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Abstract

Mesenchymal stem cells (MSCs) have been increasingly offered for tissue regeneration with the premise that they can survive
and thrive amidst themicroenvironment of injured or degenerate tissues. The role of highmobility group box 1 (HMGB1) and
hypoxia in the proliferation and migration of rat bone marrow MSCs (rBM-MSCs) has been investigated. First, the effect of
HMGB1 on the proliferation of rBM-MSCs was determined. Second, to evaluate the regulation of hypoxia and HMGB1 in the
migration of rBM-MSCs, cells in the wound healingmodel were exposed to four conditions: normoxia (20%O2) and complete
medium, normoxia and HMGB1, hypoxia (1% O2) and complete medium, hypoxia and HMGB1. RT-PCR and Western
blotting were used to measure the expression of migration-related genes and proteins. HMGB1 inhibited the proliferation of
rBM-MSCs; HMGB1 alone or together with hypoxia and promoted the migration of MSCs and upregulated the expression of
HIF-1a and SDF-1. These results demonstrated that HMGB1 arrested the proliferation of rBM-MSCs, but enhanced the
migration of rBM-MSCs which could be further improved by hypoxia. This study strengthens current understanding of the
interaction between MSCs and the microenvironment of damaged tissues.
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Introduction

Mesenchymal stem cells (MSCs) may be the most promising
graft cells for tissue regeneration, having been successfully
isolated from bonemarrow, adipose tissue, peripheral blood,
placenta, amniotic fluid and other tissues (Pittenger
et al., 1999; Kern et al., 2006; Tsai et al., 2007; Parolini
et al., 2008; Huang et al., 2009). To repair damaged tissue,
endogenous MSCs have to leave the native niches, circulate
following the blood stream and relocate to initiate the
regenerative process; exogenous MSCs must anchor and
integrate with the host cells and tissues. Both approaches
depend on the migration of MSCs. In animals with

myocardial infraction, most of MSCs die post-implantation
and few congregate in the injured zone (Toma et al., 2002;
Gonzales and Pedrazzini, 2009; Toma et al., 2009). A large
proportion of cells were trapped either in the lung or
microvasculature (Hara et al., 2008). How tissue microenvi-
ronment regulates the migration of MSCs is critical for
understanding the regenerative process.

In damaged tissues, endogenous cells can release several
kinds of cytokines after apoptosis or necrosis (Voll
et al., 1997; Uccelli et al., 2008). These cytokines affect the
biological behaviour of implanted MSCs (Abarbanell
et al., 2009). High mobility group box 1 (HMGB1) exists
in the nuclei and cytoplasm of nearly all cell types, is secreted
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into the extracellular milieu, and acts as a pro-inflammatory
cytokine under hypoxia, apoptosis and necrosis (Palumbo
et al., 2007 Paola Scaffidi, 2002). HMGB1 could mobilise
bonemarrow cells to target the engrafted skin in vivo (Tamai
et al., 2011). Nevertheless, whether the resident stem cells in
bone marrow contribute to this regeneration is not clearly
elucidated. Hence, the first aim was to test how HMGB1
regulates the proliferation and migration of BM-MSCs. As
one of the major components in the damaged microenvi-
ronment, hypoxia affects MSCs dramatically, especially the
migration ability (Raheja et al., 2011). Therefore, the other
aim was to explore the combined regulation of hypoxia and
HMGB1 in BM-MSCs migration.

Materials and methods

Isolation of rat BM-MSCs

Fifteen Sprague–Dawley rats were obtained from the West
China Medical Center Laboratorial Animal Center of
Sichuan University. Experimental procedures were ap-
proved by Laboratory Animal Management Committee of
Sichuan Province (Permit No.: SYXK-2008-119). BM-MSCs
from third passage were harvested and identified per our
previous description (Huang et al., 2012).

Proliferation assay

Rat BM-MSCs were seeded in 96-well plates at an initial
density of 3,000 cells/cm2, incubated with complete medium
at 37�C with 5% CO2 for 24 h, and treated with HMGB1 at
three different concentrations (i.e. 10, 50 and 100 ng/mL)
(Prospec, Israel) for 72 h (n¼ 6, triplicate); cells cultured in
the complete medium without HMGB1 were the control
group. At each time-point, the MTT (3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl tetrasodium bromide) assay was
used and absorbance measured in an ELISA plate reader
(Patents, USA) at 490 nm. For colony-forming unit (CFU)
assay, cells were plated at 80 cells/cm2 into 10-cm culture
dishes and incubated in complete medium with concen-
trations of HMGB1 as described above for 5 days. Upon
harvesting, cells were fixed with methanol and stained with
0.1% crystal violet for 30min (n¼ 3, triplicate). The number
of clones was counted using Image-Pro Plus 6.0 software
(Media Cybernetics, Crofton, MD)

Migration assay

MSCs were seeded at 1� 104 cells/cm2 in the 12-well plate.
After 80–90% confluence, a cell-free gap was scratched using
a sterile pipette tip as the wound model. The cells were
treated with HMGB1 (10–100 ng/mL). The gaps were
observed after 24 h incubation using an inverted microscope
(Olympus IX71, Japan). Wound closure was analysed by

DP2-BSW microscope digital camera software (Olympus,
Japan) and the healing was calculated as the percentage of
the remaining cell-free area at 24 h in comparison to the area
of the initial wound at 0 h (n¼ 3, triplicate). Transwell
migration was assayed using cell culture inserts (Corning,
USA) with 8mm pore filters. HMGB1 in complete medium
(1–100 ng/mL) were added into the lower chamber and
3� 105 serum-starved MSCs were seeded in the upper one.
After 24 h incubation, non-migrating cells were removed
with cotton swabs and the wells fixed with 4% paraformal-
dehyde, and stain with Haematoxylin and Eosin (H&E). The
cells were counted under a light microscope in 5 random
fields (n¼ 3, triplicate).

Experimental hypoxic condition

The hypoxic system was generated in hypoxia incubator
chambers (Thermo Fisher Scientific, USA) in which O2 was
adjusted to 1%. Pre-cultured in normoxia (20% O2) with
complete medium for 24 h, the wound model was
established and the cells were treated in the following
conditions: (1) NC group: cells cultured in complete
medium and normoxia; (2) NH group: cells cultured in
50 ng/mL HMGB1 within complete medium and normoxia;
(3)HC group: cells cultured in completemedium and 1%O2;
(4) HH group: cells cultured in 50 ng/mL HMGB1 within
complete medium and 1% O2. Healing was calculated as
above (n¼ 3, triplicate).

Real-time polymerase chain reaction (RT-PCR)

After 24 h treatment, total RNA of each groups were
extracted and 1mg RNA of each sample was used for
cDNA synthesis using isoPLUS reagent (TAKARA, Japan).
Gene expression of each group was analysed by RT-PCR.
Briefly, cycling conditions included 95�C for 30 s, followed
by 40 cycles at 95�C for 5 s and 56�C for 30 s and the
primers of each gene are listed in the Table S1. Target gene
expressions¼ target gene (i.e. SDF-1, CXCR4 or HIF-1a)/
GAPDH ratios. Experiments were repeated 3 times in
triplicate.

Western blotting

After 24 h treatment, total protein of each groups were
extracted and detected by Western blotting. Whole-cell
lysates were isolated; 20mg protein was electrophoresed
through 12% PAGE gel (Novex; Invitrogen, USA) and
electrotransfered to nitrocellulose membrane (Amersham
Pharmacia Biotech, USA). After blocking with TBST
containing 5% non-fat milk, the membrane was incubated
overnight at 4�C with the following primary antibodies:
CXCR4 (Abcam, UK) (1:1,000), SDF-1 (Ebioscience, USA)
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(1:1,000), GAPDH (Abcam, UK) (1:1,000) and HIF-1a
(Abcam, UK) (1:400). The primary antibodies were diluted in
TBST containing 5% non-fat milk. After being washed of the
non-combined primary antibodies, the membrane was
incubated with HRP-conjugated secondary antibody
(1:6,000) and the immune complexes were visualised using
chemiluminescence reagent kit (Thermo, USA). Autoradio-
graphs were scanned by an imaging densitometer (HP, USA).

Statistical analysis

Statistical analysis used the software SPSS 16.0. The results
were expressed as the mean� SD of three independent
experiments. One-way ANOVA was used to compare data
from proliferation, CFU formation and migration assay; the
difference between groups was further evaluated by LSD
(least significant difference) test. Significance was accepted
at P< 0.05.

Results and discussion

The concentration ofHMGB1 ranging from 10 to 100 ng/mL
was referenced to that of serum HMGB1 in septic patients
(Wang, 1999). Inhibited proliferation of rBM-MSCs was
observed after HMGB1 treatment for 3 days. Compared to
the control group (0.73� 0.06), all three HMGB1 treatment
groups (10 ng/mL, 0.64� 0.05; 50 ng/mL, 0.60� 0.01;
100 ng/mL, 0.57� 0.01) obviously suppressed the prolifera-
tion of rBM-MSCs after 72 h treatment (P< 0.01)
(Figure 1A). Similarly, this inhibition was found in the
CFU formation analysis; in HMGB1 treatment groups, the
number of CFU decreased sharply (10 ng/mL, 554.3� 18.8;
50 ng/mL, 548� 2.16; 100 ng/mL, 530.33� 8.38) (P< 0.01)
(Figures 1B–1F) compared to the control group
(592.3� 8.7) after 5-day stimuli. Hence, HMGB1 signifi-
cantly suppressed the proliferation and CFU formation
ability of rBM-MSCs.

Figure 1 Effect of HMGB1 on the proliferation and CFU-formation potential of rBM-MSCs. (A) BM-MSCs were treated by complete medium
with different concentrations of HMGB1 for 3 days; cell proliferation was determined by MTT assay. (B–E) 0.1% crystal violet staining of rBM-MSCs
cultured in medium with the control (B), 10 ng/mL (C), 50 ng/mL (D) and 100ng/mL HMGB1 (E) for 5 days. (F) Statistical analysis of CFU-F numbers of
rBM-MSCs under HMGB1 treatment. Values were presented as mean� SD of three independent experiments. **P< 0.01 compared to the control
group.
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Transwell analysis showed that HMGB1 treatment for
24 h significantly increased the migration of rBM-MSCs
(P< 0.05) (Figures 2A–2E). Similarly, the percentage of cell-
free area in the wound healing assay decreased in HMGB1-
treatment groups (Figures 2F and 2G). RT-PCR showed
expression of migration-related genes encoding SDF-1 and
HIF-1a were strongly upregulated in the 50 ng/mL group
compared with the group without HMGB1 in normoxia
(P< 0.01) (Figures 3D and 3E) (SDF-1, 1.38-fold; HIF-1a,
1.75- fold); additionally, Western blotting confirmed the
increased expression of SDF-1, CXCR4 and HIF-1a in
HMGB1 treatment groups in normoxia (Figure 3F) (SDF-1,
1.18-fold; CXCR4, 1.31-fold; HIF-1a, 1.81-fold). These
indicated the vital role of SDF-1-CXCR4 axis in regulating
migration of rBM-MSCs. MSCs migration in vitro and in
vivo recruitment to injured sites was partly mediated by
SDF-1-CXCR4 axis (Kitaori et al., 2009; Yuan et al., 2013).
On the basis of our data, HMGB1 may promote the
migration of BM-MSCs through SDF-1/CXCR4 axis.

Stimulation of HMGB1 enhanced rBM-MSCs migration
induced by hypoxia (Figure 3A); the percentage of cell-free
area in NH, HC and HH groups were less obvious than NC
group (P< 0.01) and the gap disappeared in groups HC and

HH (Figures 3A and 3B). Hypoxia significantly improved
the expression of SDF-1 and HIF-1a genes expression in the
presence of HMGB1 (P< 0.01) (SDF-1, 1.47-fold; HIF-1a,
1.46-fold), while comparative expression of CXCR4 oc-
curred (Figures 3C–3E). At the protein expression level,
Western blotting showed that hypoxia enhanced the
expression of SDF-1 by 1.37-fold in the HMGB1 containing
group (Figure 3F). Hence, hypoxia promoted the migration
of rBM-MSCs induced by 50 ng/mL HMGB1 in the wound
healing assay. Increased expression of SDF-1 at both gene
and protein level occurred while the increased transcription
of HIF-1a in HH group did not increase protein level. This
inconsistent phenomenon may due to post-transcriptional
control of HIF-1a gene expression. Thus, HMGB1 has an
apparent promoting effect on HIF-1a expression. These
findings indicated the possible enhancement of HMGB1 on
HIF-1a expression in normoxia.

Migration of BM-MSCs was increased by hypoxia partly
via the SDF-1-CXCR4 pathway (Liu et al., 2012). Based on
the results of RT-PCR and Western blotting, the expression
of SDF-1 and HIF-1a in HH group was much greater than
those in the NH group, from which we infer that hypoxia
preconditioning might facilitate migration of rBM-MSCs

Figure 2 HMGB1 increased the migration of rBM-MSCs in wound healing assay and transwell analysis. (A–D) In transwell assay, the trans-
membrane cells were stained by H&E after 24 h treatment. (C–F) Cells treated with complete medium, 10, 50 and 100 ng/mL HMGB1 in complete
medium, scale bar¼ 100mm. (E) Cells stained by H&E were counted after treated by different concentration HMGB1 for 24 h. (F) Phase contrast images
of the closure gap after treated by 0, 10, 50 and 100 ng/mLHMGB1 at 24 h, scale bar¼ 500mm. (G) Percentage of cell-free area at 24 h compared to that
at 0 h was determined. Values were presented as mean� SD of three independent experiments. *P< 0.05 compared to the control group; **P< 0.01
compared to the control group; ##P< 0.01 compared to the 10 ng/mL group; 44P< 0.01 compared to the 100 ng/mL group.
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induced by HMGB1 via HIF-1a-SDF-1 pathway. That is
because HIF-1a-SDF-1 pathway regulates the migration of
progenitor cells in hypoxia (Ceradini et al., 2004). However,
hypoxia also induces the release of HMGB1 in hepatocellular
carcinomacells (Yan et al., 2012); but whether this
phenomenon can be replicated by BM-MSCs remains
unclear. We acknowledge that the absence of the precise
mechanism of this enhancement is the major limitation of
this study. This work shows the influence of hypoxia and
HMGB1 on MSCs migration, which extends the knowledge
of the interaction between implanted MSCs and the
microenvironment of the damaged tissues.
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