participate in S100A8/9‑induced HUVEC
activation.
Effects of RAGE blockade on S100A8/9 stimulation of the
PI3K/Akt/mTOR and mTORC2 signaling pathways. RAGE is
a primary extracellular‑membrane receptor of S100 proteins.
Therefore, the influence of RAGE was investigated on the
S100A8/9 signaling pathway, HUVECs were pretreated
with a RAGE blocking antibody or the mTOR inhibitor,
100 nM rapamycin. Fig. 4A shows that the RAGE blocking
antibody decreased the expression ratios of p‑PI3K/t‑PI3K,
p‑Akt/t‑Akt and p‑mTOR/t‑mTOR. Rapamycin also
decreased the expression ratios of p‑mTOR/t‑mTOR induced
by S100A8/9, similarly to the RAGE blocking antibody. As a
main component of mTORC2, Rictor protein expression was
determined. As shown in Fig. 4B, at the protein level, only
the RAGE blocking antibody inhibited expression of Rictor
and PKCα. At the mRNA expression level, Rictor expression was decreased when cells were pretreated with a RAGE
blocking antibody before stimulation with S100A8/9 (Fig. 4C).
Therefore, RAGE appears to be a candidate receptor not only
of the PI3K/Akt/mTOR signaling pathway but also mTORC2
signaling in HUVECs.
Effect of RAGE and mTORC2 on S100A8/9‑stimulation of
angiogenesis and cell migration. mTORC2 is essential for
VEGF‑induced angiogenic responses, whereas mTORC1 is
known to have a relatively modest effect on vascular endothelial cell function (29). In addition, PKCα, a distinct signaling
protein downstream of mTORC2, is required for proliferation
of vascular endothelial cells (30). To further demonstrate the
role of RAGE and mTORC2 in S100A8/9 stimulation, a CCK‑8
assay was performed to measure cell viability. HUVECs
were transfected with siRNAs targeting the expression of
Rictor or RAGE or a negative control siRNA. First, transfection efficiency of si‑Rictor and si‑RAGE was determined
(Fig. 5A and B). Reduction of Rictor or RAGE expression
decreased the viability of S100A8/9‑treated cells by similar
amounts (Fig. 5C). Then, HUVEC migration (Fig. 5D) and
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Figure 2. Effects of S100A8/9 on viability and migration of HUVECs. (A) Cells were plated at an equal density and treated with various concentrations of
S100A8/9 (1‑8 µg/ml) or an equal volume of PBS for 24‑96 h, and viability was assessed by Cell Counting Kit‑8 assays. The relative ratios of cell viability
are expressed as a percentage of the 24 h control group. Data and error bars represent the mean ± SEM (n=3). (B) Flow cytometry analysis for the cell cycle
distribution of HUVECs incubated with S100A8/9 for 24 h or control group, and (C) flow cytometry analysis for the cell apoptosis of HUVECs incubated with
S100A8/9 for 24 h or control group. (D) Transwell migration assays showed significantly increased migration of HUVECs under various concentrations of
S100A8/9 (2‑8 µg/ml) compared with PBS control. Images were captured (original magnification, x200) of HUVECs migrated through Transwell chambers.
Data and error bars represent the mean ± SEM (n=3). *P<0.05, **P<0.01 vs. control group. HUVECs, human umbilical vein endothelial cell; S100A, S100
calcium binding protein A.
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Figure 3. S100A8/9 stimulates the PI3K/Akt/mTOR pathway, Bcl‑2 and Rictor in HUVECs. (A) S100A8/9 administration stimulates the PI3K/Akt/mTOR
pathway by increasing the expression ratios of p‑PI3K/t‑PI3K, p‑Akt/t‑Akt and p‑mTOR/t‑mTOR. (B) The changes in Rictor and PKCα expression were
detected by western blotting. (C) S100A8/9 increased protein and mRNA expression of Bcl‑2. Data and error bars represent the mean ± SEM (n=3). *P<0.05,
**
P<0.01 vs. control group. HUVECs, human umbilical vein endothelial cell; S100A, S100 calcium binding protein A; Rictor, rapamycin‑insensitive companion
of mTOR; PKCα, protein kinase Cα; p‑, phosphorylated; t‑, total.

angiogenesis (Fig. 5E) were measured. As expected, S100A8/9
increased angiogenesis, whereas depletion of RAGE and
Rictor produced the opposite result (Fig. 5E). Similarly, the
increase in migration was abrogated upon depletion of RAGE
or Rictor (Fig. 5D); however, the results were not significant.
Discussion
In the present study, S100A8/9 was found to enhance cell
growth and angiogenesis. Inhibition of RAGE with si‑RAGE
decreased HUVEC viability and migration. S100A8/9

stimulated the mTORC2 pathway, which was significantly
suppressed by rapamycin and a RAGE‑blocking antibody;
Rictor deficiency partly reduced cell viability and angiogenesis induced by S100A8/9.
Recently, the failure of vein grafts induced by neointimal
hyperplasia has attracted attention in research (5). Neointimal
hyperplasia is an exaggerated wound‑healing process in the
vessel wall resulting from surgical injury, arterial environment
changes or inflammation post‑surgery (1). It is initiated by
injury to vascular endothelial cells and exposure of vascular
smooth muscle cells to circulating blood molecules (23).
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Figure 4. S100A8/9‑induced HUVEC activation is RAGE‑dependent. HUVECs were pretreated with 10 µg/ml RAGE blocking antibody or 100 nM rapamycin
for 1 h prior to treating with S100A8/9 for 48 h. Total protein was harvested and subjected to western blotting. (A) RAGE antibody pretreatment blocked the
PI3K/Akt/mTOR pathway, whereas rapamycin only reduced mTOR phosphorylation. (B) RAGE antibody pretreatment blocked Rictor and PKCα, whereas
rapamycin made no difference. (C) The change in Rictor mRNA expression was measured by reverse transcription‑quantitative PCR. Data and error bars
represent the mean ± SEM (n=3). *P<0.05, **P<0.01 vs. control group; #P<0.05, ##P<0.01 vs. S100A8/9 group. RAGE, receptor for advanced glycation end
products; S100A, S100 calcium binding protein A; Rictor, rapamycin‑insensitive companion of mTOR; PKCα, protein kinase Cα; p‑, phosphorylated; t‑, total.

A study indicated that reendothelialization is beneficial to
prevent the failure of vein transplantation, but so far there is
no treatment to promote this process (20). Our previous studies
demonstrated that, in the rabbit vein transplant model, a high

level of cell proliferation was observed in the vascular wall
of vein graft on day 7 after surgery (26). The present study
found that S100A8 and S100A9 genes in vein grafts were
upregulated during environmental rehabilitation in arteries
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Figure 5. Effects of RAGE blockade on S100A8/9 stimulation of the PI3K/Akt/mTOR and mTORC2 signaling pathways. (A) Human umbilical vein
endothelial cells transfected with si‑RAGE, si‑Rictor or control, as indicated, were subjected to serum starvation for 24 h. Total protein was harvested
and subjected to western blotting. (B) Total RNA was harvested and subjected to reverse transcription‑quantitative PCR. (C) Viability was assessed by
Cell Counting Kit‑8 assays. The relative cell viability ratios are expressed as a percentage of the 48 h control group. (D) RAGE and Rictor knockdown
by siRNA can partially reverse the S100A8/9‑induced increase in cell migration. (E) RAGE and Rictor knockdown by siRNA can partially prevent the
S100A8/9‑induced angiogenesis. Data and error bars represent the mean ± SEM (n=3). *P<0.05, **P<0.01 vs. control group; ##P<0.01 vs. S100A8/9 group.
RAGE, receptor for advanced glycation end products; S100A, S100 calcium binding protein A; Rictor, rapamycin‑insensitive companion of mTOR; siRNA,
small interfering RNA; NC, negative control.
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7 days after surgery, when a high level of cell proliferation
is observed in the vascular wall of vein grafts. At present,
primary umbilical vein endothelial cells are widely used in
experiments to explore the function of venous endothelial
cells (31). Therefore, umbilical vein endothelial cells were
selected as the research subject in the present study. In vitro,
the promotion of proliferation and angiogenesis was observed
with S100A8/9 treatment. These results were consistent with
those of Li et al (19) who showed that low concentrations of
S100A8 and S100A9, either alone or in combination, promoted
angiogenesis‑related activity in vascular endothelial cells. This
evidence confirmed the proliferative function of S100A8/9 on
endothelial cells. It was further speculated that, in preventing
neointimal hyperplasia, S100A8/9 maintained the endothelial
integrity of vein grafts, which protected vascular smooth
muscle cells from circulating blood inflammatory molecules.
PI3K/Akt signaling has a key role in multiple cellular
processes, such as promotion of survival and growth in response
to extracellular signals. Activated Akt mediates downstream
responses, including cell survival, growth, proliferation, cell
migration and angiogenesis (16), by phosphorylating a range of
intracellular proteins, which includes mTOR. mTOR links with
other proteins and serves as a core component of two distinct
protein complexes, mTORC21 and mTORC2, which regulate
different cellular processes (32). In the rabbit vein grafts model,
mTORC2 function was increased in the week after surgery
and remained upregulated (26), which could be a major reason
behind the formation of neointimal hyperplasia. In the present
study, S100A8 and S100A9 genes were found to be overexpressed. In vitro experiments showed that PI3K/Akt/mTOR and
mTORC2 pathways were activated by S100A8/9. This result
was consistent with our previous animal experimental model
data (26), which indicated that mTORC2 signaling pathways are
activated by S100A8/9. Depleting the core molecule Rictor from
the mTORC2 complex, attenuated the cell proliferation caused
by S100A8/9. These results further indicated that S100A8/9
promoted cell proliferation, migration and angiogenesis via the
mTORC2 signaling pathway. Considering this evidence, it was
speculated that S100A8/9 protects the integrity of endothelial
cells through mTORC2 signaling pathways.
The present study also investigated the role of RAGE in
S100A8/9‑stimulated activation of the mTORC2 pathway and
promotion of angiogenesis. The multi‑ligand receptor, RAGE
is a strong candidate for several pathways mediating arterial
inflammation (33). RAGE ligands include advanced glycation
end products, high mobility group box 1 and S100/calgranulins, which includes S10012, S100A8 and S100A9 (34,35). It
has been demonstrated that S100A8/9 interacts with RAGE
in HUVECs (36,37). Furthermore, RAGE regulates the
phosphorylation of mTOR and promotes Beclin‑1/VPS34
autophagosome formation (38). Advanced glycation end products induce cell autophagy by inhibiting the PI3K/Akt/mTOR
pathway via RAGE (39,40). The signaling pathway of RAGE in
endothelial cells has not yet been fully elucidated. The present
results showed that the RAGE blocking antibody reduced
activation of the S100A8/9‑upregulated mTORC2 pathway,
whereas Rapamycin had little effect; RAGE deficiency
partly reversed the promotion of angiogenesis. These results
provided evidence that RAGE is the receptor for S100A8/9,
and that RAGE‑dependent signaling is involved in mediating

5301

the effects of S100A8/9, which is consistent with the findings
of Xu et al (21).
A previous study demonstrated that hypoxia causes a transient increase in mTORC1 activity and a sustained increase
in mTORC2 activity in vascular endothelial cells, which indicates that proliferation in vascular endothelium is correlated
with mTORC2 activity (41). The knockout regulatory‑associated protein of mTOR (Raptor)/Rictor gene mouse model
demonstrated that absence of Rictor inhibited endothelial cell
proliferation and angiogenesis induced by VEGF in vivo, which
could be achieved by decreasing downstream factor‑PKCα,
whereas Raptor knockout had little effect on vascular endothelial cells (29). Previous evidence suggested that the chemokine
stromal cell‑derived factor 1, through its receptor C‑X‑C
chemokine receptor type 4, increased endothelial cell migration and microangiogenesis to promote angiogenesis (27).
To block angiogenesis, mTORC2 signaling is the correct
blocking target, rather than mTORC1 (27), however, while
rapamycin is a potent inhibitor of mTORC1, mTORC2 is only
partially affected after long‑term exposure (42). The present
results showed that rapamycin failed to decrease activation
of mTORC2 stimulated by S100A8/9, whereas RAGE had a
notable effect on the inhibition of mTORC2 stimulation. These
findings indicated that RAGE could be a potential target in the
mTORC2 pathway.
There are some limitations of the present study. No clinical
evidence has been presented concerning the relationship
between serum expression levels of S100A8/9 and intimal
hyperplasia after vein graft surgery in patients with coronary
atherosclerosis. The results of this study may not be directly
applicable to neointimal hyperplasia in an in vivo coronary
artery bypass grafting model because the findings in this
study are from a HUVEC in vitro model only. Therefore, a
new human‑mouse chimeric model based on human‑mouse
chimeric model reported by Yi et al (43) is in development.
In future studies, human saphenous vein segments should be
transplanted as abdominal aorta interposition grafts into an
immunodeficient mouse host. In addition, the present study did
not investigate the interaction between the PI3K/Akt/mTOR
signaling pathway and mTORC2. Although, no time‑dependent
activity of S100A8/9 was provided for PI3K/Akt/mTOR, the
potential mechanisms underlying the effects of S100A8/9 on
promoting cell viability were investigated. Furthermore, while
the western blotting results (Fig. 3A) may not be optimal, they
are sufficient to draw the conclusion that S100A8/9 stimulates
activation of the PI3K/Akt/mTOR pathway.
In summary, S100A8/9 promoted cell viability, proliferation and migration via RAGE signaling and activation of
mTORC2 pathways. S100A8 and S100A9 genes in vein grafts
were upregulated in a rabbit vein grafts model. Thus, it was
speculated that S100A8/9 protected the endothelial integrity
of vein grafts, which play an important role in preventing
intimal hyperplasia (20). In addition, RAGE could represent
a potential target in the mTORC2 pathway. The present study
therefore offers a preliminary understanding of the potential
role of S100A8/9 in intimal hyperplasia in vein graft surgery.
Further studies are required to fully understand the role of
S100A8/9 in the pathogenesis of intimal hyperplasia, and
vascular smooth muscle cells are an ideal tool for this so these
cells will be used for future studies.
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