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 Background: High-mobility group box1 (HMGB1) is a cytokine that has been demonstrated to have an important role in in-
ducing migration and homing of endothelial progenitor cells (EPCs) in the process of neovascularization dur-
ing wound healing, but its specific mechanism remains elusive. The aim of this study was to investigate the 
effects of the HMGB-RAGE axis in EPC migration, as well as the underlying molecular mechanism responsible 
for these effects.

 Material/Methods: EPCs were isolated from the mice and identified using flow cytometry and fluorescence staining. The effect of 
HMGB1 on the activity of EPCs was detected using the Cell Counting Kit-8 (CCK-8). Then, the migration of EPCs 
was detected by scratch wound-healing and cell migration assay. NO levels were analyzed by ELISA. The expres-
sion of p-PI3K, p-Akt, and p-eNOS was determined by Western blot analysis. RAGE expression was measured 
by quantitative reverse transcription polymerase chain reaction (qRT-PCR) and Western blot analysis. F-actin 
was assessed by fluorescent staining.

 Results: The results showed that HMGB1 induced a concentration-dependent migration of EPCs, and the migration 
was RAGE-dependent. The migration could be almost completely blocked by PI3K inhibitors and eNOS inhib-
itor. HMGB1-RAGE upregulated the expression of p-Akt, p-eNOS, and p-ERK. We also demonstrated that the 
MEK/ERK signaling pathway is not involved in the EPC migration induced by HMGB1-RAGE.

 Conclusions: These data demonstrate that HMGB1 activates RAGE and induces PI3K/Akt/eNOS signaling transduction path-
way activation to promote EPC migration. Therefore, the HMGB1-RAGE axis plays an important role in the EPC 
migration process and may become a potential target in wound healing.
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Background

High-mobility group box1 (HMGB1), also known as ampho-
terin, is a member of the highly preserved nonhistone DAN-
banding protein family, was isolated from calf thymus in 1973 
by Goodwin et al. [1]. This is a special intracellular protein. When 
it exists in an extracellular environment, it acts as a necrosis 
marker selected by the innate immune system to distinguish 
damage of tissue and responds to repair [2]. It has been iden-
tified as a transcription factor [3] and growth factor [4] and as 
a late inflammatory mediator [5]. Acting as a cytokine, HMGB1 
must be released into the extracellular environment, either ac-
tively secreted by immune cells such as coenocytes, macro-
phages, and dendritic cells, or passively delivered by dead, dying, 
and damaged cells [6]. HMGB1 can shuttle freely between the 
nucleus and cytoplasm in all type cells, while normal HMGB1 
aggregates in the nucleus and binds to chromatin [7]. HMGB1 
is more active in myeloid cells than in lymphoid cells [8]. Once 
released extracellularly, HMGB1 can bind to cell surface recep-
tors, including advanced glycation end product receptors (RAGE) 
and Toll-like receptors 2 and 4 (TLR2 and TLR4) [9]. RAGE, which 
is cell surface signaling molecule of the immunoglobulin super-
family, is a natural receptor of HMGB1 [10]. The ligation of ex-
tracellular HMGB1 with RAGE leads to sensitization of various 
intracellular signaling pathways, including the activation of nu-
clear factor-kappa B (NF-kB), MAPKs [11], PI3K/Akt [10], and Src 
family kinases [12]. Activated RAGE regulates multiple cellular 
responses, and HMGB1-RAGE interaction is deeply involved in 
inflammation, immunity, cellular adhesion, proliferation, and mi-
gration in some types of cells. The PI3K/Akt signaling pathway 
is involved in many biological processes, including cell metab-
olism, cell cycle regulation, cell growth, and apoptosis. Recent 
studies have shown that the PI3K/Akt/eNOS signaling pathway 
play an essential role in chemokine-induced EPC migration [13].

Endothelial progenitor cells (EPCs) are important in endothe-
lial repair and can migrate from bone marrow to peripheral 
circulation, as in ischemia [14]. In 1997, Asahara et al. [15] re-
ported for the first time that EPC was obtained from peripheral 
blood and identified circulating EPC that promoted neovascu-
larization. Since then, more and more evidence has indicated 
that bone marrow-derived EPC has the function of promoting 
neovascularization during wound healing [16]. It is estimated 
that endothelial cells account for 25% of neovascularization 
in animal models [17]. Angiogenesis begins with the mobi-
lization of EPCs, which proliferate and form new blood ves-
sels [18]. EPCs are the key cellular effectors of postnatal neo-
vascularization and play a significant role in wound healing, 
which, when placed in the exfoliated endothelium, migrated 
to the location of neovascularization to restore ischemic or-
gans [19]. The number of EPCs in wounds was reported to be 
decreased in diabetic mice, suggesting an abnormality in mo-
bilization and homing mechanisms of EPC [20].

Cell proliferation and migration induced by cytokines are the 
basic factors of tissue repair. Some researchers have demon-
strated that HMGB1 can act as a cytokine to regulate EC migra-
tion and serve as a signal of tissue damage [21]. Meanwhile, 
HMGB1 plays an important role in the regulation of EPCs, 
such as cell migration, generation, and survival [22]. Although 
HMGB1-RAGE is conducive to EPC migration, proliferation, and 
angiogenesis, the signaling transduction pathways that regu-
late these effects are unknown.

Therefore, the purpose of this study was to determine whether 
the HMGB1 induces PI3K/Akt/eNOS signaling pathways acti-
vation via interaction with RAGE, and assess its involvement 
in the proliferation and migration of EPCs.

Material and Methods

Isolation of EPCs from bone marrow and their 
characterization

EPCs were isolated as described previously [23]. Briefly, mice 
(Balb/c, male, 22–25 g) were sacrificed. The bone marrow of 
the femurs and tibias were immediately harvested with PBS. 
The mononuclear cells (MNCs) were isolated by density centrif-
ugation and resuspended in BEM2 medium (Lonza, Walkersville, 
MD, USA) plus EGM®-2 Bullet Kit (Lonza, USA), which is com-
posed of 2% fetal bovine serum (FBS), and growth factors 
containing vascular endothelial growth factor (VEGF), basic 
fibroblast growth factor, epidermal growth factor, insulin-like 
factor-1, GA-1000, hydrocortisone, heparin, and ascorbic acid. 
These cells were transferred to 6-well plates coated with fibro-
nectin (Sigma, St Louis, MO, USA) and cultured in 5% carbon 
dioxide (CO2) at 37°C. After incubation for 4 days, we removed 
non-adherent cells and the medium was replaced every day. 
The culture was maintained for 7 days. To confirm the EPC phe-
notype, these cells were incubated on cover slips coated by fi-
bronectin and incubated with 10 μg/ml acetylated low-density 
lipoprotein labeled with 1,1’-dioctadecyl-3,3,3’,3’-tetramethyl-
indocarbocyanine (Dil-ac-LDL, Molecular Probes) for 4 h at 37°C. 
Then, they were fixed with 4% paraformaldehyde solution for 
15 min. Cells were then incubated with 10 μg/ml fluorescein 
isothiocyanate-conjugated Ulex europaeus agglutinin (FITC-
UEA-1, Sigma, USA) for 30 min at 37°C, adding DAPI (Sangon 
Biotech, Shanghai, China) at room temperature in the dark for 
5 min. Double-staining positive cells were observed by the flu-
orescence microscope and defined as EPCs. To further identify 
EPCs, the expression of endothelial marker proteins, including 
CD133, CD34 and VEGF-receptor 2 (VEGFR2) were conjugated 
anti-mouse CD34, CD133 (Thermo Fisher Scientific, USA) and 
anti-mouse VEGFR2 antibodies (Abcam, USA). The isotype anti-
mouse IgG (Cell Signaling Technology, Beverly, MA, USA) was 
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used as a negative control. After 1 h, all samples were tested 
into a cytoFLEX flow cytometer (BECKMAN, USA).

Ethics statement

All mice were housed in the Laboratorial Animal Center of the 
Institute of Burn Research, in accordance with the International 
Guiding Principles for Biomedical Research involving Animals 
(1985) and the study was approved by the Third Military 
Medicine University (Army Medical University) Administrative 
Panel on Laboratory Animal Care.

CCK-8 assay

Cell viability was assessed using CCK-8 (Dojindo, Japan) strictly 
following the protocols. Cells were inoculated into 96-well 
plates with 5×103 cells/wells, replaced with serum-free me-
dium 24 h later. Thereafter, cells were exposed to different con-
centrations (0–100 ng/ml) of HMGB1 for 24 and 48 h (Sigma, 
USA). We added 10 μl CCK-8 solution to each well and gently 
vibrated it for 30 s, then the plate was incubated for 30 min 
at 37°C. A microplate reader was used to determine the opti-
cal density (OD) values at 450 nm. Cell viability was calculated 
according to the manufacturer’s directions.

Scratched wound healing assay

EPCs were cultured in 12-well plates. A wound was scratched 
with a sterile 200-μl pipette tip to leave a separation between 
the 2 parts of the monolayer of cells. The plate was washed 
repeatedly to remove the resulting debris. The cells were cul-
tured in serum-free medium and stimulated with HMGB1 
(0–100 ng/ml) for 12 h. To assess the amount of wound clo-
sure, cell-covered septal area was calculated by Image J soft-
ware. The experiments were repeated 3 times.

Cell migration assay

Cell migration was assessed in 24-well plates using Costar 
Transwell permeable support (Corning, USA) [24] and the mem-
brane was coated on both sides with fibronectin (2.5 μg/ml) 
overnight at 4°C. We seeded 1×105 cells/ml into the upper 
chambers, while the lower chamber contained different con-
centrations (0–100 ng/ml) of HMGB1 in serum-free BEM2 me-
dium, incubated at 37°C in 5% CO2 for 12 h. Cells remaining 
on the upper surface of the membrane were taken out with 
a cotton swab and the cells that migrated to the lower sur-
face of the membrane were fixed with 4% paraformaldehyde 
(Sangon Biotech) for 20 min, then stained with 0.1% crystal 
violet (Sangon Biotech). Migrating cells were observed un-
der a phase-contrast microscope and counted from 3 ran-
dom regions using Image J software. The experiment was re-
peated 3 times.

Analysis of NO levels

The EPCs cultured for 7 days were stimulated with HMGB1 or 
different signaling pathway inhibitors, as described previously. 
Culture supernatant was extracted and total levels of nitric ox-
ide (NO) were quantified using Total Nitric Oxide and Nitrate/
Nitrite Parameter assay kits (R&D Systems, Minneapolis, MN) 
following the manufacturer’s directions. OD values were mea-
sured at 450 nm, and NO concentration were calculated from 
the standard curve. The experiments were repeated 3 times.

Quantitative real-time polymerase chain reaction (QRT 
-PCR)

Total RNA was extracted by Trizol (Sangon Biotech), and re-
verse transcribed into cDNA using reverse transcription of DNA 
(Thermo Fisher Scientific, USA). To quantify the transcriptional 
degrees of RAGE and eNOS, qRT-PCT was performed on the 
Prism 7500 Real-time PCR system (Applied Biosystems, Foster 
City, CA, USA), as described previously [25]. The primers se-
quences were as following:
RAGE forward 5’-AAACATCACAGCCCGGATTG-3’ and
reverse 5’-TCCGGCCTGTGTTCAGTTTC-3’;
GAPDH forward 5’-CATTCAAGACCGGACAGAGG-3’ and
reverse 5’-ACATACTCAGCACCAGCATCACC-3’.
Gene expression was computed by the comparative cycle 
threshold method.

Protein extraction and Western blotting

The total cell proteins were extracted using lysis buffer (Sangon 
Biotech) with a Protein kit (Sangon Biotech). The protein con-
centration was estimated by a Pierce BCA-200 Protein Assay 
Kit (Thermo Fisher Scientific, USA). We analyzed 50-μg protein 
samples extracted from different groups using sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 
transferred them onto polyvinylidene fluoride (PVDF) mem-
branes (Millipore, Bedford, MA, USA). The membranes were 
blocked with 5% milk and incubated overnight at 4°C with 
primary antibodies for PI3K (1: 1000; CST), p-PI3K (1: 1000; 
CST), Akt (1: 1000; CST), p-Akt (p-s473, 1: 2000; CST), ERK1/2 
(1: 1500, CST), p-ERK1/2 (1: 1500, CST), eNOS (1: 1000, CST), 
p-eNOS (1: 1000, CST), and GAPDH (1: 5000, Protech, WuHan, 
China). On the second day, the membranes were incubated 
with horseradish peroxidase-conjugated secondary antibodies 
(1: 5000, Protech) for 1 h at 37°C. Then, the membranes were 
rinsed with TBST. Images were taken using the Gel Imaging 
System. All experiments were repeated 3 times.

Fluorescent staining of cytoskeleton

EPCs were grown to circle slides fibronectin-coated before be-
ing treated, fixed with 3.7% cold paraformaldehyde (Sangon 
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Biotech) for 30 min, then permeabilized using 0.1% Triton 
X-100 for 5 min. F-actin of EPCs was probed with Texas Red-
phalloidin (BD Bioscience, Lexington, KY) at 1: 200 dilution for 
45 min. Stained cells were visualized by an inverted microscope 
(Leica, Japan) and the images were taken with a laser confo-
cal microscope (Zeiss, Germany). The fluorescent intensity of 
F-actin was analyzed by Image J software.

Statistical analysis

All data were obtained through at least 3 individual separate 
experiments and the data are expressed as (mean ±SEM). SPSS 
version 16.0 was used to assess the differences of statistical 
significance. The unpaired t test was used to compare 2 groups 
and one-way ANOVA was used to compare differences among 
multiple groups. P<0.05 was defined as statistically significant.

Results

Characterization of bone marrow-derived EPCs

EPCs were characterized as adherent cells with double-posi-
tive staining for Dil-ac-LDL and FITC-UEA-1, Dil-ac-LDL uptake 
(red), and lectin binding (green) observed using a laser confocal 

microscope (ZEISS, LSMG800, Germany). The results demon-
strated that the number of double-positive adherent cells was 
85% higher (Figure 1A). Flow cytometry was used to detect 
EPCs among the attached cells that were cultured at 7 days 
and to assess expression rates of cell surface markers CD34 
(90.3±3.8%), CD133 (49.6±9.5%), and VEGFR2 (76.48±4.3%). 
The results showed that EPCs exhibited high expression of 
VEGFR2 (Figure 1B).

HMGB1 upregulates expression of RAGE protein in EPCs 
and promotes proliferation of EPCs

To determine the RAGE response to HMGB1 in EPCs, the cells 
were cultured in 6-well plates and treated with various con-
centrations of HMGB1 (0–100 ng/ml) for 24 h or treated with 
HMGB1 (100 ng/ml) for various times. The protein and mRNA 
expression levels of RAGE were detected by Western blot and 
qRT-PCR. The results of Western blot indicated the RAGE was 
expressed in a dose- and time-dependent manner when EPCs 
were stimulated by HMGB1 (Figure 2A, 2B), as well as the ex-
pression level of RAGE mRNA (Figure 2C, 2D).

Previous studies have shown HMGB1 promotes cell prolifer-
ation via RAGE in gingival epithelial cells [26] and 3T3 mouse 
fibroblasts [27]. To investigate the role of HMGB1-RAGE in EPC 
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Figure 1.  Characterization of EPCs. (A) To confirm the EPC phenotype, the adherent cells were incubated with Dil-acLDL (10 μg/ml) 
for 4 h and FITC-UEA-1 (10 μg/ml) for 1 h at 37°C. Then, the Dil-acLDL uptake (red) and lectin binding (green) of cells 
were assessed using a confocal microscope (scale bar=50 μm). Double-positive cells were recognized as the EPCs. 
The results demonstrated that the number of double-positive adherent cells increased by 85%. (B) To further identify EPCs, 
the expression levels of CD34, CD133, and VEGFR2 were detected by flow cytometry, showing 90.03% CD34, 49.6% CD133, 
and 76.48% VEGFR2.
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Figure 2.  Effects of HMGB1 on RAGE expression and cell viability in EPCs. EPCs were treated with HMGB1 (0–100 ng/ml) for different 
times (0–48 h). (A, B) Western blot was utilized to measure expression of RAGE. (C, D) mRNA expression level of RAGE was 
measured by qRT-PCR in EPCs. (E) The viability of EPCs was analyzed by CCK-8. The data are expressed as the means ±SEM. 
* P<0.05, ** P<0.01, versus the control group. # P<0.05, versus the HMGB1 (10 ng/ml) group.
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proliferation, EPCs were treated with 0–100 ng/ml HMGB1 
for 24 and 48 h (Figure 2E). When exogenous HMGB1 was 
added, the proliferation rate of cultured EPC was enhanced, 
but a biphasic pattern was observed. Low concentrations 
(1–10 ng/ml) increased viability, but higher concentrations 
(50–100 ng/ml) appeared to have no effect. When anti-RAGE 
antibody (20 μg/ml) (Abcam, USA) was added, the proliferation 
rate of EPC was significantly reduced. These data indicate that 
RAGE is involved in the proliferation of EPCs induced by HMGB1.

HMGB1 induces EPC migration in a concentration-
dependent manner and activates the PI3K/Akt/eNOS 
signaling pathway

HMGB1 directly stimulates the migration of various cell types. 
We explored whether HMGB1 affects the angiogenesis-related 
functions of EPCs. The repair of the scratch depends not only 
on the migration of cells, but also on the proliferation. To in-
vestigate the effects of HMGB1 on EPCs motility and migra-
tion, EPCs were treated with 0–100 ng/ml HMGB1 for 12 h. 
The spontaneous migration of EPCs was determined by scratch 
wound-healing assay (Figure 3A). Chemotactic migration of 
EPCs was assessed by Transwell assay (Figure 3B). The data 
indicated that HMGB1 increased the chemotactic migration of 
EPCs in a concentration-dependent manner. According to these 
results and previous research, we chose 100 ng/ml HMGB1 as 
the optimal concentration for use in subsequent experiments.

The phosphorylation of ERK, Akt, and eNOS are critically in-
volved in signaling of the proliferation and migration induced 
by angiogenic factors. Because HMGB1-induced EPC migration 
occurs via the PI3K/Akt/eNOS signaling pathway, our study in-
vestigated whether HMGB1-RAGE regulates the phosphoryla-
tion of PI3K, Akt, and eNOS in EPCs. Western blot analysis was 
used to confirm specific antibodies against their phosphory-
lated forms. HMGB1 treatment also increased the phosphor-
ylation of PI3K and Akt in a time- and concentration-depen-
dent manner, but the expression of total Akt and PI3K was not 
significantly different (Figure 3C, 3D).

PI3K/Akt/eNOS signaling pathway participates in HMGB1-
mediated and RAGE-dependent migration of EPCs

We assessed the role of PI3K/Akt and MEK/ERK signaling 
pathway in HMGB1-RAGE-mediated EPC migration. EPCs 
were cultured for 7 days with 20 μM LY294002 (PI3K inhibi-
tor, MedChemExpress, USA), 20 μM PD98059 (MEK inhibi-
tor, MedChemExpress, USA), 1 mM L-NAME (eNOS inhibitor, 
MedChemExpress, USA), and 20 μg/ml anti-RAGE antibody 
prior to exposure to HMGB1 (100 ng/ml) for 30 min. Cells mi-
gration was assessed at 12 h. Cell motility was detected by 
wound-healing assay (Figure 4A). Cell migration assay was 
used to assess cell migration (Figure 4B). The data showed 

anti-RAGE antibodies (20 μg/ml) significantly reduced the 
HMGB1-induced EPC migration, suggesting that the migratory 
effect of HMGB1 on EPCs is predominantly mediated by RAGE. 
Meanwhile, the HMGB1-induced migration of EPCs pretreated 
with 20 μM LY294002 were blocked significantly, but PD98059 
did not affect HMGB1-induced migration, indicating that the 
PI3K/Akt signaling pathway is necessary for HMGB1-induced 
EPCs migration, but not the MEK/ERK signaling pathway. EPCs 
pretreated with 1 mM L-NAME also had less HMGB1-induced 
migration. A previous study demonstrated that Akt-induced 
endothelial cell migration depends on eNOS phosphorylation 
and NO production [28]. These data suggest that the PI3K/
Akt/eNOS signaling pathway plays an essential role in HMGB1-
induced EPCs migration.

To further clarify the relationship between RAGE and the PI3K/
Akt signaling pathway in mediating HMGB1-induced migration 
in EPCs, Western blot analysis was performed, showing that 
stimulated with HMGB1 significantly increased phosphoryla-
tion of Akt, whereas the HMGB1-induced phosphorylation of 
Akt was abolished by LY294002 and anti-RAGE Ab. PD98059 
had no effect on the expression of p-Akt, but downregulated 
the expression of ERK1/2 (Figure 4C).

Angiogenesis factors include the activation of Akt-dependent 
eNOS phosphorylation by VEGF, which leads to an increase in 
NO production, thereby enhancing angiogenesis. NO is a key 
indicator for the function of EPCs and can promote cell prolif-
eration and migration in endothelial cells. To further explore 
the molecular mechanisms by which HMGB1-RAGE induces EPC 
migration, EPCs were pre-stimulated with HMGB1 (100 ng/ml), 
anti-RAGE antibody (20 μg/ml), and L-NAME (1 mM), and we 
collected the protein and medium. The expression of p-eNOS 
and NO was detected by Western blot and ELISA, respectively. 
As showed in Figure 4D, compared with others, expression of 
p-eNOS was significantly increased in EPCs treated with HMGB1, 
and there was also increased NO production. This effect was 
suppressed by L-NAME and anti-RAGE antibodies (Figure 4E). 
These results showed that activation of PI3K and Akt partici-
pates in the angiogenesis of EPC mediated by HMGB1-RAGE.

HMGB1 activates the MAPK/ERK signaling pathway

HMGB1 induced proliferation, migration, and wound closure of 
HaCat keratinocytes and gingival epitheal cells via RAGE and 
MAPK/ERK signal cascade [29,30]. To further study HMGB1-
mediated cell signaling, Western blot analysis was used to 
investigate whether HMGB1 activates the MAPK/ERK signal 
pathway in EPCs. The results showed that HMGB1 activated 
ERK1 and ERK2, and the level of p-ERK1/2 expression peaked 
at 12 h after 100 ng/ml HMGB1 stimulation and phosphory-
lation of ERK1/2 in a dose- (Figure 5A) and time-dependent 
manner (Figure 5B), but expression of total ERK1/2 was not 
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Figure 3.  HMGB1 induced EPCs migration and activated PI3K/Akt/eNOS signal transduction pathways. (A) Wound-healing assay was 
performed on confluent monolayer EPCs. EPCs were treated with 0–100 ng/ml HMGB1 for 12 h. The wound was monitored 
and photographed (scale bar=200 μm) 12 h after treatment with HMGB1. Number of EPCs growing into the scratch area 
was analyzed using Image J software. HMGB1-induced EPC wound healing was concentration-dependent. (B) The migrated 
EPCs in cell migration assay were stained by crystal violet and photographed 12 h after treatment with HMGB1 (scale 
bar=100 μm). (C) Western blot was used to measure the interaction of Akt and PI3K protein. (D) EPCs were stimulated with 
100 ng/ml HMGB1 for 0–48 h. Expression of p-PI3K and p-Akt was detected using Western blot. The results of Western blot 
represented as a bar graph. * P<0.05, ** P<0.01, versus control group; # P<0.05, ## P<0.01, versus HMGB1 (100 ng/ml) group.
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Figure 4.  The PI3K/Akt/eNOS signaling pathway participates in HMGB1-induced cells migration and RAGE-dependent EPCs. 
(A) The specific inhibitor of PI3K (20 μM LY294002), eNOS (1 mM L-NAME), ERK (20 μM PD98059), and 20 μg/ml anti-RAGE 
antibody were used to treat EPCs. Wound-healing assay was performed on confluent monolayer EPCs. The wound was 
monitored and photographed (scale bar=200 μm) after 12 h. Number of EPCs growing into the scratch area was analyzed 
using Image J software. The data showed anti-RAGE antibody, LY294002, and L-NAME significantly abolished the HMGB1-
induced cell migration, but PD98059 had not notable effect in this process. (B) The migrated EPCs in cell migration assay 
were stained by crystal violet and photographed 12 h after treatment with HMGB1 (scale bar=100μm), and the results 
are consistent with the scratch wound-healing assay. (C) Expression of p-Akt and p-ERK protein was examined by Western 
blot. The results showed the anti-RAGE antibody and LY294002 significantly inhibited phosphorylation of Akt induced by 
HMGB1, and PD98059 inhibited phosphorylation of ERK1/2. (D) EPCs were pretreated with HMGB1 (100 ng/ml), anti-RAGE 
antibody (20 μg/ml), and L-NAME (1 mM), and expression of eNOS phosphorylation was assessed by Western blot. Compared 
with other groups, the expression of eNOS phosphorylation in EPCs treated with HMGB1 increased remarkably. This effect 
was suppressed by L-NAME and anti-RAGE antibody. (E) The levels of NO measured by ELISA. The results of Western blot 
represented as a bar graph. * P<0.05, ** P<0.01, versus control group; # P<0.05, ## P<0.01, versus HMGB1 (100 ng/ml) group. 
All experiments were performed 3 times.
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significantly changed. Moreover, our cell migration results 
showed that PD98059 does not affect HMGB1-induced EPC mi-
gration (Figure 4B), and the MAPK/ERK signaling pathway par-
ticipates in ERK1/2 phosphorylation induced by HMGB1 in EPCs.

Activation of PI3K/Akt signaling pathway in EPCs 
enhances F-actin level

In the control group, F-actins of EPC had well-developed, 
thick, and long fibers (Figure 6A). F-actin was orderly and 
dense (Figure 6B). As expected, this effect of HMGB1 was 
blocked by LY294002 (20 μM) or anti-RAGE antibody (20 μg/ml) 
(Figure 6C, 6D). The fluorescence intensity of F-actin in the 
HMGB1 group was significantly greater than other groups 
(Figure 6E) These results indicate that PI3K/Akt mediates the 
HMGB1-RGAE-dependent cytoskeleton rearrangement.

Discussion

Wound healing is an intertwined dynamic process, which in-
cludes local inflammatory response, cell proliferation and mi-
gration, extracellular matrix deposition, angiogenesis, and re-
epithelialization [31]. Angiogenesis is one of the key steps in 
wound healing. In the past several years, some studies have 
reported the potential therapeutic role of EPCs in endothelium 
injury repair of wound healing and vasculogenesis [32]. EPCs 
are embedded in the bone marrow microenvironment and can 
be moved into the injury site. Normally, the number of circu-
lating EPCs is relatively low, but increases due to trauma or 
ischemia. EPCs leave the bone marrow and enter the circu-
lation, proliferating, migrating, and homing to the damaged 
site, promoting the formation of neovascularization. The ef-
fect of bone marrow EPCs on neovascularization in wound re-
pair is caused by a multistep process, which includes sens-
ing ischemic signals from injured tissues, releasing EPCs from 
bone marrow niches into circulation, moving circulating EPC 
into target tissues, integrating EPC into blood vessels, and 

Control

p-ERK

ERK

GAPDH

1 5 10

HMGB1 (ng/ml)

50 100

p-ERK

ERK

GAPDH

0 h 2 h 4 h 6 h

HMGB1 (10 ng/ml)

12 h 24 h 48 h

HMGB1 (ng/ml)

Control 1 5 10 50 100

* *
**

1.0

0.8

0.6

0.4

0.2

0.0

p-
ER

K/
t-E

RK
 (f

ol
d c

ha
ng

e)

0 h 2 h 4 h 6 h 12 h 24 h 48 h

HMGB1 (10 ng/ml)

*
* *

*

**

0.8

0.6

0.4

0.2

0.0

p-
ER

K/
t-E

RK
 (f

ol
d c

ha
ng

e)

A

B

Figure 5.  HMGB1 increased expression of p-ERK1/2 in EPCs. (A) The EPCs treated with HMGB1 at different concentrations 
(0–100 ng/ml) for 12h. Expression of ERK1/2 and p-ERK1/2 protein was examined by Western blot. The results 
showed HMGB1 activated ERK1/2, expression level of p-ERK1/2 protein peaked after 10 ng/ml HMGB1 treatment and 
phosphorylation of ERK1/2 in a dose-dependent manner. (B) The EPCs were stimulated with HMGB1 (10 ng/ml) at several 
time points (0–48 h). Expression of ERK1/2 and p-ERK1/2 protein in the EPCs was analyzed by Western blot. The results of 
Western blot represented as a bar graph (* P<0.05, ** P<0.01).
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in situ differentiation/maturation of EPC into mature functional 
EC [33]. Chemokines play a pivotal role in regulating circulat-
ing endothelial cells from blood flow to ischemic tissue, such 
as stromal cell-derived factor-1 (SDF-1)/CXC chemokine recep-
tor 4 (CXCR4) axis and VEGF [34]. HMGB1 is a nucleoprotein 
that can be activated by inflammatory cytokines when it is 
released outside the cell and serves as a chemical attractant 
for inflammatory cells, stem cells and EPCs, both in vitro and 
in vivo, during cell necrosis [35]. Hayakawa et al. [36] demon-
strated that reactive astrocytes secrete HMGB1 and can bind 
to RAGE receptors and may attract circulating EPCs to dam-
aged tissue in white matter injury. Recent studies have shown 
that HMGB1 induces migration of mesenchymal stem cells and 
promotes differentiation into endothelial cells via RAGE [37]. 
In this study, we confirm that RAGE may be the more potent 
receptor in HMGB1-induced EPCs migration via PI3K/Akt sig-
naling transduction pathways.

A variety of studies have shown that extracellular HMGB1 par-
ticipates in many biological processes, such as sepsis, nonin-
fectious inflammation, angiogenesis, wound healing, and tu-
morigenesis [38]. In previous studies, we found that HMGB1 
mutant has a specific antagonistic effect on the pro-inflamma-
tory activity of HMGB1 [39]. It was also reported that HMGB1 
has no effect on proliferation, apoptosis, and differentiation 
of EPCs [35]. However, in the present study, consistent with 
Kazuhide et al. [40], we observed that higher levels of HMGB1 
had no effect on EPC proliferation, and cell viability decreased 
at higher concentrations, which may explain why progenitor 
cell or stem cell populations from different sources may show 
individual responses to stimulation with cytokines. HMGB1 can 
also attract stem cells from bone marrow and is a major par-
ticipant in cell migration [22]. Cell migration occurs in many 

physiological and pathological processes and is the main step in 
multicellular biological development. Chavakis et al. [35] found 
that HMGB1 regulates EPC migration through RAGE, which is 
currently the most widely discussed HMGB1 cell surface re-
ceptor. HMGB1 induces these events via ligation of the RAGE 
receptor and transcription of RAGE mRNA [41]. Consistent with 
these reports, the present study indicates that HMGB1 induces 
the chemotactic migration of bone marrow-derived EPCs. These 
results demonstrate that RAGE is the major receptor of HMGB1 
and mediates the chemotaxis of HMGB1 in EPCs.

At present, the precise mechanism by which EPCs are recruited 
to the injury site and participate in process of wound healing 
has not been fully elucidated. Activation of the PI3K signaling 
pathway was involved in the management of diverse cellular 
processes, such as proliferation, survival, cytoskeletal organi-
zation, and motility, as well as angiogenesis [42]. Moreover, we 
demonstrated that the expression level of p-PI3K, p-Akt, and 
F-actin is decreased by inhibition of the HMGB1-RAGE axis. 
MAPKs are composed of ERKs, p38s, and JNKs. Generally, ERKs 
participate in cell growth and survival, while p38 and JNK are 
involved in cell death or apoptosis [43]. PI3K/Akt and MAPK/
ERK signaling pathways have been shown to regulate the cell 
migration mediated by cytokines and chemokines in various 
cell types. HMGB1 also stimulates ERK activation in ECs, and 
ERK is an important signal transduction pathway in EC angio-
genic behavior. To further determine whether PI3K/Akt and 
MEK/ERK signaling pathways are involved in EPCs migration 
induced by HMGB1-RAGE axis, we used LY294002, PI3K-specific 
inhibitor, or PD98059, MEK-specific inhibitor and anti-RAGE 
antibody. The results showed that LY294002 and anti-RAGE 
antibody blocked HMGB1-induced EPCs migration, whereas 
PD98059 had no significant effect. In addition, we explored 

Figure 6.  PI3K/Akt signaling pathway activated by HMGB1 regulated F-actin level in EPCs. EPCs were untreated (A) or were treated 
with 100 ng/ml HMGB1 alone (B). Plus 20 μM LY294002 (C), or plus 20 μg/ml anti-RAGE-antibody (D) to 12 h. The EPCs were 
treated by HMGB1, which led to increased fluorescent intensity of F-actin (E), but this process was blocked by LY294002 and 
anti-RAGE-antibody. (scale bar=20 μm) (* P<0.05).
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the function of PI3K/Akt and MEK/ERK signaling pathway in 
HMGB1-induced EPCs migration, as results indicated that the 
MEK/ERK signaling pathway does not significantly influence 
in HMGB1-stimulated EPC migration, although HMGB1 acti-
vates phosphorylation of ERK1/2. Consequently, it appears 
that the signal pathways involved in HMGB1-RAGE-mediated 
cell migration either depend on the type of cell or MAPK/ERK 
participating in angiogenic behavior through other methods, 
but these underlying mechanisms need to confirmed in fur-
ther experiments.

The numbers of EPCs in circulation and wounds in animals and 
patients with diabetes suggests that the migration and homing 
of EPC is abnormal [44]. Defects of EPC migration may damage 
eNOS and NO cascading reactions in bone marrow. As an up-
stream molecule of NO, eNOS is selectively expressed in vas-
cular endothelial cells and induces production of NO, so it is 
an important player in proliferation of endothelial cells [45]. 
Our data showed that HMGB1 significantly increased protein 
expression of p-eNOS. In contrast, anti-RAGE antibody sup-
pressed p-eNOS protein expression induced by HMGB1.

The essential process of cell migration is the polarization of 
cells caused by external signaling, which leads to the forma-
tion of synapses or pseudopods. The cytoskeleton is a pro-
tein system involved in many important activities such as cell 

movement and migration. Extracellular HMGB1 may induce 
cell morphological changes and recombination of cytoskele-
ton through RAGE, thus causing cell migration. Therefore, we 
suggest that the PI3K/Akt signaling pathway may be involved 
in the migration of EPCs induced by HMGB1-RAGE, and then 
participates in the migration of EPC via changes in cytoskele-
ton structure.

Conclusions

Collectively, our data show that RAGE may be the more potent 
receptor in HMGB1-induced EPCs migration via the PI3K/Akt 
signaling pathway but not the MAPK/ERK pathway. The acti-
vation of the signaling cascade of RAGE by HMGB1 binding fi-
nally resulted in the activation of PI3K/Akt/eNOS, consequently, 
migration events occurred in EPCs. These results help eluci-
date the molecular mechanism of HMGB1-induced EPCs mi-
gration and suggest that the HMGB1-RAGE-dependent PI3K/
Akt/eNOS pathway is a potential therapeutic target for pro-
moting wound healing.
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