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Background: The effects of extracorporeal shock wave (ESW) on adhesion and migration of osteoblasts have not been
reported until now.
Results:Optimal intensity shock wave promotes osteoblast adhesion and migration.
Conclusion: ESW promotes the adhesion and migration of osteoblasts via integrin �1-mediated expression of phosphorylated
FAK.
Significance:This provides a mechanistic basis for improving the effectiveness of ESW treatment in fracture healing and tissue
engineering.

To search for factors promoting bone fracture repair, we
investigated the effects of extracorporeal shock wave (ESW) on
the adhesion, spreading, and migration of osteoblasts and its
specific underlying cellularmechanisms. After a single period of
stimulation by 10 kV (500 impulses) of shock wave (SW), the
adhesion rate was increased as compared with the vehicle con-
trol. The data from both wound healing and transwell tests con-
firmed an acceleration in the migration of osteoblasts by SW
treatment. RT-PCR, flow cytometry, and Western blotting
showed that SW rapidly increased the surface expression of �5
and�1 subunit integrins, indicating that integrin�1 acted as an
early signal for ESW-induced osteoblast adhesion and migra-
tion. It has also been found that a significant elevation occurred
in the expression of phosphorylated �-catenin and focal adhe-
sion kinase (FAK) at the site of tyrosine 397 in response to SW
stimulation after the increasing expression of the integrin �1
molecule. When siRNAs of integrin �5 and �1 subunit were
added, the level of FAK phosphorylation elevated by SW
declined. Interestingly, the adhesion and migration of osteo-
blasts were decreased when these siRNA reagents as well as the
ERK1/2 signaling pathway inhibitors, U0126 and PD98059, were
present. Further studies demonstrated that U0126 could inhibit
the downstream integrin-dependent signaling pathways, such
as theFAKsignalingpathway,whereas it hadno influenceon the
synthesis of integrin�1molecule. In conclusion, these data sug-
gest that ESW promotes the adhesion and migration of osteo-
blasts via integrin �1-mediated expression of phosphorylated
FAK at the Tyr-397 site; in addition, ERK1/2 are also important
for osteoblast adhesion, spreading, migration, and integrin
expression.

Extracorporeal shock wave (ESW)3 is indicated as an alter-
native, non-invasive but promising method for treatment of
bone fractures, effective even in delayed fracture healing or
nonunion (1–6). The cure rate of the above disorders after ESW
therapy has been reported to be 75–91% (7). The ESW used is
generated by an electron hydraulic shock wave generator,
which can cause an explosive evaporation of water and produce
high energy acoustic waves (8). The acoustic waves are focused
on a fluid-filled head with a silicone-typemembrane and there-
fore can be transmitted into a specific site (8).
Fracture healing is a complex physiologic process that

involves the coordinated participation of several cell types. The
osteoblasts play a crucial role in this process. For bone forma-
tion to occur, osteoblast precursor cells must migrate from the
bone marrow compartment to bone surfaces, where they
adhere, differentiate, and deposit the bone matrix. After tran-
sient or long term treatment of ESW, a positive effect on osteo-
genic activation has been shown according to data from studies
on osteoblast proliferation and differentiation either in vitro or
in vivo (9, 10). The promotion of osteoblast proliferation and
differentiation is well documented to be through significant
inductions of numerous cellular factors, such as bone morpho-
genetic proteins (11), transforming growth factor (TGF-�1)
(12), and vascular endothelial growth factor (VEGF) (12, 13), as
well as osteocalcin (14). However, no previous reports have
focused on the effect of shockwaves on the adhesion andmigra-
tion of osteoblasts. It is unknownwhether the optimal intensity
energy of ESWcanpromote osteoblast adhesion andmigration.
The cell membrane can be altered by low intensity shock

waves and is reported to be the most sensitive part of the cell
(15). We hypothesized that the influence on the adhesion and
migration of osteoblasts may also be the result of the effects of
ESW on cell membranes. As we know, specific transmembrane
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proteins, called integrins, mediate the interactions between the
cells and the extracellularmatrix proteins (ECMs). These integ-
rins consist of an � subunit and a � subunit (16). Many
researchers have stated that integrin �1 is the major subunit in
osteoblasts (17–19). For the attachment of fibronectin or colla-
gen type I, osteoblasts express integrin �1 (17). Once cells have
attached, the integrin is also involved in passing information
from the ECMs to the cell and from the cell toward the ECMs
(“outside-in signaling” and “inside-out signaling”) (20). Block-
ing the integrin �1 with specific antibody had an inhibitory
effect on the initial attachment to the implants and thus delayed
migration, proliferation, and differentiation of osteoblasts (21,
22). Based on flow cytometric analysis, the expression of integ-
rin �5 and �1 subunits in the cell membrane was transiently
increased in response to ultrasound stimulation (23). Focal
adhesion kinase (FAK) has been established as a key component
of the signal transduction pathways triggered by integrins (24).
However, there has been no prior evidence showing that

ESWpromotes osteoblast adhesion andmigration. In this study,
we found that an optimal intensity ESW treatment promoted
osteoblast adhesionandmigrationvia the inductionof the integrin
�1 molecule, which mediated the phosphorylation of FAK and
cross-talk with other specific signal transduction pathways. We
also sought to investigate the effects of ESWon adhesion, spread-
ing, andmigration ex vivo in a cell culturemodel, aiming to clarify
the underlying specific molecular mechanisms.

EXPERIMENTAL PROCEDURES

Animals—3-day-old Sprague-Dawley rats (male or female)
were obtained from the Experimental Animal Center of Shan-
tou University Medical College (Shantou, China). Care of rats
in this investigation conformed to National Institutes of Health
guidelines (67) and followed the rules of the National Animal
Protection Law of China. The study was approved by the Insti-
tutional Animal Care and Use Committee of Shantou Univer-
sity Medical College.
Reagents and Antibodies—Dulbecco’s minimal essential

medium (DMEM) and fetal bovine serum (FBS) were pur-
chased fromHyclone. Collagen type II and fibronectin were pur-
chased from Sigma-Aldrich. 0.25% trypsin, 0.02% EDTA, 1%
penicillin/streptomycin, TRIzol reagent, and LipofectamineTM
RNAiMax were purchased from Invitrogen. Plastic culture
dishes, cell culture plates, and Transwell inserts with polycar-
bonate membrane containing 8.0-�m pores were obtained
from Costar (Cambridge, MA) or Nunc (Nalge, Denmark)
unless stated otherwise. Mitogen-activated protein kinase
(MAPK)/ERK kinase (MEK) inhibitor (PD98059/U0126), p38
MAPK inhibitor (SB203580), and C-Jun N-terminal kinase
(JNK) inhibitor (SP600125) were purchased from Promega
(Madison, WI). Phosphatidylinositol 3-kinase (PI3K) inhibitor
(LY294002), protein kinase A (PKA) inhibitor (H-89), and
JAK-2 inhibitor (AG490) were products of Calbiochem. The
PCR primers for integrin �5/�1 subunits and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) were synthesized by
Sangon Biological Engineering Technology & Services Co., Ltd.
(Shanghai, China). The PCRMix kitswere fromTiangen (Beijing,
China). The effective small interfering RNA of integrin �5 and �1
subunits were designed and synthesized byGenePharmaCo., Ltd.

(Shanghai, China). For flow cytometry, phycoerythrin (PE)-con-
jugated anti-rat CD29 and CD49e together with PE-conjugated
IgG (isotype control) were purchased from E-Biosciences. For
Western blotting, polyclonal primary antibodies against integ-
rin �5 and �1 subunits were from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA). Monoclonal antibodies against FAK,
phospho-FAKTyr-397, phospho-FAKTyr-576/577, phospho-
FAKTyr-925, �-catenin (6B3), phospho-�-catenin (Ser-33/37/
Thr-41), ERK1/2, and phospho-ERK1/2 were purchased from
Cell Signaling Technology, Co., Ltd. Primary monoclonal anti-
body for �-actin and horseradish peroxidase-conjugated sec-
ondary antibodywere also fromCell SignalingTechnology. The
SuperSignal Western blotting detection kit was obtained from
Pierce.Other chemicals and reagentswere ofmolecular biology
grade and were purchased from local commercial stores.
Cell Cultures—Primary rat osteoblasts were isolated from

calvaria of 3-day-old Sprague-Dawley rats and cultured using
methods described previously (25, 26). Briefly, the newborn rats
were sacrificed by decapitation and immersed in 75% alcohol
for 5 min. The calvaria were cleaned of any extraneous tissue
and then cut into small pieces. The bone chips were recovered
with a bone curette and were digested in DMEM with 0.1%
collagenase (w/v) for 4 h, containing 10% (v/v) FBS in a humid-
ified atmosphere of 95% air, 5%CO2 at 37 °C. Then the solution
with bone chips was pooled and filtered through 70-�m nylon
filters (Falcon, BD Biosciences). A preplating step was included
to reduce the number of contaminating non-osteoblasts. The
dispersed cells were plated in DMEM containing 10% heat-in-
activated fetal bovine serum for 30 min to remove the non-
osteoblasts, and then 2 � 106 cells/ml (10 ml/dish) were placed
in 100-mm culture dishes and maintained in a humidified
atmosphere of 95% air, 5% CO2 at 37 °C. The medium was
replaced every other day. When the cells covered 90% of the
bottom of dish, they were detached with 0.25% trypsin and pas-
saged. The purified osteoblasts were identified using alkaline
phosphatase assays, cells containing dark brown particles were
considered to be osteoblasts, and the positive rate of osteoblasts
was calculated (supplemental Fig. 1, C and D). Alizarin red
staining of calcified nodule was also performed (supplemental
Fig. 1B). The cells used in the experiments were of the fourth
passage, whereas in the siRNA transfection experiments, the
third passage subcultured cells were used.
ESW Treatment of Rat Osteoblasts in Vitro—In our experi-

ments, ESW was generated by Huikang type IV shock wave
equipment (Huikang, Shengzhen, China) with a focus spot
about 25 mm in diameter. Osteoblasts were washed and resus-
pended with complete medium. Cell suspensions were sub-
jected to ESW treatment with modification as described before
(27, 28). Cellswere suspended in 15-ml sterile polystyrene tubes
at a concentration of 1 � 106/ml. First of all, to identify the
optimal intensity of ESW, ESW treatment with 250, 500, 750,
and 1000 impulses at different energy levels (5, 10, 15, and 20
kV) was applied to the cell suspensions. After ESW treatment,
cells were cultured for 24 and 48 h for cell proliferation assays
while stainedwith trypan blue to assess cell survival at 1 h.Once
an optimal intensity of ESW was determined, ESW treatment of
osteoblast suspensions (samples with or without inhibi-
tors/siRNAs) lasted 10min. Then the cells were placed onto plas-
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tic dishes or culture plates for different times as required.
Osteoblasts without ESW treatment were run as controls.
Blocking with Specific Inhibitors of Signal Transduction

Pathways—In studies of the ESW-induced signal transduction
of cell adhesion and migration, cells were treated with 50 �M

PD98059, aMEK1 inhibitor; 20�MU0126, aMEK1/2 inhibitor;
25 �M LY294002, a PI3K signal pathway inhibitor; 15 �M

SB203580, a p38/MAPK inhibitor; 20 �M SP600125, a JNK
inhibitor; 25 �M H-89, a protein kinase A inhibitor; and 50 �M

AG490, a JAK signal pathway inhibitor, for 60 min prior to
ESWT. Cells were washed and resuspended before they were
subjected to the optimal intensity of ESW treatment as
described above. After the treatment, cells were cultured until
the time when a maximum elevation of integrin �5 and �1
subunits would be reached without adding specific inhibitors,
as indicated. Thenwe identified the specific signal transduction
pathways involved in ESW-induced adhesion andmigration by
Western blotting analysis.
Transient Transfection with Small Interfering RNA—Ac-

cording to the gene sequences of integrin �5 (NM_001108118)
and�1 (NM_017022) and the principles of siRNAs design, dou-
ble strand siRNA oligonucleotides targeting both genes (sense
(5�-CCGCAUCCUGGAGUCUUCATT-3�) and antisense (5�-
UGAAGACUCCAGGAUGCGGTT-3�) for integrin �5 oligo-
nucleotide and sense (5�-GAUCAGGAGAACCACAGAATT-
3�) and antisense (5�-UUCUGUGGUUCUCCUGAUCTT-3�)
for integrin �1 oligonucleotide) were synthesized by Gene-
Pharma Technology Co., Ltd. (Shanghai, China), respectively.
A pair of negative control siRNAswere also designed. For trans-
fection, cells were plated onto culture plates of six wells and
grown to 70–80% confluence in the completemediumwithout
antibiotics. Then the cells were transfected with integrin �5/�1
siRNAs or a negative control siRNA using LipofectamineTM
RNAiMAX reagent according to the manufacturer’s recommen-
dations. Briefly, we prepared RNAi duplex-LipofectamineTM
RNAiMAX complexes by the following steps for each well of the
osteoblast sample: (a) diluted 10 �l of RNAi duplex in 240 �l of
Opti-MEM� I reduced serummedium; (b) diluted 5 �l of Lipo-
fectamineTM RNAiMAX in 245 �l of Opti-MEM� I reduced
serummedium; (c) combined the diluted RNAi duplex with the
diluted LipofectamineTM RNAiMAX and incubated for 10–20
min by mixing gently at room temperature. Cells were incu-
bated with the oligonucleotide duplexes in serum-free condi-
tions for 6 h at 37 °C. Then the cells were harvested and resus-
pended with the complete medium. Cell suspensions were given
the optimal intensity of ESW treatment as described above. After
ESW treatment, cells were incubated for a certain additional
period of time. The effects of siRNAs on the expression of integrin
�5/�1 and its downstream signal pathway proteins were assessed
using RT-PCR orWestern blotting.
Cell Survival and Viability Assays—To determine the opti-

mal intensity of ESW, we performed cell survival and viability
assays. After different doses of ESW treatment, the cell survival
was determined with a hemocytometer by staining with 0.4%
trypan blue in ammonium chloride. Osteoblast viability was
determined by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide assay. Cells treated with either vehicle or
ESW treatment were cultured in 96-well culture plates (200

�l/well). After 24 or 48 h, they were supplementedwith 10�l of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(5 g/liter, Fluka Co. product) and incubated for another 4 h.
Then the supernatant was discarded by aspiration, and the
osteoblast preparation was shaken with 150 �l of DMSO for 10
min, before the OD value was measured at 490 nm by using a
microplate reader (Thermo Scientific, Beijing, China).
Cell Adhesion and Spreading Assays—Osteoblasts with or

without ESW treatment were concentrated by centrifugation
(1000 rpm, 5 min) and resuspended in the complete medium.
Cells were again counted with a hemocytometer and seeded on
plastic culture dishes and incubated for 2, 4, 6, 8, and 10 h at
37 °C, 95% O2, 5% CO2 in a humidified incubator at the same
concentration of 1 � 104 cells/cm2. Non-adherent cells were
removed by rinsing with PBS, and adherent cells were released
with 0.25% trypsin/EDTA and counted by independent blinded
investigators. Then the adherence rates for the shock wave
group and the control group were calculated. Cells plated onto
fibronectin-coated culture dishes were run as positive controls.
All of the samples were routinely observedwith inverted phase-
contrast microscopy (Nikon, Japan) to confirm the procedure
of cell adhesion.
Cell Migration Assay—The migration of osteoblasts was

evaluated by using a modified transwell insert assay. In brief,
osteoblasts with or without ESW treatment in the presence or
absence of integrin �5/�1 siRNAs were rendered into single-
cell suspensions. 2 � 104 osteoblasts in 200 �l of complete
medium were transferred into the upper chamber of transwell
inserts (8-�m pore size; Costar). An aliquot of 0.6 ml of com-
plete medium containing VEGF (50 ng/ml) was placed in the
bottom wells. After incubation for 12 and 24 h at 37 °C, the
non-migrated cells on the upper side of the membranes were
wipedgentlywith ice-coldPBS-soakedcottonswabs.Thenthemi-
grated cells on the bottom side of the membranes were washed
with PBS, fixed with methanol, and stained with 4�,6-di-
amidino-2-phenylindole (DAPI) solution. For quantification,
cells migrating into the lower chamber were counted manually
in five even high power (�100) microscopic fields by using flu-
orescentmicroscopy (Nikon), and the average numbers of cells/
field were determined.
A wound healing test was also performed to measure osteo-

blast migration. Briefly, single cell suspensions obtained as
described above were inoculated at 1 � 104/well in 6-well
plates. When the cells became fully confluent, a scar was made
along a straight line using a 200-�l pipette, and the floating cells
were rinsed off with PBS. The scar wasmarked in the plate, and
the cells were grown in serum-free medium. Five viewpoints
were photographed at 12 and 24 h after the scar was made
under amicroscope at�40magnification, and themeanmigra-
tion distance was determined and analyzed using Image Pro
Plus version 6.0 software.
Reverse Transcription and Polymerase Chain Reaction

(RT-PCR)—The gene expression of integrin�5 and�1 subunits
was examined. Total RNA was isolated from cells using TRIzol
reagent as instructed by themanufacturer. After the isolation of
the RNA, the concentration of RNA was determined based on
the optical density of the sample, which was measured at 260
nm. 1 �g of RNA was used in the reverse transcriptase (RT)
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reaction. The first strand cDNA from the RT reaction was used
as a template in the PCR. To perform PCR, 12.5 �l of PCR
mixture, 1 �l of cDNA, 9.5 �l of RNase-free water, 1 �l of
reverse primer, and 1 �l of forward primer were added and
vortexed together. The PCR was performed using a thermocy-
cler (Bio-Rad). DNA was PCR-amplified under the following
conditions: 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 60 s for a
total of 36 cycles. Primer sequences used were as follows: integ-
rin �5 (Itga5, NM_001108118), 5�- ACCAAGACGGCTACA-
ATGATG-3� (sense) and 5�-TGAGGCAGAAGCTAAGGT-
TGA-3� (antisense); integrin �1 (Itgb1, NM_017022), 5�-GGA-
GGAATGTAACACGACTGC-3� (sense) and 5�-CAGATGA-
ACTGAAGGACCACC-3� (antisense); glyceraldehyde-3-phos-
phatase (GAPDH, NM_017008), 5�-ACCACAGTCCATGCC-
ATCAC-3� (sense) and 5�-CCACCACCCTGTTGCTGTA-3�
(antisense). The reference housekeeping gene used to normal-
ize the amount of mRNA in the cultures was GAPDH. All RT-
PCR products were electrophoresed in 1.5% agarose gel and
visualized under a UV transilluminator after staining with
Goldview and photographed. The relative expression was
quantified densitometrically by using Quantity One software
(version 4.5.2; Bio-Rad).
Flow Cytometric Analysis—To elucidate whether integrin �5

and �1 subunits expressed on the cell membranes were
involved in the ESW-enhanced cell adhesion andmigration, we
determined the quantity of both subunits via flow cytometry,
respectively, according to the manufacturer’s protocols. After
ESW treatment for 0.5, 1, 2, 4, 8, and 12 h, osteoblasts were
washed with ice-cold PBS and then resuspended in 400 �l of
binding buffer at 1 � 106 cells/ml. Aliquots of 390-�l suspen-
sions with a single cell were incubated with 10 �l of PE-conju-
gated anti-rat CD29 and CD49e (0.2 mg/ml; E-Biosciences),
respectively, or PE-conjugated IgG (isotype control; E-Biosci-
ences) for 30 min at 4 °C in the dark. Osteoblasts without ESW
treatment as control groups were treated according to the same
procedure. Fluorescence was measured using a FACSort flow
cytometer (BD Biosciences). Approximately 10,000 cells were
counted in each sample, and data were analyzed with the use of
WinMDI software (version 2.9; Bio-Soft Net).
Protein Extraction and Concentration Assays—Osteoblasts

were washed twice in ice-cold PBS and allowed to sit on ice for
30min in 200�l of lysis buffer (25mMTris-HCl, pH 7.4, 0.5mM

EDTA, 0.5 mM EGTA, 0.05% Triton X-100, 10 mM �-mercap-
toethanol, 1 �g/ml leupeptin, 1 �g/ml aprotinin, 1 mM NaF, 5
mMNa3VO4). Then the samples were centrifuged at 12,000� g
for 10 min at 4 °C, and the supernatants of the respective sam-
ples were collected and stored at �20 °C. Proteins were dena-
tured by boiling for 5min aftermeasurement of the concentration
in the BCA assays (kits were from Beyotime (Jiangsu, China)).
According to the instruction provided with the kit, samples were
incubated with BCA reagent for 30 min, and the absorbance of
each was read at 560 nm using a microplate reader. BSA ranging
from 0 to 500 �g/ml was used as a standard.
Determination of Integrin�5 and�1 Subunits—Todetect the

expression of integrin�5 and�1 subunit protein,Western blot-
ting was taken into consideration. Equal amounts of proteins
were separated on 8% SDS-PAGE and transferred to polyvi-
nylidene fluoride (PVDF) membrane (Millipore). The mem-

brane was blocked by a 1-h incubation at room temperature
in a Tris-buffered saline solution (TBS-T; 20 mM Tris, pH
7.6, 135 mM NaCl, and 0.05% Tween) containing 5% nonfat
dry milk. Membranes were probed with anti-integrin �5 and
�1 antibodies (1:600 dilution; Santa Cruz Biotechnology,
Inc.) at 4 °C overnight. After the primary antibody incuba-
tion, the membrane was washed three times with TBS-T.
The appropriate secondary antibody, horseradish peroxi-
dase-labeled goat anti-rabbit IgG, was then added to the
membrane according to the vendor’s recommendation
(1:8000 dilution; Cell Signaling Technology) and incubated
for 1 h at room temperature. Themembrane was again washed
three times with TBS-T. The bound antibodies were detected by
use of SuperSignal Western blotting kits (Pierce). Densitometric
analysis of Western blots involved the use of Quantity One soft-
ware (version 4.5.2; Bio-Rad). The expression of �-actin was
shown as a control for equal protein loading.
Determination of FAK Phosphorylation and �-Catenin

Activation—As described above, the procedures of detecting
phospho-FAK, FAK, phospho-�-catenin, and �-catenin
were the same as described above except that 10% SDS-poly-
acrylamide gels were used, and the blocking solution was
changed to TBST with 5% BSA. The monoclonal primary
antibodies (Cell Signaling Technology products) worked at
dilutions of 1:1000.
Determination of ERK1/2 Phosphorylation—The data from

studies on blocking the signal transduction pathways with spe-
cific inhibitors above indicated that the ERK/MAPK pathway
was involved in the ESW-induced integrin expression. We did
research on how the ERK1/2 phosphorylation level changed
with either ESW treatment or not through Western blotting
detection using 12% SDS-polyacrylamide gels. The procedure
was similar to that noted above.
Statistical Analysis—The data presented are from one of

three separate sets of experiments, of which yielded compara-

FIGURE 1. Optimal intensity of ESW (10 kV for 500 impulses) accelerated
osteoblast adhesion. Data are presented as the mean � S.D. (error bars) in
triplicate independent experiments (n � 3). The data show that at the times of
2, 4, 6, 8, and 10 h after ESW treatment, the number of adhesive osteoblasts
was significant higher than the number without ESW treatment. p � 0.01 as
compared with the control group at the same period. When the siItgb1 was
added prior to ESW treatment, the promotion of adhesion of osteoblasts by
ESW was inhibited. p � 0.01 as compared with the ESW group at the same
period. p � 0.05 as compared with the control group at the same period. It
was observed that siItga5 also inhibited the ESW-induced adhesion although
not as significantly as did siItgb1. The promotion of adhesion induced by ESW
was abrogated, whereas integrin �5 and �1 subunits were silenced. p � 0.01
as compared with the ESW group at the same period.
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ble results. All data are expressed as means � S.D. Student’s
unpaired t test was used to compare differences between two
groups. One-way analysis of variance followed by Student-
Newman-Keuls test was used to compare the differences
among more than two groups. A probability (p) value less than
0.05 was considered statistically significant.

RESULTS
ESWwith 10 kV for 500 ImpulsesWasDefinite as theOptimal

Intensity—The cell survival was determined with a hemocy-
tometer by staining with 0.4% trypan blue in ammonium chlo-
ride.We found that the osteoblast survival rate was not affected
by energy lower than 10 kV for 500 impulses, whereas osteo-

FIGURE 2. ESW promoted migration of osteoblasts as shown in transwell tests and wound healing assays. The promotion could be inhibited by both siItgb1 and
siItga5. Primary cultured osteoblasts were divided into six groups randomly; those were cells with (SW) (B1–B3) or without 10 kV for 500 impulses of ESWT (Control)
(A1–A3) and with negative siRNA control (SW � siRNA control) (C1–C3), siItga5 (SW � siItga5) (E1–E3), siItgb1 (SW � siItgb1) (D1–D3), or both siItga5 and siItgb1 (F1–F3)
for 6 h prior to ESWT. Results from the wound healing assays (G) and transwell tests (H) were consistent. Data are presented as the mean � S.D. (error bars) (n � 6). a,
p � 0.01; b, p � 0.05; c, p � 0.05 as compared with the control group. #, p � 0.05 as compared with the ESWT group. Scale bars, 100 �m.
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blasts receiving 15 or 20 kV of shock wave showed significantly
reduced survival as comparedwith the control group (p� 0.01)
(supplemental Fig. 2). Cell proliferation assays showed that at
24 h after shock wave treatment, there were no statistically sig-
nificant differences between osteoblasts receiving 5 or 10 kV
and the control cells (p � 0.05). Furthermore, at 48 h, shock
wave at 5 kV induced statistically significant differences in the
proliferation of osteoblasts compared with the controls (p �
0.05), whereas shock wave at 10 kV for 500 impulses caused a
marked increase in the proliferation of osteoblasts as compared
with the control (p � 0.01) (supplemental Fig. 3). These find-
ings indicate that shock wave caused a dose-dependent effect
on the survival and growth of osteoblasts and that 10 kV for 500
impulses was an optimal level for shock wave treatment for
osteoblasts. Therefore, ESWat 10 kV for 500 impulses was used
in the subsequent experiments.
ESW Promotes Osteoblast Adhesion and Migration, Which

Were Mediated by Integrins—Adhesion, spreading property,
and migratory capacity of cells were also important aspects of
bone cell behavior, whereas there was no report focusing on the
effect of ESW on the adhesion and migration of osteoblasts. In
the present study, the effect of ESW on osteoblasts adhesion
was evaluated in an adhesion assay. The SW at 10 kV for 500
impulses enhanced osteoblast adhesion significantly. The
adhesion rates of osteoblasts were significantly higher at 2, 4, 6,
8, and 10 h after ESWT (Fig. 1). Dynamic observation under an
inverted microscope showed that osteoblasts were more fully
spread after ESWT (data not shown). The migration of osteo-

blasts was analyzed inmodified transwell tests andwound heal-
ing assays. Results from the wound healing assays were consist-
ent with the transwell tests. ESW accelerated osteoblast
migration. After ESWT for 24 h, the averagemigration distance
was increased by 	3-fold, and the migrated cell number was
increased by 	4-fold (Fig. 2). In addition, the adhesion and
migration of osteoblasts after ESW were impaired in the
absence of�5 and�1 integrin (Figs. 1 and 2).We found that cell
adhesion tomatriceswas primarilymediated by integrins under
the condition of ESWT. These results prompted us to investi-
gate whether or not shock wave could induce expression of
integrins (shown in Figs. 3 and Fig. 4). Adding signal transduc-
tion pathway inhibitor U0126 could inhibit the ESW-aug-
mented adhesion and migration of osteoblasts, whereas no
influence was observed from several other inhibitors (data not
shown). This encouraged us to perform more experiments to
evaluate if the ERK1/2 signaling pathway could be activated by
ESW (results shown in Fig. 7).
ESWPromotes Integrin�5 and�1 SubunitmRNAExpression—

Primary osteoblasts were treated with ESW at an intensity of 10
kV for 500 impulses. There were no significant differences in
cell viability between the ESWand control groups. Results from
RT-PCR indicated that both integrin �5 and �1 subunit
mRNAs were significantly elevated, peaking at 1 h after ESW,
by	5-fold and then returning to the base level after 12 h (Fig. 3,
A and B). Although multiple signaling pathway inhibitors of
working concentrations were applied to pretreat the osteo-
blasts prior to ESWT, respectively, our results indicated that

FIGURE 3. A–D, ESW-induced elevations of mRNA level of �5 and �1 integrin of osteoblasts, peaking at 1 h (B). The specific inhibitors for signal transduction
pathways had no influence on the integrin expression (C). A and C, representative electrophoretic images. The osteoblasts were harvested to extract total RNA
0.5, 1, 2, 4, 8, and 12 h after 500 impulses of 10-kV shock wave treatment. The cells without ESWT were run as control groups. After standardization of
housekeeping gene expression, equal amounts of cDNA from each sample were subjected to 36 cycles to amplify Itga5 and Itgb1 mRNA expression. The values
of the control group were normalized to 100%. a, p � 0.05; b, p � 0.01; c, p � 0.05 as compared with the control group at certain time periods. In addition, several
signal transduction pathway inhibitors were added to the samples for 1 h prior to ESWT. 2 h after ESWT, the samples were collected to extract RNA and to
analyze whether the Itga5 and Itgb1 mRNA were influenced by signal pathway inhibitors listed above. Our data showed that no influence on the expression of
Itga5 or Itgb1 mRNA was observed under the conditions with or without inhibitors (p � 0.05). Error bars, S.D.
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ESW-augmented integrin �5 and �1 subunit expression was
not attenuated (Fig. 3,C andD). Moreover, ESW and inhibitors
used in this study did not affect the mRNA expression of the
housekeeping gene GAPDH (Fig. 3).
ESW Promotes Integrin �5 and �1 Protein Expression—The

background expression of integrin �5 and �1 subunit protein
was determined in osteoblasts (Fig. 4). During the period from
30min to 12 h after ESWT, flow cytometry analysis showed that
synchronous elevation of both integrin �5 and �1 protein,
peaking at 2 h, as compared with the control groups (Fig. 4A).
Western blotting results also demonstrated that osteoblasts
subjected to ESWT significantly increased integrin �5 and �1
protein levels at 2 h by	3-fold and	5-fold, respectively (Fig. 4,
B and C). What is more, the effects of ESW on integrin �5 and
�1 expressions were abrogated by small interfering RNA pre-
treatment (Fig. 4, B andC). These findings suggest that integrin
�5 and �1 expression was promoted in an early period after
ESWT.
ESW Treatment Induces Phosphorylation of FAK, Which Is

Mediated by Integrin �5 and �1—To determine the change of
phosphorylation level of FAK at different sites caused by ESW

at 10 kV for 500 impulses, osteoblastswere harvested at 0.5, 1, 2,
4, and 8 h after ESWT. We found a marked elevation of FAK
phosphorylation at Tyr-397 in 2 h, peaking at 4 h, by 	5-fold,
and also a slight increase of phosphorylation of FAK at Tyr-925
in 2 h after ESWT, by 	2-fold, whereas ESW could not affect
the expression of FAK with phosphorylation at Tyr-576/577
(Fig. 5A).Moreover, to explore whether the FAK activation was
associated with the elevated integrin �5 and �1 proteins, 4 h
after the optimal dose of ESWT, the expression of phosphory-
lation of FAK at Tyr-397 declined in cells pretreatedwith integ-
rin siRNAs (Fig. 5B). As shown in Fig. 5B, the decline was most
significant when both siItga5 and siItgb1 were present. This
indicated that integrin- FAK signaling (interactions with integ-
rin�5�1 and FAK activation) played an important role in ESW-
induced adhesion and migration of osteoblasts.
ERK1/2 Up-regulates Integrin-mediated FAK Phosphoryla-

tion—We sought to investigatewhether certainmediatorswere
involved in the ESW promotion of the integrin-FAK signal
pathway. After adding specific signal pathway inhibitors to
osteoblasts for 60minprior to ESWT,we found that both 50�M

PD98059 and 20 �M U0126 (MEK1/2 inhibitors) significantly
suppressed ESW-induced expression of phosphorylated FAKat
the tyrosine 397 site, by 	2-fold (Fig. 5, C andD). Inhibition of
p38 activity by 15 �M SB203580 and JNK by 20 �M SP600125
did not affected ESW-promoted FAK activation. 25 �M H-89
(PKA inhibitor) and 50�MAG490 (JAK inhibitor) had no influ-
ence on FAK production (Fig. 5, C and D). These findings sug-
gest that ERK1/2, but not p38, JNK, PKA, or JAK, was essential
for ESW-induced phosphorylation of FAK at Tyr-397 site.
ESW Enhances the Activation of Wnt/�-catenin Mediated by

Integrin�5 and�1—We investigated another important bioac-
tive molecule that might be responsible for ESW-induced cell
adhesion and migratory capacity. Immunoblotting indicated
significantly increased�-catenin activation as demonstrated by
phosphorylated �-catenin expression, peaking at 3 h after
ESWT (Fig. 6A), by 	5-fold (Fig. 6C). Pretreatment with integ-
rin siRNAs significantly reduced ESW-promoted phosphoryla-
tion of �-catenin expression (Fig. 6D). Nevertheless, U0126 did
not affect ESW-promoted activation of �-catenin (Fig. 6D).We
believe that Wnt/�-catenin was another signal pathway acti-
vated by ESW, possibly responsible for resisting the inhibitory
effect ofU0126, tomaintain the integrin-mediated ERK-depen-
dent phosphorylation of FAK (Fig. 5D).
ESW Promotion of ERK Phosphorylation Was Mediated by

Integrin �5 and �1—ERK became activated in osteoblasts
under ESW induction and inhibited when integrin siRNAs
were present. ERK1/2 phosphorylation was increased in 2 h,
and the higher production of phosphorylated ERK1/2 persisted
for 4 h (Fig. 7,A andC). Integrin siRNAs could markedly atten-
uate ESW-induced ERK activation (Fig. 7, B and D). Also,
U0126 abrogated the expression of phosphorylated ERK1/2
(Fig. 7, B and D). These findings indicate that ERK activation
was integrin-dependent under ESWT.

DISCUSSION

In the present study, we found that (a) an optimal extracor-
poreal shock wave (10 kV for 500 impulses) promoted primary
culture osteoblast adhesion and migration, (b) �5�1 integrins

FIGURE 4. ESW enhanced integrin �5 and �1 subunit protein production
in 2 h according to the data from flow cytometry analysis and Western
blotting. For flow cytometry, osteoblasts from experimental groups and the
control group were stained with PE-conjugated anti-rat Itga5 or Itgb1 anti-
body under the guidance of the manufacturer. It is shown that both Itga5 and
Itgb1 proteins increased significantly in 2 h in the experimental group (A). *,
p � 0.021; #, p � 0.01 as compared with the blank control group. Samples
with or without ESWT and those associated with siItga5 and/or siItgb1 prior to
ESW were subjected to radioimmune precipitation assay lysis. Western blot-
ting was applied to analyze whether Itga5 and Itgb1 expression levels
changed in the protein extractions. The same results are shown as those indi-
cated by flow cytometry (B and C). In addition, the data from the ESW plus
siRNA groups indicated that the siRNA reagents for both Itga5 and Itgb1 were
effective (B and C). a, p � 0.05; b, p � 0.01 as compared with the blank control
group. #, p � 0.01 as compared with ESW group. Results are presented with
mean values � S.E. (error bars) calculated from four paired triplicate
experiments.
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played critical roles in ESW-induced osteoblast adhesive and
migratory capacity mostly by up-regulating the phosphoryla-
tion of FAK, and (c) ERK1/2 was essential for ESW-augmented
osteoblast behaviors as one of themost importantmediators for
the integrin �5�1-dependent FAK signaling pathway triggered
by the exposure to ESW.
Interest in the application of ESWT to orthopedic diseases

was initially stimulated by the finding that after the modality
was focused on the ureter, bone remodeling of the pelvis
occurred (28). Since the 1990s, shock waves have been used to
treat musculoskeletal diseases, especially delayed fracture heal-
ing and nonunion (5, 10, 29, 30). Bone formation is the most
important procedure during the bone regeneration period.
Osteoblasts play a central role in bone formation by synthesiz-
ing multiple bone matrix proteins and by differentiation into
osteocytes. Many investigators had committed to studying the
effects of ESW on osteoblast differentiation and proliferation,
and the underlying mechanisms included the involvement of
growth factors, gene expressions, and several signal transduc-
tion pathways (15, 17, 23, 31). Although the adhesion behavior
as well as migration was also important for osteoblasts in ESW-
induced fracture healing, there have been no investigations
focused on these two aspects before. We focused on the effects
of ESWT on the adhesion and migration of osteoblasts while
aiming to reveal the underlying specific biochemical signals
triggered by ESW.

Different shock waves could induce different outcomes (15,
32). In our experiments, dose-dependent complications were
observed, and it was determined that optimal intensity of
energywas 500 impulses at 10 kV.Osteoblast adhesion refers to
cell-cell adhesion and cell-ECM adhesion. After ESWT, the cell
adhesion rate was much higher (80.24 � 2.3% versus 43.77 �
2.11% at 6 h) than without ESWT. The migration activity of
osteoblasts was also significantly enhanced. Using the small
interfering RNA technology, we knocked down the integrin �5
and �1 and observed significant inhibitions of adhesion,
spreading, and migration in ESWT cells. These data indicated
that ESW-induced adhesion, spreading, and migration partly
depended on the expression of integrins.
Integrins are the cell surface receptors that comprise an

expanding family of transmembrane heterodimers of an � sub-
unit and a � subunit (33). They primarily mediate cell adhesion
and migration, as well as being involved in cell proliferation,
programmed cell death, and differentiation (34). It was
reported that impairment of the integrin gene led to decreased
expression ofOPG (osteoprotegerin), PGE2 (prostaglandin E2),
and TGF-�1 (22). It has also been shown that ultrasound treat-
ment at 125 milliwatt/cm2 for 10 min transiently increased the
surface expression of �5 and �1 integrin in both MC3T3-E1
and primary osteoblasts (23). Integrin �5�1 is the classical
fibronectin receptor andmediates critical interactions between
osteoblasts and fibronectin (35). Flow cytometry and Western

FIGURE 5. Evaluations of phosphorylation levels of focal adhesion kinase surrounding Tyr-397, Tyr-576/577, and Tyr-925. After experimental groups
were subjected to direct exposure to 10 kV for 500 impulses of ESWT, we collected the extracts at 0.5, 1, 2, 4, or 8 h. Samples without ESWT were set as the control
group. Then the extracts were quantified in triplicate using Western blotting and normalized by �-actin expression (A). A marked elevation of FAK phosphor-
ylation (p-FAK) at Tyr-397 peaking at 4 h was observed, and we also observed a slight increase of FAK phosphorylation at Tyr-925 in 2 h after ESWT. ESW had no
influence on the expression of FAK phosphorylation at Tyr-576/577 (Fig. 5A). A representative electrophoretic image of the study on FAK phosphorylation at
Tyr-397 influenced by siRNAs of integrins is also depicted (B). 4 h after the optimal dose of ESWT, a decline in the expression of phosphorylated FAK at Tyr-397
was observed in the group with siRNA pretreatment. However, total protein expression levels of FAK were not affected by silencing of Itga5 and/or Itgb1 (Fig.
5B). Moreover, several specific cell signal pathway inhibitors, namely PD98059, U0126, LY294002, SB203580, SP600125, H-89, and AG490, were also added to
the osteoblasts for 1 h, respectively, before ESWT. Both bands of total FAK and �-actin showed equal amounts of proteins subjected to protein electrophoresis
(C). The data indicated that both PD98059 and U0126, unlike other inhibitors listed, inhibited ESW-induced FAK phosphorylation at Tyr-397 (D). Data represent
the mean � S.E. (error bars) in triplicate independent experiments (n � 3). The values of the control group were normalized to 100%. a, p � 0.05; b, p � 0.05;
c, p � 0.01 as compared with the control group at the same time. d, p � 0.01; e, p � 0.05 versus ESW group.
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blotting revealed that ESW increased the cell surface expres-
sion of �5 and �1 integrin. The �5�1 integrin knockdown in
osteoblasts was insensitive to ESW stimulation and character-
ized by poor adhesion to plastic culture dishes and significantly
impaired migratory capacity, which caused severe defects in
wound healing and transwell tests. Herein, in our study, the
rapid increase in the expression of integrin �5 and �1 subunit
mRNA after shock wave stimulationmight be the initial step in
the accelerated adhesion and migration of osteoblasts.
A number of important biological processes, including cell

motility, are controlled by integrin-dependent signals, and FAK
has been implicated in these processes as an important compo-
nent of an integrin-dependent signaling pathway, which trans-
mits signals from the extracellular matrix into the cytoplasm
(24, 36–38). Previous studies suggested that integrin �1-medi-
ated expression of FAK regulated osteoblast behaviors (39),
which played an important role in cell cycle progress and
migration (34). Inhibition of endogenous FAK signaling
resulted in reduced motility (40). Conversely, enhancing FAK
signaling increases cell migration (38). The major autophos-
phorylation site of FAK, tyrosine 397, is absolutely required for
enhancing cell migration (41, 42). Also, the Src recruitment
into a complex with FAK is required for cell migration by aug-
menting the other sites of phosphorylation on FAK (43). In our
study, we observed amarked elevation of FAK phosphorylation
at Tyr-397, peaking at 4 h following ESW-induced expression

of integrin �5 and �1, and a slight increase of FAK phosphory-
lation at Tyr-925 in 2 h after ESWT. ESW could not influence
the expression of FAK phosphorylation at Tyr-576/577. What
is more, a significant decline in FAK phosphorylation after
ESWTwas observed after knocking down integrin genes. Thus,
we believe that FAK as a downstream reactor of the integrin-
mediated signaling pathway plays a crucial role in ESW-in-
duced osteoblast adhesion and migration.
A short pulse of mechanical force induced gene expression

and growth in MC3T3-E1 osteoblasts via an ERK 1/2 pathway
(44). By transducing humanosteoblastswith a pseudotyped ret-
rovirus encoding amutated ERK1proteinwith a dominant neg-
ative action against both ERK1 and ERK2 (ERK1DN cells), cell
adhesion, spreading, andmigration were inhibited, and expres-
sion of the integrins was decreased (45). Although there were
also reports showing that ERK1/2 of theMAPK signaling family
was downstream of FAK (43, 46), in our study, with the optimal
intensity of SW (500 impulses at 10 kV), we found that ERK1/2
inhibitor U0126 did not influence the expression of integrin �5
and �1. In contrast, we found that both integrin �5 and �1
could trigger the phosphorylation of ERK1/2, which also played
an important role in cell-adhesive and migratory function as
mediators. A possible explanation for the paradoxical findings
in the present study is that shock wave as a mechanical wave
with critical biomechanical properties can change the spread-
ing capacity of osteoblasts and also alter integrin expression

FIGURE 6. Enhancement of �-catenin activity by ESW (500 impulses at 10 kV) stimulation after elevation of integrin �5 and �1 expression. ESW raised
�-catenin phosphorylation in 3 h (A). ERK1/2 inhibitor U0126 did not alter the activation of �-catenin (B). Cytosolic extracts of osteoblasts treated with ESW in
the presence of U0126 (with a final concentration of 20 �M) for 60 min prior to ESW were subjected to Western blotting. Phosphorylated �-catenin and
�-catenin were probed with anti-phospho-�-catenin and �-catenin primary monoclonal antibodies, respectively. C, note that in comparison with the control,
ESW exposure markedly elevated the activation of �-catenin. Further studies on the relationship between expression of integrins and �-catenin by transfection
have shown that knocking out integrins led to base-line level expression of activation of �-catenin (B and D). D, summary of the results (mean � S.E. (error bars),
n � 4, triplicate in each experiment). a, p � 0.05 as compared with the control at the same period. b, p � 0.01 as compared with the control at the same period.
c, p � 0.05 as compared with the ESW group. d, p � 0.01 as compared with the ESW group.
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(23). Furthermore, �5�1 integrin had been verified to be
involved in mechanotransduction pathways (47). Another pos-
sible explanation for the discrepancy is that ESWcould activate
Shc first (Fig. 8) and enhance the ERK1/2 phosphorylation (48,
49). Additional studies would be required to confirm these
speculations.
The downstream signaling in the integrin pathway may

involve the activation of �-catenin (47). It has been found that
cyclical pressure-induced strain resulted in rapid phosphoryla-
tion of �-catenin in human articular chondrocytes (47). There
are also studies showing that mechanical loading up-regulates
Wnt/�-catenin genes (50, 51). In our study, we found that
�-catenin phosphorylation level significantly increased at 3 h
after ESW-induced expression of integrin �5 and �1. The acti-
vation of �-catenin was abolished by knocking down integrin
�5 and/or�1 rather thanwithU0126. It was consistent with the
previous study indicating that�-cateninwas activated by integ-
rin (47). As described above, U0126 inhibited the major phos-
phorylation site of FAK but not the whole. We therefore spec-
ulate that Wnt/�-catenin might be another mediator in the
integrin-FAK signaling pathway in response to ESW (Fig. 8).
The available evidence therefore suggests that the Wnt/�-
catenin signaling pathway provides an important contribution
to bone cell adaptive responses to mechanical stimulation
(52–54).
A large amount of data suggests that integrin activation is

one, if not the primary, early event. As a kind ofmechanosensor,
the existing integrin �5�1 at the cell surface becomes activated

FIGURE 7. ESW activated ERK phosphorylation after treatment. ERK1/2 phosphorylation was increased in 2 h (A and C). The higher production of
phosphorylated ERK1/2 persisted for 4 h (A and C). Osteoblasts were serum-deprived for 12 h before treatment with 10 kV for 500 impulses in the
absence or presence of U0126 and siRNAs for the indicated time. Western blotting analysis was performed with antibodies against ERK and its
phosphorylated forms (p-ERK) (B). C and D, summary of the results (mean � S.E. (error bars), n � 4, triplicate in each experiment). a, p � 0.05 as compared
with the control at the same period. b, p � 0.01 as compared with the control at the same period. c, p � 0.05 as compared with the control group. d, p �
0.01 as compared with the ESW group.

FIGURE 8. Hypothetical model elucidating the regulation of phosphory-
lated FAK expression through an integrin �5 and �1-mediated MEK-
ERK1/2-dependent pathway after ESWT. ESW directly stimulates integrin
�5 and �1 mRNA expression inside the cell nucleus, and then the integrin
protein expression is increased. Integrins induce MEK1/2 to phosphorylate
ERK1/2, and then the activated ERK1/2 phosphorylates FAK and enhances its
binding to the corresponding sites located in the adhesion sites, finally result-
ing in the enhancement of adhesion and migration. The Wnt/�-catenin signal
pathway may also be involved in ESW-induced integrin-FAK signaling. The
conformational activation of existing integrin �5/�1 complexes at the osteo-
blast surfaces may also be an additional potential mechanism that requires
our further study.
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via conformational changes, which could be induced by
mechanical stimuli (55–57). The conformational activation of
integrin �5�1 might also play a crucial role in the process of
ESW-induced adhesion and migration of osteoblasts. Batra et
al. (55) have demonstrated that PI3K signaling was responsible
for the shear stress-induced conformational activation of integ-
rin �5�1, leading to the opening of the hemichannels. Never-
theless, the mechanism of how integrins become activated,
which is induced by ESW, requires our further study (Fig. 8).
Many studies have shown that effective physical stimulation

could induce a series of biological changes in osteoblasts, such
as osteogenic effect (58, 59), alteration of gene expression (44,
60), and related signal pathway changes (44, 61). The beneficial
effects for enhanced osteoblast adhesion and migration may
result from reorganization of actin cytoskeleton to a certain
degree (23). The regulation of cell function by actin cytoskele-
ton is complex and may also involve integrin-mediated matrix
binding and signal pathways (62–66). In addition, cells need to
spread fully during migration (45), and the enhanced ability of
osteoblasts to spread would promote cell migration.
In summary, for the first time, to our knowledge, we have

found that extracorporeal shock wave treatment promoted
primary osteoblast adhesion, spreading property, andmigra-
tory capacity. ESW-induced functional activity of osteo-
blasts was via elevating bothmRNA level and protein expres-
sion of integrin �5 and �1 subunits, particularly the �1
subunit involved in FAK signal pathway activation (Fig. 8).
We have also further demonstrated that the ERK1/2 signal
pathway was essential for FAK signal cascades. Our findings
provide additional insight into the mechanism by which
ESW stimulated fracture healing. In addition, by specifically
controlling cell and extracellular matrix organization using
ESWT, this technology holds great potential for advancing
the fabrication of complex engineered tissues in vitro.
Although our understanding of ESW-induced adhesion and
migration of osteoblasts is increasing, the picture is still far
from clear. There is still much to be learned before we fully
understand the mechanisms induced by ESWT.
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