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Abstract Exogenic electric fields can effectively accelerate bone healing and remodeling through the enhanced
migration of bone marrow mesenchymal stem cells (BMSCs) toward the injured area. This study aimed to
determine the following: (1) the direction of rat BMSC (rBMSC) migration upon exposure to a direct current
electric field (DCEF), (2) the optimal DCEF intensity and duration, and (3) the possible regulatory role of SDF-1/
CXCR¢4 axis in rBMSC migration as induced by DCEF. Results showed that rBMSCs migrated to the positive
electrode of the DCEF, and that the DCEF of 200 mV/mm for 4 h was found to be optimal in enhancing rBMSC
migration. This DCEF strength and duration also upregulated the expression of osteoblastic genes, including ALP
and OCN, and upregulated the expression of ALP and Runx2 proteins. Moreover, when CXCR4 was inhibited,
rBMSC migration due to DCEF was partially blocked. These findings indicated that DCEF can effectively induce
rBMSC migration. A DCEF of 200 mV/mm for 4 h was recommended because of its ability to promote rBMSC
migration, proliferation, and osteogenic differentiation. The SDF-1/CXCR4 signaling pathway may play an

important role in regulating the DCEF-induced migration of rBMSCs.
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Introduction

Bone defects are serious complications commonly caused
by extensive trauma, tumors, infections, or genetic
diseases. The clinical outcomes of current methods used
to enhance bone healing and remodeling are unsatisfactory.
In addition to improving surgical techniques and the
development of better bone-repair and bone-substitute
materials, adopting cytokines and physicochemical stimu-
lations can also effectively accelerate bone healing and
remodeling.

Bone tissue reconstruction and healing involve complex
biological and biomechanical mechanisms requiring the
integrated function of bone marrow mesenchymal stem
cells (BMSCs), osteoblasts, osteoclasts, and other cells in
the injured region. These mechanisms also depend on the
recruitment of BMSCs, which are key players in bone
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healing, from surrounding tissue and the whole body to the
injured area, as well as on their subsequent proliferation
and osteogenic differentiation [1]. Therefore, the develop-
ment of effective methods to enhance BMSC migration to
an injured area is a research hotspot in the field of bon-
tissue repair.

An endogenous biological electric field (EF), usually
ranging from 10 to 200 mV/mm, is generated at the site of
trauma following an injury [2]. It plays an essential role in
the healing process, and an inhibition of EF leads to
delayed tissue repair [3,4]. Galvanotaxis occurs in a variety
of cells, including BMSCs. Cellular functions in different
regions of the wound surface are positively correlated with
the distribution of the biological EF intensity. Moreover,
this EF is time dependent, gradually attenuates, and
eventually disappears during the healing process. It has
been proven that applied direct current electric field
(DCEF) can enhance both the quality and quantity of
bone healing in vivo [5]. Both the duration and intensity of
exogenous DCEF have better controllability and can
significantly improve the biological functions of BMSCs.
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Thus, exogenous DCEF promotes the formation of bone
tissue during bone repair, the initial process of which is the
recruitment of BMSCs into the injured area [6].

As to the galvanotaxis patterns, cells of various types
respond quite differently to applied EF. Rat osteoblasts,
bovine aortic vascular endothelial cells, human BMSCs,
bovine chondrocytes, and mouse endothelial progenitor
cells tend to migrate toward the negative electrode [7].
Conversely, the migrations of human osteosarcoma cells,
human umbilical vein endothelial cells, rabbit corneal
endothelial cells, and rabbit osteoclasts are toward positive
electrode. However, there are also studies with conflicting
viewpoints [8]. Additionally, the migrating direction of
BMSCs exposed to DCEF, which is an essential piece of
information for clinical and nonclinical studies, is not yet
determined. The optimal values for the voltage and
duration of DCEF also need to be determined for both
scientific research and clinical applications. However,
investigations in this field are very limited. Some studies
suggest a DCEF of 100 mV/mm because it is closer to the
physiological value and similar to the strength of the
endogenous wound EFs (~42-100 mV/mm) [9]. Other
studies showed that cellular migration peaked at
300 mV/mm. Zhao et al. found that a DCEF of
200 mV/mm for 2 h was optimal for human BMSCs using
the agar salt bridge electric generator and nuclei tracing
method [10].

The mechanisms involved in the electrotaxis of BMSCs
are not fully understood. Several intracellular signaling
pathways or cytokines may mediate the DCEF-induced
cell migration including PI3 kinase, PTEN, EGFR-ERK1/

2, integrins-Rac pathways, cAMP, and Rho small GTPases
[11-14]. The SDF-1/CXCR4 axis plays an important role
in stem cell migration by mobilizing BMSCs from the
bone marrow into the peripheral circulation [15]. BMSCs
can produce SDF-1 and CXCR4, both of which are
regulators of homing and proliferation. These data strongly
suggest that the SDF-1/CXCR4 axis may be an important
factor in DCEF-induced BMSCs migration.

Therefore, the aims of this study were to explore the
direction of rat BMSC (rBMSC) migration upon exposure
to DCEF, to test the optimal intensity and loading time of
the DCEF to facilitate migration, and to determine the
relationship between SDF-1/CXCR4 axis and BMSC
migration when exposed to DCEF.

Materials and methods
The research strategy is shown in Fig. 1.

Cell cultures and characterization

Study subjects were male Sprague-Dawley (SD) rats (aged
3 weeks) that were purchased from Beijing HFK
Bioscience Co. Ltd., Beijing, China. All animal care
procedures conform to the principle of the Guidance
Suggestions for the Care and Use of Laboratory Animals
promulgated by the Ministry of Science and the Animal
Care and Use Committee of Chinese PLA (People’s
Liberty Army) General Hospital, Beijing, China. All
animals were housed in individual cages in a room with
a temperature of 21-25 °C and a humidity of 45% to 50%

‘ rBMSCs ‘

Fig. 1 Experimental design and process.
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with a 12-h light/dark cycle and ad libitum access to pellet
chow and water. The rats were sacrificed by an overdose of
anesthesia. Primary cultures of -BMSCs were obtained by
flushing the bone marrow from the tibias of SD rats. The
cells were seeded on a 50-cm? culture flask in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin at
37 °C in an incubator with 5% CO,. The cells were fed
every 2 days and were maintained in primary culture for 5
to 6 days. After the cells reached confluence, they were
trypsinized and placed in new culture plates. Cells in the
third passage were used for the experiments. For
immunostaining, the cells were washed twice in phos-
phate-buffered saline (PBS) and incubated with rat
monoclonal antibodies, anti-CD146 (ab203118, Abcam,
USA), anti-stro-1 (sc47733, Santa Cruz Biotech, USA),
anti-CD90 (ab92574, Abcam, USA), anti-CD34 (ab81289,
Abcam, USA), anti-CD44 (ab81289, Abcam, USA), anti-
CD29 (No. 4706, CST, USA), or anti-CD45 (No. 13917,
CST, USA) primary antibodies. The researchers used goat
anti-rabbit [gG H&L Alexa Fluor 488 (ab150077, Abcam,
USA) as the secondary antibody. The immunostained cells
were analyzed using flow cytometry with a Beckman
Coulter Epics XL flow cytometer (Beckman Coulter,
Fullerton, CA, USA).

Electrical stimulation

The loading device is an external DCEF generator
providing constant direct current to two wires, each
connected to a copper electrode plate. The electrode plates
have a uniform thickness of 1 mm and are of the same size
as the culture dishes. A sterilized electrode plate is placed
both at the top and at the bottom of the culture dish, and the
whole arrangement is placed in the incubator. The voltage
is regulated by adjusting the distance between the two
electrode plates, thus determining the DCEF intensity.

The Transwell migration assay

Cell migration was evaluated using a modified Boyden
chamber, which consists of a 24-well plate containing
Transwell inserts (polycarbonate membrane inserts
6.5 mm in diameter, containing 8.0-pm pores; Corning,
Schiphol, Netherlands). Cells (4 x 10° cells/ml) were
seeded 150 pl/well, and allowed to attach and stretch for at
least 24 h in the upper chambers in DMEM (supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin) at 37 °C in a 5% CO, incubator. The cells
were counted in at least five randomly selected micro-
scopic fields. Data was expressed as the average number of
migrating cells for each condition obtained from three
independent experiments. Then, nonmigrating cells were
removed from the top chamber, and migrated cells were

fixed in methanol and stained with 4,6-diamidino-2-
phenylindole (DAPI) (Sigma, USA).

Direction of rBMSCs migration

A DCEF of 200 mV/mm for 4 h was applied to the
modified Boyden chambers by attaching the positive
electrode and negative electrode to the upper and lower
chambers. Three groups were established: the group
without DCEF (Al), the group (A2) with positive
electrode at the top and negative electrode at the bottom,
and the group (A3) with negative electrode at the top and
positive electrode at the bottom (Table 1).

Table 1 Direction of rBMSCs migration
o Group
Direction Al N 3
Top - Positive electrode  Negative electrode
Bottom - Negative electrode  Positive electrode

Optimization of DCEF intensity and loading time

Twelve groups were established, of which nine groups
were exposed to DCEF and three control groups were not.
The loading time of DCEF ranged from 0 to 6 h, and the
intensity of the DCEF ranged from 0 to 300 mV/mm. The
upper chambers were seeded with rBMSCs (4 x 10°/ml)
resuspended in DMEM containing 2% FBS from each
group. After 24 h, the nonmigrating cells were removed,
and the migrating cells were stained with DAPI.

The function of SDF-1/CXCR4 in rBMSC migration

The Transwell assay was used to demonstrate the function
of SDF-1/CXCR4 in rBMSC migration. Six groups of
rBMSCs were established and cultured in DMEM contain-
ing 10% FBS, with three variable factors: SDF-1,
AMD3100 (5 pg/ml), and the optimum DCEF (Table 2).

Cell proliferation and differentiation

MTT assay

For the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay, rBMSCs were plated in
96-well culture plates (5 x 10° cells/well) in DMEM
supplemented with 10% FBS. rBMSCs were divided into
two groups: one group was exposed to DCEF at the
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Table 2 Electric field has enhanced effect of SDF-1

Group B1 B2 B3

Upper chamber rBMSCs rBMSCs rBMSCs

Lower chamber DMEM DMEM +- SDF-1 DMEM + SDF-1+ AMD3100
Group B4 BS B6

Upper chamber rBMSCs + DCEF rBMSCs + DCEF rBMSCs + DCEF

Lower chamber DMEM DMEM + SDEF-1 DMEM + SDF-1+ AMD3100

optimum intensity and duration, while another one was set
as a control with no DCEF exposure. The MTT assay was
carried out every day for 7 days according to the cell
proliferation kit protocol (5 mg/ml PBS, pH 7.4, Sigma).
Following the MTT assay, the absorbance in each well was
measured at 490 nm using the iMark Microplate
Absorbance Reader (Bio-Rad Laboratories, Hercules, CA,
USA). These experiments were repeated three times.

Flow cytometry

The same groups of cells were used as shown in MTT
assay, cells were resuspended into a monoplast suspension
at a concentration of 5 x 10° cells/ml, centrifuged at
800 r/min for 5 min and washed twice using ice-cold PBS.
The supernatant was collected, and the cells were fixed
using ice-cold 75% ethanol for at least 4 h at 4 °C. The
cells were then centrifuged at 1500 r/min for 5 min, and the
supernatant was discarded. The pellet was washed once in
3 ml of PBS and incubated with 400 ul of ethidium
bromide (PI, 50 ng/ml) and 100 pl of RNase A (100 pg/ml)
in the dark for 30 min at 4 °C. A standard program in the
flow cytometry instrument was calibrated and tested to
count 20 000 — 30 000 cells, and the results from the cell
counts were analyzed using a cell cycle and ModFit
analysis software.

Osteogenic differentiation

Initially, rBMSCs were cultured in a growth medium
containing DMEM with 10% FBS and 1% penicillin-
streptomycin. Four experimental groups were established
with two variable factors: DCEF and osteogenesis-induced
liquid (OIF) (Table 3). The cells were plated in 24-well
plates at a density of 6000 cells/well (~2 c¢m?) for

Table 3 Grouping of osteogenic differentiation

Group
Factor Cl ) a3 Ca
OIF - - ¥ ¥
DCEF - n - +

osteogenic differentiation. The culture medium was
changed every other day, and cells were maintained for 4
weeks, followed by washing with PBS and fixation in 4%
paraformaldehyde solution. The fixed cells were stained
for BCIP/NBT Alkaline Phosphatase Color Development
Kit (Beyotime C3206), which used BCIP/NBT as a
phosphatase substrate; it turned blue when dephosphory-
lated by ALP. Following the manufacturer’s instruction,
the samples were observed under a microscope and imaged
with a digital camera (Canon, EOS 350D, Tokyo, Japan).

Table 4 The primer sequences used for real-time PCR

Gene Primer sequences

CXCR4 Forward: 5'-TGACGGACAAGTACAGGCTGC-3'
Reverse: 5'-CCAGAAGGGAAGCGTGATGA-3'

p-actin Forward: 5'-ATATCGCTGCGCTCGTCGTC-3'
Reverse: 5'-CCTTGGGTCAGGTTTAGAG-3'

RUNX2 Forward: 5'-CCCGTGGCCTTCAAGGT-3’
Reverse: 5'-CGTTACCCGCCATGACAGTA-3'

ALP Forward: 5'-CTGCCTACTTGTGTGGCGTGA-3’

Reverse: 5'-CCACCCATGATCACGTGCATA-3'

Quantitative real-time polymerase chain reaction

Following the exposure to DCEF and OIF, the expression
of OPN and BSP in the cells were determined by rPCR.
Primers were shown in Table 4. Briefly, rBMSCs at
passage 3, which were divided into four groups described
in Table 3, were harvested and isolated for RNA using the
TRIzol Reagent (Invitrogen, USA). RNA was quantified
by spectrophotometry. Approximately 1 pg of total RNA
was reverse transcribed to cDNA using the Super Script
First-Strand Synthesis Kit (Takara, Japan). Real-time
polymerase chain reaction (PCR) reactions were per-
formed using the SYBR Premix Dimer Eraser Kit (Takara,
Japan) and the Applied Bio-Rad CFX96 Real-Time PCR
Detection System (Bio-Rad, USA). Three independent
experiments were conducted, and each reaction was run in
triplicate.
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Protein isolation and western blot analysis

As described above, the expression for osteogenesis-
related proteins was determined by western blot analysis.
To study protein regulation by exposure to DCEF and OIF,
the third generation of BMSCs was divided into four
groups in Table 3. Cells used in the experiment were
collected at the same time and under the same conditions
but from multiple batches in 24-well plates, and then the
total cells were washed with ice-cold PBS and scraped in
RIPA lysis buffer (Beyotime, China) including protease
inhibitors. Equal amounts per sample of cell lysates (40—
50 pg) were subjected to 10% SDS-PAGE and then
transferred to a polyvinylidene fluoride (PVDF) membrane
(Millipore, USA). The membranes were blocked with 5%
bovine serum albumin (BSA) for 1 h at room temperature.
Primary antibodies were incubated with tris-buffered saline
and Tween 20 (TBST) containing 5% nonfat milk
overnight at 4 °C, which included primary polyclonal
antibodies against anti-rabbit ALP (1:1000; Abcam, USA),
anti-rabbit RUNX2 (1:2000; Abcam, USA), and anti-
rabbit CXCR4 (1:800; Abcam, USA), and anti-rabbit -
actin (1:1000; Sigma, USA). Monoclonal primary anti-
bodies against B-actin was purchased from Abcam, USA.

50 pm

Fig. 2

After washing with TBST, the immune complexes on the
membranes were incubated with HRP-conjugated anti-
rabbit IgG&H secondary antibodies (ab6734, Abcam,
USA). Immunodetection was conducted using the Chemi-
Doc™ MP System (1708280, Bio-Rad, USA). The relative
intensity of immunoreactive bands was analyzed using
Image J software.

Statistical analysis

SPSS for Windows (version 16.0) was used for statistical
analysis. Data were expressed as mean = standard
deviation. Student’s ¢ test and one-way ANOVA were
adopted for all statistical data. P < 0.05 was considered
statistically significant.

Results

Culture, differentiation, and characterization of
rBMSCs

The rBMSCs were healthy and displayed a uniform spindle
shape (Fig. 2A). The results showed that the rBMSCs can

rBMSC:s culture, differentiation, and characterization. (A) The third generation of rBMSCs displayed in spindle shape (100 x ).

(B and C) The third generation of -BMSCs differentiated into osteogenic and adipogenic lineages by oil red O staining and Alizarin Red S.
(D) Flow cytometric analysis showed that - BMCSs were positive for CD44, CD105, CD29, CD146, and Stro-1 but negative for CD45.
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differentiate into osteogenic and adipogenic cells (Fig. 2B
and 2C). The phenotypic characterization conducted using
flow cytometric analysis (Fig. 2D) showed that rBMSCs
were positive for mesenchymal stem cell markers CD29,
CD105, CD44, CD146, and Stro-1 but negative for
markers CD45, which is consistent with previous reports
[16].

Effects of DCEF on the direction of rBMSCs migration

The third-generation rBMSCs were divided into three
experimental groups (Table 1). The number of cells
migrating to the lower chamber in group A2 (with positive
electrode at the top and negative electrode at the bottom)
was lower compared with group Al (without DCEF)
(27.67 £ 3.79 vs. 17.00 £ 2.65, P < 0.05). In group A3
(with negative electrode at the top and positive electrode at
the bottom), the number of migrating cells had the highest
migration response (42.33 £ 5.51 vs. 17.00 £ 2.65,
P < 0.05). The results showed that DCEF influenced
rBMSCs to migrate towards the positive electrode (Fig. 3A
and 3B).

Migration of rBMSCs in response to DCEF of different
intensities and durations

Without DCEF, the numbers of rBMSCs migrating to the
lower chamber were 7.67 + 0.58, 8.67 &= 1.16 and
9.00 & 2.00 at 2, 4, and 6 h, respectively, and no
significant differences between any of the groups were
observed (P > 0.05). In the presence of DCEF at
100 mV/mm, the number of rBMSCs migrating to the
lower chamber was time dependent. The number of
migrating cells at 2 h was 8.67 £ 0.58, while the numbers
of migrating cells at 4 h (8.67 £ 0.58 vs. 23.00 £ 1.00)
and 6 h (28.33 £+ 1.53 vs. 8.67 £+ 0.58) were approxi-
mately three times higher than in the 2-h group, and these
differences were statistically significant (P < 0.05).
The number of migrating cells exposed to a DCEF of
200 mV/mm for 2 h was larger than those exposed to
100 mV/mm for 2 h (19.00 £+ 2.00 vs. 8.67 + 0.58,
P < 0.05). The number of migrating cells exposed for 4
h to a DCEF of 200 mV/mm was similar to the group that
was exposed to 200 mV/mm for 6 h (47.67 + 8.51 vs.
48.00 + 4.58, P > 0.05). The number of migrating cells
exposed to a DCEF of 300 mV/mm for 2, 4, and 6 h was
21.33 + 3.22, 48.33 + 7.64, and 48.67 + 5.51, respec-
tively. The number of migrating cells exposed to a DCEF
of 300 mV/mm for 4 h was larger than those exposed to
300 mV/mm for 2 h (48.33 & 7.64 vs. 21.33 + 3.22,
P < 0.05) (Fig. 3C and 3D). Statistical analysis showed
that there was no significant difference between the
200 mV/mm for 4 h, 200 mV/mm for 6 h, 300 mV/mm for
4 h, and 300 mV/mm for 6 h groups (P > 0.05).

DCEF increased the proliferation rate of rBMSCs

Despite the cells being exposed to DCEF, rBMSCs
underwent logarithmic growth for 3 of the 5 days on the
platform. DCEF of 200 mV/mm for 4 h led to an increase
in tBMSCs proliferation ability beyond the logarithmic
growth period compared with the rBMSCs that were
not exposed to DCEF (3 days, 0.821 + 0.089 vs. 0.684
£ 0.037; 4 days, 0.900 £ 0.043 vs. 0.753 £ 0.090; 5
days, 1.080 £ 0.025 vs. 0.942 £ 0.009; 6 days, 1.119
£ 0.020 vs. 0.990 £ 0.031; 7 days, 1.111 4 0.024 vs.
1.010 £ 0.011) (Fig. 3E).

Cells in the presence of the PI fluorescence were
detected using Beckman counter flow cytometer, and the
percentage of positive cells was recorded. In the experi-
ment, 85.48% of the cells in the control group were in G,
phase, and 79.23% of the cells in DCEF were in G, phase.
This result suggested that both cell groups had good
proliferation and differentiation potentials. In addition, the
percentage of cells in G, and S phases were higher in the
DCEF group than that in the control group (18.3% vs.
7.8% and 3.72% vs. 1.97%), which suggested that DCEF
promote the proliferation rate of rBMSCs effectively
(Fig. 3F and 3G).

Effects of DCEF on osteogenic ability of rBMSCs

The results of ALP staining experiment showed that group
C4 (under DCEF and with OIF) had the largest volume of
osteogenesis nodules, followed by C3 (with OIF), C2
(under DCEF), and C1 (with neither DCEF nor OIF)
groups, respectively. These results showed that DCEF was
effective in accelerating the osteogenic differentiation, but
had less effect than OIF (Fig. 4C and 4D).The protein and
gene expressions were congruent with ALP staining. The
result also showed that DCEF can promote osteogenetic
gene expression, including BSP and OCN (Fig. 4E). The
protein expressions of ALP and RUNX2 were upregulated
as well (Fig. 4A and 4B).

Influence of SDF-1/CXCR4 on migration of rBMSCs
treated with DCEF

The rBMSCs in group B5 (with SDF-1 and under DCEF)
had the highest number of migrating cells, which was
significantly higher than group B2 (with SDF-1 but
without DCEF) (99.33 £ 8.26 vs. 69.00 £ 8.72,
P < 0.01). To further confirm whether DCEF strengthens
rBMSCs mobilization via upregulation of SDF-1/CXCR4,
rBMSCs were pretreated with SDF-1/CXCR4 cascade
antagonist AMD3100 to block SDF-1 binding to CXCR4.
As expected, in group B3 (with SDF-1, DCEF, and
AMD3100), the number of migrating cells was signifi-
cantly less than in group B5 (47.00 £ 4.00 vs.
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Fig. 3 Direct current electric field stimulation. (A) Effects of DCEF on rBMSCs migration direction. The amounts of rBMSCs migrating
to the lower chamber in DCEFs of different polar patterns. (B) Results of intensity and loading time screening. Data was the number of
experimental migrated cells relative to the control group. (C) Migration of tBMSCs in response to DCEF of different intensities and
loading durations. The range of loaded time is from 0 to 6 h, and the range of intensity is from 0 to 300 mV/mm. The nonmigrating
rBMSCs were removed, and the migrated cells were stained with DAPI followed by observation under a fluorescence microscope.
Transwell chamber assay showed that DCEF promoted rBMSCs migration (20 x ). (D) Relative percentage of experimental migrated
cells in the experimental as compared with the normal group. (E) Growth curve showed the effect of the DCEF on the proliferation of
rBMSCs. (F) BMSCs were exposed in DCEF after which cell cycle analysis was performed with flow cytometer. The control group: the
result of cell cycle and proliferation index without the DCEF. Gy, 91.97%; G, 3.04%; S, 4.98%. The DCEF group: the result of cell cycle
and proliferation index with the DCEF. G,, 63.91%; G, 10.37%; S, 25.72%. (G) Percentage of cell cycle analysis by flow cytometry.
*P < 0.05 vs. non-group, **P < 0.01 vs. non-group, Student’s # test.
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Fig. 4 Protein expression and gene expression in tBMSCs under DCEF. (A) Two kinds of influential factors were added to the culture of
rBMSCs. Western blot analysis and scanning densitometer of ALP and RUNX2 expression in rBMSCs under DCEF. (B) Relative
expression change of ALP and RUNX2. (C) ALP activation indicated differences in osteogenesis. (D) Relative density change of
osteogenesis. (E) Real-time PCR analysis of OCN and BSP expression in BMSCs under DCEF. *P < 0.05 vs. control group, **P <
0.01 vs. control group, Student’s # test. +, this variable was applied; —, this variable was not applied.

99.33 £+ 8.26, P < 0.01), while it was slightly increased
in group B6 (with SDF-1 and AMD3100) (47.00 + 4.00
vs. 31.33 £ 4.16, P < 0.05) (Fig. 5A and 5B). Addition-
ally, the protein expression of CXCR4 had significantly
increased under DCEF (Fig. 5C and 5D).

Discussion

BMSC migration into the wound is an essential part of
bone healing in mammals. Endogenic DCEF is a powerful
directional cue that directs various types of cells, including
keratinocytes, epithelial cells, fibroblasts, vascular

endothelial cells, osteoblasts, neural stem cells, and
MSCs, to migrate toward a wound area [17-20].
Exogenous DCEF, which is more stable and modifiable,
constitutes a novel tool to force polarization and migration
of BMSCs in bone tissue engineering and healing.

When treated with DCEEF, the cells’ migration, whether
toward the cathode or toward the anode, is highly
dependent on the specific cell type. As to the electrotaxis
of the MSCs and the osteoblasts, conflicting results are
found in previous published articles. Zhao et al. showed
that mouse ASCs and rat MSCs migrated toward the
cathode, whereas human MSCs, human iPS, and human
osteoblasts migrated toward the anode. Other studies
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Fig. 5 SDF-1/CXCR4 axis influences rBMSCs migration. The nonmigrating rBMSCs were removed and the migrated cells were
stained with DAPI followed by observation under a fluorescence microscope. (A) Transwell chamber assay showed that SDF-1 promoted
rBMSCs migration, which could be inhibited by AMD3100 in DCEF (100 x ). (B) Relative percentage of experimental migrated cells in
experimental as compared with control group. Result is the summary of the six separate experiments. (C) Western blot analysis and
scanning densitometer of CXCR4 expression in rBMSCs. (D) Relative expression of CXCR4. *P < 0.05 vs. non-group, **P < 0.01
vs. non-group, Student’s ¢ test. +, this variable was applied; —, this variable was not applied.

showed that rat osteoblasts migrated toward the cathode
[21,22]. These findings indicated that rBMSCs showed
significant anode-directed migration at a very commonly
used DCEF strength at 200 mV/mm, a widely used DCEF
strength globally. The differences in cell types, tissue
sources, and DCEF equipment may contribute to these
differences in electrotaxis of similar cells.

In this study, a comparison of the intensity and loading
duration of DCEF was conducted in vitro using the
Transwell migration assay, which was commonly used to
study the migratory response of a variety of cell types to
inducing or inhibitory agents. The rBMSCs were cultured
in the upper chamber on a layer of Matrigel fibronectin that
was coated on the microporous membrane between the
upper and lower chambers. The tBMSCs in the upper
chamber migrated into the lower chamber due to the
electrotaxis effect of the DCEF. The present study revealed
that when a DCEF of 200 mV/mm was applied for 4 h,
60% of rBMSCs moved to the lower chamber. Additional

experiments were performed to study the influence of the
DCEF on the osteogenic differentiation and proliferation
of the rBMSCs. The results showed that a DCEF of
200 mV/mm for 4 h was optimal in strength and duration
for facilitating migration, proliferation, and osteogenic
differentiation of rBMSCs. The optimal DCEF strength
determined by experiments done in the present paper was
similar to those of Zhao and Luo [23], as well as the
strength used in some in vitro studies [24]. The results of
the present paper showed that the optimal DCEF duration
was 4 h, while varying results ranging from 2 to 6 h were
found in previous studies. In the present study, although
the  BMSCs, exposed to a DCEF of 300 mV/mm for 4 h,
200 mV/mm for 6 h, or 300 mV/mm for 6 h, had similar
migratory rates as rBMSCs exposed to a DCEF of
200 mV/mm for 4 h, the present paper recommend the
DCEF of 200 mV/mm because it is closer to the strength of
endogenous EF.

Reports have pointed out that some cells, such as neural
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precursor cells and bone marrow mesenchymal stem cells,
under the action of electric field can be activated following
injury, resulting in their proliferation and migration toward
injury sites where they differentiate into mature cells [25].
The surrounding tissue only is usually impacted, but not
the whole body. The present study suggested the intensity
of the electric field to be ideal options as it promoted cell
migration effectively. Thus, external application of DCEF
may act as a cue to direct migration of rBMSCs in bone
regeneration and repair. The present study also examined
the expression of some key molecules related to osteogenic
capability, such as ALP, RUNX2, OPN, and BSP. ALP is
an early marker of osteogenic differentiation which can be
hydrolyzed to release inorganic phosphate. The expression
level of ALP increased to a certain extent, reflecting the
ability of the cells to enhance osteogenesis [26]. RUNX2 is
essential for osteoblastic differentiation and the bone
formation and maintenance [27]. It plays an important role
in terminal differentiation. In addition, osteogenic genes,
including OPN and BSP, are the abundant noncollagenous
proteins in the extracellular matrix of the bone tissue [28].
These two genes have been shown to be crucial to the
formation of bone, regulating both bone cell mineralization
and attachment [29]. Through this study, it was implicated
that DCEF indeed increased in both gene and protein
expressions. Further study is required to elucidate the
mechanisms why osteogenesis which was induced by
rBMSCs occurred in the presence of the electric field.

The SDF-1/CXCR4 axis has been shown to play
important roles in migration, proliferation, differentiation,
and bone development [30]. Using mouse segmental bone
graft models, Luan ef al. [31] demonstrated that the SDF-1/
CXCR4 axis plays a critical role in the recruitment of
MSCs on the site of bone healing which contributes to
endochondral bone repair. Previous studies have shown
that early deletion of the CXCR4 gene in osteoblastogen-
esis disrupts osteoblast formation and bone development
[32]. It has been reported that SDF-1/CXCR4 signaling in
the mature osteoblast can feedback to regulate the
osteoclast precursor pool size and play a multifunctional
role in regulating bone formation and resorption [33].
SDF-1 might induce cell migration to the injury area,
which is consistent with the results of the present study.
This selective homing indicated that DCEF could recruit
rBMSCs to the bone injury to participate in osteogenesis,
which suggests that a similar effect occur with endogenous
stem cells.

Though it is not clear that the DCEF-dependent
mechanism promotes osseointegration and bone remodel-
ing, the cellular recruitment noted in the present study may
be a consequence of elevated expression of various growth
factors and cytokines induced by DCEF. From Fig. 5, it is
clear that SDF-1/CXCR4 is involved in the rBMSC
migration induced by DCEF, but targeting the CXCR4/
SDF-1 axis alone is insufficient to inhibit DCEF-mediated

migration. Other molecules, such as PI3 kinase, PTEN,
EGFR, ERK1/2, cAMP, and Rho small GTPases may also
mediate the electrotactic response of rBMSCs [34]. The
present paper hypothesize that the influence of DCEF on
osseointegration is possible through changes in the
phosphoinositide signaling pathway, among other factors.
Moreover, the CXCR7/SDF-1/ITAC axis, which includes
the SDF-1 receptor CXCR7, may also be involved in
rBMSC migration [35].

Conclusions

The present study provided evidence about the role of
DCETF in the directional migration of rBMSCs. A DCEF of
200 mV/mm for 4 h can enhance the migration,
proliferation, and osteogenic differentiation of rBMSCs.
The SDF-1/CXCR4 signaling axis is involved in the
rBMSC migration mediated by DCEF.
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