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Abstract
Background Substantial evidence exists to show the posi-
tive effects of radialextracorporeal shock wave therapy
(ESWT) on bone formation. However, it is unknown
whether rESWT can act locally at the growth plate level to
stimulate linear bone growth. One way to achieve this is to
stimulate chondrogenesis in the growth plate without
depending on circulating systemic growth factors. We
wished to see whether rESWT would stimulate metatarsal
rat growth plates in the absence of vascularity and associated
systemic growth factors.
Questions/purposes To study the direct effects of rESWT
on growth plate chondrogenesis, we asked: (1) Does rESWT
stimulate longitudinal bone growth of ex vivo cultured
bones? (2) Does rESWT cause any morphological changes

in the growth plate? (3) Does rESWT locally activate pro-
teins specific to growth plate chondrogenesis?
Methods Metatarsal bones from rat fetuses were untreated
(controls: n = 15) or exposed to a single application of
rESWT at a low dose (500 impulses, 5 Hz, 90 mJ; n = 15),
mid-dose (500 impulses, 5 Hz, 120 mJ; n = 14) or high dose
(500 impulses, 10 Hz, 180 mJ; n = 34) and cultured for
14 days. Bone lengths were measured on Days 0, 4, 7, and
14. After 14 days of culturing, growth platemorphologywas
assessed with a histomorphometric analysis in which hy-
pertrophic cell size (> 7 mm) and hypertrophic zone height
were measured (n = 6 bones each). Immunostaining for
specific regulatory proteins involved in chondrogenesis and
corresponding staining were quantitated digitally by a single
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observer using the automated threshold method in ImageJ
software (n = 6 bones per group). A p value < 0.05
indicated a significant difference.
Results The bone length in the high-dose rESWT group
was increased compared with that in untreated controls
(4.46 mm 6 0.75 mm; 95% confidence interval, 3.28-3.71
and control: 3.50 mm 6 0.38 mm; 95% CI, 4.19-4.72; p =
0.01). Mechanistic studies of the growth plate’s cartilage
revealed that high-dose rESWT increased the number of
proliferative chondrocytes compared with untreated control
bones (13636 393 immunopositive cells per bone and 500
6 413 immunopositive cells per bone, respectively; p =
0.04) and increased the diameter of hypertrophic chon-
drocytes (18 6 3 mm and 13 6 3 mm, respectively; p <
0.001). This was accompanied by activation of insulin-like
growth factor-1 (10156 322 immunopositive cells per bone
and 2706 121 immunopositive cells per bone, respectively;
p = 0.043) and nuclear factor-kappa beta signaling (10296
262 immunopositive cells per bone and 350 6 60 immu-
nopositive cells per bone, respectively; p = 0.01) and in-
creased levels of the anti-apoptotic proteins B-cell
lymphoma 2 (7186 86 immunopositive cells per bone and
35 6 11 immunopositive cells per bone, respectively; p <
0.001) and B-cell lymphoma-extra-large (107 6 7 immu-
nopositive cells per bone and 346 6 immunopositive cells
per bone, respectively; p < 0.001).
Conclusion In a model of cultured fetal rat metatarsals,
rESWT increased longitudinal bone growth by locally in-
ducing chondrogenesis. To verify whether rESWT can also
stimulate bone growth in the presence of systemic circu-
latory factors, further studies are needed.
Clinical Relevance This preclinical proof-of-concept
study shows that high-dose rESWT can stimulate longi-
tudinal bone growth and growth plate chondrogenesis in
cultured fetal rat metatarsal bones. A confirmatory in vivo
study in skeletally immature animals must be performed
before any clinical studies.

Introduction

Longitudinal bone growth occurs in the epiphyseal growth
plate, where the chondrocytes proliferate, hypertrophy, and
die, leaving a cartilaginous matrix that is vascularized and
replaced by osteoids deposited by osteoblasts. This process,
also known as endochondral ossification,may be regulated by
local and hormonal factors [32]. Indian hedgehog and para-
thyroid hormone-related proteins are well-known to in-
trinsically regulate chondrocyte proliferation and hypertrophy
by forming a negative feedback loop in the growth plate [19].
Other recognized modulators of bone growth are growth
hormone and insulin-like growth factor-1, both known to
stimulate chondrocyte proliferation. The latter also stimulates
cell proliferation and differentiation [30]. Growth plate

chondrogenesis is also regulated by apoptotic activity, which
directs the fate of terminal hypertrophic chondrocytes [7].

The human growth plate is easily affected by trauma,
infection, or inflammation, resulting in stimulation, de-
celeration, or cessation of growth that further leads to
deformities and limb-length inequalities [1]. Clinical man-
agement often includes surgical interventions such as epi-
physeodesis [4] and limb lengthening [15], which are
known to have potential side effects including incomplete
growth arrest or soft-tissue complications [29]. A non-
invasive technique is therefore desirable to effectively and
selectivelymodulate bone growthwithminimal side effects.

Extracorporeal shock wave therapy (ESWT), a non-
invasive modality, can generate focused shock waves or
defocused shock waves based on their coupling sources.
Focused extracorporeal shock waves are generated by elec-
trohydraulic, electromagnetic, and piezoelectric devices,
while defocused shock waves generated by pneumatic gen-
erators produce radial extracorporeal shock waves. The
physical properties of radial shock waves differ from those of
focused shock waves in terms of linear pressure, and radial
shock waves have relatively low energy and velocity of
propagation, as well as a short rise time. In contrast to
shock waves generated by focal devices, the energy pro-
duced by radial shock waves is the highest at the skin
interface, deviating and fading as it penetrates deeper
[18]. Focused ESWT has a well-defined penetration depth
and is used to treat delayed union or nonunion of bone
fractures in humans [33], while very few studies have
attempted to study the effect of rESWT on the induction of
new bone formation [13], which is primarily mediated
through upregulation of angiogenic factors, cell pro-
liferation markers, and bone morphogenic proteins [6,
37]. Whether rESWT has the capacity to modulate lon-
gitudinal bone growth if applied locally without systemic
factors has not yet been evaluated. We hypothesized that
locally applied rESWT may trigger cellular changes in
the cartilage of the growth plate, thereby modulating
linear bone growth, depending on the energy and fre-
quency used. To elucidate this, we applied different doses
of rESWT to ex vivo cultured fetal rat metatarsal bones,
which allowed us to study the direct effect of rESWT on
chondrocyte proliferation and hypertrophy. We asked the
following questions: (1) Does rESWT stimulate longi-
tudinal bone growth of ex vivo cultured bones? (2) Does
rESWT cause any morphological changes in the growth
plate? (3) Does rESWT locally activate proteins specific
to growth plate chondrogenesis?

Materials and Methods

The study was approved by the institutional review board
(IRB Min. no. 8513) and institutional animal ethics
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committee (IAEC no. 25/2013) of Christian Medical Col-
lege, Vellore, India. The methods were performed in ac-
cordance with experimental animal care guidelines.

Metatarsal Bone Harvest, Culture, and Shock
Wave Treatment

The metatarsal bone culture model allows for an in-
vestigation of local growth plate chondrogenesis by sepa-
rating circulatory and systemic growth factors. The length
of the bones can be monitored in real time, allowing for an
exploration of chondrocyte proliferation and hypertrophy
with a histomorphometric analysis [22].

All reagents were purchased from Sigma Aldrich (St.
Louis, MO, USA), unless otherwise specified.

Experimental Overview

Pregnant Sprague-Dawley rats were euthanized, and lapa-
rotomywas performed to surgically remove fetuses from the
uterus on Day 20 of gestation. The hind paws of the fetuses
were collected in gentamycin-supplemented Dulbecco’s
modified medium nutrient mixture/F12 on ice. The meta-
tarsals were dissected per a published protocol [8]. The
bones were divided into four experimental groups and cul-
tured in 24-well plates. On the day after harvesting, bones in
the treatment groups were exposed to rESWT once; un-
treated bones served as controls (n = 13). Briefly, multiple
boneswere put in sterile 1.5-ml Eppendorf tubes filledwith a
complete medium containing Dulbecco’s modified medium
nutrient mixture/F12 supplemented with 50 mg/mL of
ascorbic acid, 1 mM of b-glycerophosphate, 0.2% bovine
serum albumin, and 20 mg/mL of gentamycin (Nitin Life-
sciences Ltd., Himachal Pradesh, India). Radial shock
waves (Radial Spec., Medi Spec., Gaithersburg, MD, USA)
were applied to the bones (Fig. 1A). Each bone in Groups 1,
2, and 3 received 500 impulses at 5 Hz/90 mJ (n = 15), 5
Hz/120 mJ (n = 15), and 10 Hz/180 mJ (n = 34), re-
spectively. The doses in the three groups represent doses that
are used clinically for other orthopaedic indications, while a
dose higher than the clinical dose was chosen to see whether
it positively or negatively affected growth. After treatment,
bones were cultured individually in a 24-well plate for up to
14 days (Fig. 1B).

Bone Length Measurement

Digital images of cultured bones were captured on Days
0, 4, 7, and 14 using an inverted microscope (Leica
Microsystems Inc., Wetzlar, Germany) connected to a
digital camera (HD M170) and a computer. One of the

investigators (SR), who was blinded to the nature of the
group, measured the bone length using an inbuilt mea-
surement tool in the Leica software. The intra-assay
coefficient of variation was 16.7%. The total bone length
at different time points was expressed in millimeters.
Bones that were bowed during later stages of growth
were measured in two parts and the measurements were
added together.

Quantitative Histology

Five-mm sections cut along the longitudinal axis (prox-
imal to distal) of the metatarsal bones were stained with
Alcian blue (Cyagen Biosciences, Santa Clara, CA,
USA). One of the investigators (SR), who was blinded to
the nature of the group, performed all histologic meas-
urements using an inverted microscope (Leica Micro-
systems Inc., Wetzlar, Germany). Hypertrophic cells
were defined by a height along the longitudinal axis
greater than 7 mm. Twenty-five hypertrophic chon-
drocytes from the epiphyseal and metaphyseal sides were
measured. The intra-assay coefficient of variation was
20.1%. The height of the hypertrophic zone was calcu-
lated as the average of five measurements per bone. The
intra-assay coefficient of variation was 23.2%. For cell
morphometric analysis and immunohistochemistry, six
bones per group were analyzed. Only untreated (control)
and high-dose-treated bones (Group 3) were selected for
further immunostaining, based on growth data at the end
of the study period.

Terminal Deoxynucleotidyl Transferase-mediated
Deoxyuridine triphosphate- Nick and Labelling

Apoptotic cells were detected using terminal deoxy-
nucleotidyl transferase-mediated deoxy-uridine tri-
phosphate nick end-labelling in situ, using a terminal
deoxynucleotidyl transferase FragELDNA fragmentation
kit (Merck Millipore, Burlington, MA, USA). The ex-
periment was performed according to the manufacturer’s
protocol. Briefly, sections were incubated in 5 mg/ml of
proteinase K for 10 minutes; DNA incorporation of
biotin-labelling nucleotides was detected with a
streptavidin-horseradish peroxidase conjugate. As a
negative control for cell labelling, distilled water was used
instead of terminal deoxynucleotidyl transferase. The
number of terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick end-labelling-
positive cells was calculated using ImageJ software
(National Institutes of Mental Health, Bethesda, MD,
USA) using a digital automated threshold. For each
treatment group, five bones were analyzed.
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Fig. 1 (A) This shows an overview of the experiment, in which rat metatarsals were har-
vested from embryos on Day 20 of gestation and subjected to different doses of rESWT.
Bones were individually cultured and monitored for bone length. (B) This shows the cul-
turing protocol of rat metatarsal bones treated with or without rESWT (single administra-
tion on Day 1) and monitored for bone length up to Day 14. (C) This figure shows the total
bone length (mm) on different days of culturing in bones exposed to low-dose, mid-dose,
or high-dose rESWT. An overall effect on bone length was observed on Day 14 in high-dose
rESWT-treated rat bones (green line) compared with control bones (black line). Five-mi-
crometer-thick sections cut along the longitudinal axis (proximal to distal) of themetatarsal
bones were used for a histomorphometric analysis. (D) This figure shows Type X collagen
immunostaining (n = 6), and (E) shows themean diameter of hypertrophic chondrocytes (n
= 6; control: 13 mm6 3.06 mm, high-dose: 18 mm6 3.46 mm; p < 0.001 versus control). (F)
This figure shows the mean height of the hypertrophic zone in increased high-dose rESWT-
treated bones compared with control bones (n = 6; control: 159 mm 6 8 mm; high-dose:
505 mm 6 59 mm; p < 0.001 versus control).
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Immunohistochemistry

Rat metatarsals were fixed in 4% paraformaldehyde and
embedded in paraffin, and 5 mm-thick sections were
prepared. Immunostaining was performed as described
previously. The primary antibodies (1:50 dilution) were
as follows: proliferating cell nuclear antigen rabbit
polyclonal (Abcam, Cambridge, MA, USA), collagen-X
rabbit polyclonal (Abcam, Cambridge, MA, USA),
parathyroid hormone-related protein rabbit polyclonal
(Merck Millipore, Burlington, MA, USA), B-cell
lymphoma-2 rabbit polyclonal (Santa Cruz Bio-
technology, Dallas, TX, USA), B-cell lymphoma-extra-
large rabbit polyclonal (Santa Cruz Biotechnology,
Dallas, TX, USA), Indian hedgehog mouse monoclonal
(Santa Cruz Biotechnology, Dallas, TX, USA), Glioma-
associated oncogene-1 rabbit polyclonal (Abcam, Cam-
bridge, MA, USA), nuclear factor (NF)-ĸB rabbit poly-
clonal (Santa Cruz Biotechnology, Dallas, TX, USA),
insulin-like growth factor-1 mouse monoclonal (Santa
Cruz Biotechnology, Dallas, TX, USA), and FLK1
mouse monoclonal (Santa Cruz Biotechnology, Dallas,
TX, USA). A secondary polyclonal anti-mouse or anti-
rabbit biotinylated antibody (DakoCytomation, Glostrup,
Denmark) was used at a dilution of 1:500. Six bones per
group were analyzed. To quantify immunostaining,
ImageJ software (National Institutes of Mental Health,
Bethesda, MD, USA) was used, and the number of
immunopositive cells per bone was calculated digitally
by adjusting the automatic threshold. The output
remained the same, regardless of the observer.

Statistical Methods

Statistical analyses were performed using GraphPad
Prism 8.01 (GraphPad Software, Inc., La Jolla, CA,
USA). Quantitative data are expressed as the mean 6
standard deviation with 95% confidence intervals. The
results were checked for normality with the Shapiro-Wilk
test. Normality was observed; thus, the results were
compared among all groups using repeated-measures one-
way analysis of variance, followed by Holm-Sidak’s
multiple comparison test. A two-tailed t-test was used to
compare two groups. Probability values < 0.05 indicated a
significant difference. All experiments were repeated
three times.

Results

First, we askedwhether rESWTstimulates longitudinal bone
growth of ex vivo cultured bones. When measured during a
14-day-period of culturing after rESWT administration,

bones treated with high-dose rESWTwere longer than those
of untreated controls (4.46 mm 6 0.75 mm; 95% CI,
3.28-3.71 and control: 3.50 mm 6 0.38 mm; 95% CI,
4.19-4.72; p = 0.01). The length of bones exposed to low-
dose and mid-dose rESWT did not differ from that of un-
treated controls (3.43mm6 0.44mm, 2.09mm6 0.22mm,
and 1.90 mm 6 0.12 mm, respectively) (Fig. 1C).

Second, we asked whether rESWT causes any morpho-
logical changes in the growth plate. To study this, immu-
nostaining for type X collagen was performed, which
showed no change in any of the rESWT-treated groups
compared with untreated controls (Fig. 1D). The mis-
tomorphometric analysis revealed the size of hypertrophic
chondrocytes was larger in the mid-dose and high-dose
rESWT-treated groups than in untreated controls (20 mm6
4mm, 18mm6 3mm, and 13mm6 3mm, respectively; p <
0.001 versus control for both the mid-dose and high-dose
groups) while it was unaffected in the low-dose group
(13 mm 6 3 mm) (Fig. 1E). The mean total height of the
hypertrophic zone was dose-dependently increased by
rESWT in the low-dose, mid-dose, and high-dose groups
compared with untreated controls (269 mm 6 65 mm,
429 mm 6 100 mm, 505 mm 6 117 mm, and 159 mm 6
13 mm, respectively; p < 0.001 for mid-dose and high-dose
rESWT versus control) (Fig. 1F).

Third, we asked whether rESWT locally activates pro-
teins specific to growth plate chondrogenesis. To explore
this, we studied biomarkers of chondrocyte proliferation,
apoptosis, and differentiation. As determined by pro-
liferating cell nuclear antigen staining, more proliferative
cells were found in the growth plate of bones exposed to
high-dose rESWT than in that of controls (13636 393 cells
and 500 6 412 cells; p = 0.04) (Fig. 2A, B). For low-dose
and mid-dose rESWT, no effect on cell proliferation was
observed. As determined by the terminal deoxynucleotidyl
transferase-mediated deoxy-uridine triphosphate nick end-
labelling assay, the level of apoptosis was unaffected by
rESWT (see Fig. 1A, Supplemental Digital Content 1, http://
links.lww.com/CORR/A267). Furthermore, rESWT did not
affect caspase-3 and murine double-minute 2 staining, fur-
ther supporting that rESWT did not induce chondrocyte
apoptosis (see Fig. 1B and C, Supplemental Digital Content
1, http://links.lww.com/CORR/A267). In contrast, staining
for the anti-apoptotic proteins B-cell lymphoma 2 (7186 86
immunopositive cells per bone and 356 11 immunopositive
cells per bone, respectively; p < 0.001) (Fig. 2C, D) and
B-cell lymphoma-extra-large (107 6 7 cells and 34 6 6
cells, respectively; p < 0.001) (Fig. 2E, F) showed more
immunopositive cells in bones exposed to high-dose rESWT
than in controls, whichmay explainwhy theywere protected
from apoptosis when exposed to high-dose rESWT.

Finally, the effect of rESWT on the expression levels of
important growth plate regulatory proteins was studied. NF-
ĸB, a key regulator of chondrogenesis, was upregulated in
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high-dose rESWT-treated bones compared with controls
(1029 6 262 immunopositive cells per bone and 350 6 60
immunopositive cells per bone, respectively; p = 0.01)
(Fig. 3A, B). Insulin-like growth factor-1, a known stimu-
lator of chondrocyte hypertrophy, was also upregulated in
high-dose rESWT-treated bones compared with controls
(10156 322 immunopositive cells per bone and 2706 121
immunopositive cells per bone, respectively; p = 0.043)
(Fig. 3C, D).

Next, the important regulatory parathyroid hormone-
related protein/Indian hedgehog signaling cascade was
studied. Although Indian hedgehog signaling in high-
dose rESWT-treated bones did not differ from that of

controls (Fig. 4A, B), Glioma-associated oncogene-1, a
downstream transcription factor of Indian hedgehog
signaling, was upregulated in high-dose rESWT-treated
bones compared with controls (2812 6 2139 immuno-
positive cells per bone and 442 6 235 immunopositive
cells per bone, respectively; p = 0.02) (Fig. 4C, D).
Parathyroid hormone-related protein, mainly detected in
the resting and proliferating zone, was also increased in
the high-dose rESWT-treated bones (1632 6 493
immunopositive cells per bone and 21 6 35 immuno-
positive cells per bone, respectively; p = 0.0048) (Fig.
4E, F), which further supports an effect of rESWT on this
important regulatory cascade.

Fig. 2 (A, B) Proliferating cell nuclear antigen immunostaining showed increased expression in bones treated with high-dose rESWT
compared with controls (high dose: 1363 6 393.1 cells and control: 500 6 412.6 cells; p = 0.04) counterstained with Alcian blue
(magnification x 20). Immunostaining was quantified using ImageJ software (n = 6). (C, D) There was an increased expression of B-cell
lymphoma-2 in the proliferative zone in the high-dose rESWT bones comparedwith controls (high dose: 7186 86 immunopositive cells
per bone and control: 356 11 immunopositive cells per bone; p < 0.001), (E, F) as well as increased B-cell lymphoma-extra-large in the
resting andproliferative zone (high dose: 10767 immunopositive cells per bone and control: 3467 immunopositive cells per bone; p <
0.001) of high-dose rESWT bones compared with control; immunostaining was quantified using ImageJ software (n = 6).
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Discussion

Focal modulation of growth is highly desirable and can
lead to innovative management of deformities and leg-
length discrepancies in growing individuals [14]. ESWT is
used clinically to treat non-union fractures [41]. Previous
in vivo and in vitro studies have demonstrated that ESWT
can increase osteogenesis by stimulating the mechano-
transduction pathway [9]. However, the potential for
ESWT to modulate bone growth and growth plate chon-
drogenesis remains unclear. To address this gap in
knowledge, we used an ex vivo model of cultured fetal
metatarsal bones that allowed us to closely monitor bone
growth over time and perform a cellular and molecular
analysis of key regulatory proteins involved in growth plate
chondrogenesis. Our primary finding was that a single
application of high-dose rESWT stimulated the growth of

cultured fetal rat metatarsal bones. The assessment of the
growth plate’s structure and growth factor expression by
immunostaining helped us to understand the effect of
rESWT on chondrocytes. Because we observed bone
growth in rESWT-treated bones, we wanted to see how
rESWT affects different zones of the growth plate when
there are no growth factors in the culture. The effect was
associated with increased chondrocyte proliferation and
hypertrophy, accompanied by local activation of important
regulatory proteins including insulin-like growth factor-1
and NF-ĸB. Furthermore, rESWT-treated bones were
protected from undergoing apoptosis, which could be
linked to upregulation of anti-apoptotic proteins. Alto-
gether, our data suggest that rESWT may stimulate bone
growth and chondrogenesis by acting locally at the growth
plate level, modulating the expression of key regulatory
proteins.

Fig. 3 (A, B) These images show the expression of NF-ĸB throughout the growth plate in culturedmetatarsals exposed to high-dose
rESWT compared with controls (control: 3506 60 immunopositive cells per bone; high dose: 10296 262 immunopositive cells per
bone; p = 0.01), counterstained with Alcian blue (magnification x 20) and quantified using ImageJ software (n = 6). (C, D) These
images show increased insulin-like growth factor 1 immunostaining in high-dose rESWT-treated rat bones (proliferating zone)
compared with controls (control: 2706 121 immunopositive cells per bone; high dose: 10156 322 immunopositive cells per bone;
p = 0.043) counterstained with Alcian blue (magnification x 20). Images were quantified using ImageJ software (n = 6).
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This study has several limitations. First, our results were
obtained in an ex vivo organ culture of metatarsal bones and
should be considered as a proof-of-concept and not be ex-
trapolated clinically, mainly because the model lacks vas-
cularity. However, in contrast to in vitro primary
chondrocyte culturing, this is an excellent model to study
bone growth. The pattern of growth observed in response to
shock wave treatment may differ when human postnatal
bones are used [3]. Further studies are needed to verify
whether the observed growth stimulatory effect of rESWT
can be reproduced in a disease model with disturbed growth
plate function.

Next, the actual energy and frequency of rESWT de-
livered to the growth plate in this ex vivo model may be
difficult to reproduce in humans, considering that shock

waves reaching the cartilage are not easily quantifiable [16].
A high-energy dose of rESWT must undergo rigorous pre-
clinical testing. Althoughwe initially hadmultiple bones per
group, some of the bones did not remain intact because of
excess mechanical vibration after rESWT, limiting the
power of the study. Our measurements, although docu-
mented by a single observer, had good repeatability. An-
other limitation of our study is that the culture medium used
in the study contained no growth factors or serum [24],
which may have influenced the effects of rESWT. Never-
theless, rESWT stimulated local longitudinal bone growth,
showing that this effect can be achieved independent of
systemic factors.

Our data provide the first evidence that rESWT can lo-
cally stimulate chondrocyte proliferation, hypertrophy, and

Fig. 4 Immunostaining (magnification x 20) showed (A, B) no change in the expression of Indian hedgehog signaling in calcified
cartilage and increased expression of (C, D) Gli-1 (high dose: 28126 2139 immunopositive cells per bone and control: 4426 235
immunopositive cells per bone, p = 0.016; n = 6) and (E, F) parathyroid hormone-related protein in the resting and proliferation zone
of high-dose rESWT bones compared with controls (high dose: 1632 6 493 immunopositive cells per bone and control: 21 6 36
immunopositive cells per bone; p = 0.029; n = 6). Images were quantified using ImageJ software.
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bone growth in ex vivo cultured fetal rat metatarsal bones.
One of the first reports showed bone shortening in a rat
model after ESWT [42], while another study showed that the
treatment did not affect the femur’s length in immature
rabbits [36]. Ozturk et al. [28] have previously demonstrated
an increase in the thickness of rabbit physeal cartilage with
no change in the final bone length after ESWT, while other
studies in rats [27] and rabbits [12, 21, 25] have shown no
effect on growth plates. One study in rabbits reported
stimulated femoral growth after piezoelectric ESWT by a
minimumof 1% [31].We do not knowwhether the observed
effect depends on local or systemic growth factors. We
attempted to address the effect of local rESWT (which dif-
fers in terms of energy level, frequency, and depth of pen-
etration), using an ex vivo bone organ culturing system
devoid of growth factors or serum, and found that bone
growth was stimulated. Our study is different from pre-
viously published studies in twoways. First, we investigated
the direct effects of shock waves on bone growth in the
absence of systemic growth factors. Second,we used a radial
shock wave machine that has never been used to investigate
any local effects on longitudinal bone growth.

Our ex vivo data showed that rESWT induced morpho-
logical changes by increasing chondrocyte proliferation and
cellular hypertrophy that together likely contributed to the
observed increase in bone length and chondrogenesis.
rESWT has shown to increase osteogenic differentiation and
proliferation of human mesenchymal stem cells in vitro and
in vivo by activating purinergic signaling and p38 mitogen-
activated protein kinases via upregulation of adenosine tri-
phosphate [35, 38]. This is also in agreement with a previous
report in which high-energy ESWT induced chondrogenesis
in a rat model [23]. Furthermore, our data are supported by
reports showing that cellular hypertrophy is a major con-
tributor to bone elongation by controlling the shape and size
of chondrocytes in the growth plate [5, 17]. It remains to be
elucidated whether the observed increase in cellular hyper-
trophy may interfere with longitudinal bone growth when
rESWT is applied in a clinical setting. We also found that
rESWTdid not induce cell death, likely explained by the fact
that the anti-apoptotic proteins were upregulated. In our
study, we found increased chondrocyte proliferation; it is
well-known that growth occurs when cell proliferation
supersedes cell death [7].

Our mechanistic studies revealed that rESWT increased
the expression of parathyroid hormone-related protein and
B-cell lymphoma-2 in resting- and proliferative-zone
chondrocytes. Parathyroid hormone-related protein is an
important regulator to maintain the proliferative zone.
Mutations in this receptor have been associated with
Blomstrand chondrodysplasia [11], while the absence of
B-cell lymphoma 2 is associated with short limbs and
skeletal dysplasia in mutated mice [2]. This is in line with
previous in vitro and in vivo studies inwhich upregulation of

parathyroid hormone-related protein led to an increase in the
expression of B-cell lymphoma-2, suggesting that the latter
is a downstream target of the parathyroid hormone-related
protein signaling pathway [2, 8]. We also found strong
upregulation of NF-ĸB when cultured bones were exposed
to high-dose rESWT. This information is particularly in-
teresting because mutations impeding the activation of NF-
ĸB have been associated with growth failure and growth
hormone insensitivity in children [10]. Furthermore, in vitro
studies using cultured rat metatarsal bones reported impaired
chondrocyte proliferation and hypertrophy after silencing of
NF-ĸB [40]. Although there are many therapeutic strategies
to inhibit NF-ĸB [20], rESWT could be a novel activator of
NF-ĸB, leading to the development of a new treatment
regimen to stimulate the growth of specific physes in clinical
conditions caused by suppressed activation of NF-ĸB. Ac-
tivation ofNF-ĸBhas been reported to be associatedwith the
increased expression of insulin-like growth factor-1, sug-
gesting that NF-ĸB is a downstream target of insulin-like
growth factor-1 in the progression of growth plate chon-
drogenesis [39].We confirmed that activation of NF-ĸBwas
associated with an increased expression of insulin-like
growth factor-1 in ex vivo high-dose rESWT-treated bones,
further supporting earlier reports of a synergistic effect be-
tween NF-ĸB and insulin-like growth factor-1 in stimulating
longitudinal bone growth [39, 40]. Furthermore, we found
increased expression of parathyroid hormone-related protein

Fig. 5 This figure shows the proposed mechanism of action of
high-dose rESWT in stimulating growth plate chondrogenesis
and local bone growth in cultured fetal rat metatarsal bones.
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and Glioma-associated oncogene-1 in bones exposed to
rESWT. During the development of growth plate cartilage,
pre-hypertrophic and hypertrophic chondrocytes express
Indian hedgehog signaling, while Glioma-associated onco-
gene-1, a downstream target of Indian hedgehog signaling,
is mainly expressed by proliferating chondrocytes, peri-
chondral cells, and primary spongiosa [26]. Activation of
Indian hedgehog signaling has been reported to increase
cellular proliferation, differentiation, and bone growth [34].

In summary, we demonstrated that rESWT can stimulate
chondrocyte proliferation, hypertrophy, and longitudinal
bone growth in the growth plate when applied locally to
cultured rat bones, even in the absence of mechanical forces
and circulating growth factors normally present in vivo
(Fig. 5). Our study paves the way for similar experiments to
verify the effects of high-energy rESWT in an in vivo animal
model.
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