Osteoarthritis and Cartilage 27 (2019) 1692—1701

Osteoarthritis
and Cartilage

—

@

OSTEOARTHRITIS

Protective effects of extracorporeal shockwave on rat chondrocytes N
and temporomandibular joint osteoarthritis; preclinical evaluation e
with in vivo 9°™Tc-HDP SPECT and ex vivo micro-CT

Y.-H. Kim 1 ¢, J.-1. Bang 1 ¢, l—%—]. Son 1, Y. Kim £, J.H. Kim §, H. Bae ||, S.J. Han ||,

H.-J. Yoon 1 “®, B.S. Kim {

+ Department of Nuclear Medicine, Ewha Womans University School of Medicine, Seoul, South Korea

+ Department of Conservative Dentistry, Ewha Womans University School of Medicine, Seoul, South Korea

§ Department of Oral Health Science, Ewha Womans University Graduate School of Clinical Dentistry, Seoul, South Korea
|| Department of Rehabilitation Medicine, Ewha Womans University School of Medicine, Seoul, South Korea

ARTICLE INFO

Article history:
Received 27 March 2019
Accepted 6 July 2019

Keywords:

Temporomandibular joint osteoarthritis
Extracorporeal shock wave
Chondrocytes

Technetium 99m hydroxyethylene-
diphosphonate

Single photon emission computed
tomography

Micro CT

SUMMARY

Objective: Extracorporeal shockwave therapy (ESWT) has been shown to have chondroprotective effects
on arthritic diseases. We investigated the effects of ESWT on temporomandibular joint osteoarthritis
(TMJOA) using rat chondrocytes and TMJOA rat models.
Design: Cell viability and expression of pro-inflammatory cytokines, cartilage degradation, and apoptosis
markers were measured in control, monosodium iodoacetate (MIA)-treated and ESWT plus MIA-treated
chondrocytes in vitro, and intra-articular MIA injection (TMJOA) and ESWT on TMJOA rats in vivo. In vivo
99mTe_hydroxymethylene diphosphonate (HDP) single-photon emission computerized tomography/
computerized tomography (SPECT/CT) and ex-vivo micro-CT and histologic examinations were per-
formed in rat models.
Results: ESWT plus MIA-treated chondrocytes showed increased cell viability significantly (P = 0.007),
while decreased genetic expression of pro-inflammatory cytokines [tumor necrosis factor-o. (TNF-a.),
interleukin-18 (IL-1p), and interleukin-6 (IL-6); P < 0.001 for each] and cartilage degradation markers
[matrix metalloproteinase-3 (MMP3), matrix metalloproteinase-13 (MMP13), and bone morphogenetic
protein 7 (BMP7); P < 0.001 for each], and number of apoptotic cells (P < 0.001) compared to MIA-treated
chondrocytes. Changes in cytochrome ¢ and cleaved caspase-3 levels relative to procaspase-3 were
decreased over MIA-treated chondrocytes. ESWT on TMJOA rat models was associated with a significant
decrease in pro-inflammatory and cartilage degradation markers, as demonstrated by real-time PCR and
immunohistochemistry stains (P < 0.001 for each). On *°™Tc-HDP SPECT/CT, the ESWT group showed a
significantly lower uptake ratio compared to the TMJOA group (P = 0.008). Micro-CT analysis revealed
that the ESWT group showed improved structure and bone quality compared to the TMJOA control
group.
Conclusions: ESWT was associated with a protective effect on cartilage and subchondral bone structures
of TMJOA by reducing inflammation, cartilage degradation, and chondrocyte apoptosis.

© 2019 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction

Temporomandibular joint osteoarthritis (TMJOA) is a common
osteoarthritic problem affecting approximately 15% of the popula-
tion, and a leading subtype of temporomandibular disorders'.
TMJOA can cause severe pain and dysfunction and diminish quality
of life. Unlike osteoarthritis (OA) in the knee or hip, the patho-
genesis of TMJOA remains unclear, with interactions of multifac-
torial etiologies having been proposed®>. Along with mechanical
stress, inflammation and chondrocyte apoptosis have been recog-
nized as important in the pathogenesis of TMJOA* .

Traditional treatments of TMJOA are mainly nonsurgical in-
terventions and multimodal strategies. These treatment ap-
proaches remain largely symptomatic, including habit
modification, oral appliance therapy, physical therapy, pulsed
electrical stimulation, oral drugs for suppressing inflammation or
reducing pain, topical/intraarticular agents, and supplements®>’,
Although there remain controversies about these treatment
choices, we propose that the therapeutic aim for TMJOA be pointed
towards suppressing inflammatory processes to prevent joint de-
formities and preserve joint function.

Extracorporeal shock wave therapy (ESWT) has been widely
used in different musculoskeletal diseases®”. Although the
biochemical mechanisms of ESWT are not fully understood, many
lines of evidence have indicated that ESWT could induce anti-
inflammatory action that promotes the healing and regeneration
of tissue'®!!. A previous study reported that ESWT could prevent
histological destruction in knee joints by reducing inflammation
and chondrocyte apoptosis'?. In addition to knee joints, other joints
and orthopedic problems have been targeted for ESWT application.

Although attempt to apply ESWT to TM] disorders has been
reported '3, the therapeutic effects of ESWT on TMJOA have yet to be
thoroughly investigated. We hypothesized that ESWT could reduce
inflammation, cartilage degradation, and apoptosis in TMJOA. We
performed an in vitro evaluation using rat-derived chondrocytes,
and an in vivo animal study using TMJOA rat models to explore how
ESWT alters the microenvironment in TMJOA. In addition, we
evaluated the capacity of in vivo 2°™Tc-hydroxymethylene
diphosphonate (HDP) bone single-photon emission computerized
tomography/computerized tomography (SPECT/CT) and ex vivo
micro-CT imaging in the analysis of the TMJOA microenvironment.

Materials and methods

All experimental procedures were approved by the Institutional
Animal Care and Use Committee of Ewha Womans University.

Preparation of primary rat chondrocytes

Primary rat chondrocytes were isolated as previously
described'. Briefly, cartilage from femoral heads was harvested
from 4-week-old male Sprague—Dawley rats. Cartilage samples
were digested with trypsin—ethylenediaminetetraacetic acid
(EDTA) and 0.2% Collagenase II (Sigma—Aldrich) for 15 min and 3 h,
respectively. Then, chondrocytes were cultured in Minimum
essential Eagle's medium (MEM; Sigma—Aldrich) at 37°C in 5% CO».
For all experiments, early passage cells (primary to 3) were used.

Monosodium iodoacetate (MIA; Sigma—Aldrich) induces carti-
lage degradation and loss through the inhibition of glyceraldehyde-
3-phosphate dehydrogenase'®. Chondrocytes were exposed to MIA
for 24 h to test MIA-induced inhibition therein (MIA group).
Chondrocytes were treated using Dornier AR2 electromagnetic
head applicator equipped with smart focus technology, and then
concomitantly treated with MIA for 24 h to investigate the pro-
tective effects of ESWT on MIA-treated chondrocytes (ESWT + MIA

group). For ESWT, cells were harvested and suspended in tubes
completely filled with culture medium. Each tube was placed in
vertical alignment with the head applicator and was adjusted so
that the central point of the applicator corresponded to the center
of the bottom of the tube. The tube was kept in contact with the
applicator unit by means of a water-filled cushion while remaining
in the focal area of the shock wave source'”. The distance between
the probe and the chondrocyte layer on the tube bottom was
maintained at 10 mm (Fig. 1).

Cell proliferation assay

We performed a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (Sigma—Aldrich) to set
the optimal concentration of MIA for rat chondrocytes'S. Briefly,
chondrocytes were plated in a 96-well microtiter plate at a density
of 2 x 10 cells per well in a final volume of 200 mL MEM. Cells
were treated with stepped concentrations of MIA (0.5, 1.5, 3.0, 6.0,
12.0, 24.0, and 48.0 uM, or no MIA for control) for 24 h. After
treatment, cells were incubated in an MTT solution (0.5 mg/mL) for
3 h at 37°C. Formazan crystal formations of were dissolved in
dimethyl sulfoxide (DMSO) (Sigma—Aldrich) at room temperature
(RT) in the dark for 1 h, and absorbances were read at 570 nm on a
VersaMax microplate reader (Molecular Devices).

An MTT assay was performed after ESW treatment on rat
chondrocytes to determine the optimal level of ESWT for chon-
drocyte proliferation. Chondrocytes were treated with 500 shots
of ESW (0.025, 0.068, 0.124, 0.166, 0.214, and 0.272 mJ/mm?).
Then, an MTT assay was performed according to the procedure
described above.

In vitro real-time polymerase chain reaction (PCR) analysis

Real-time PCR was performed to assess gene expression levels
related to pro-inflammatory cytokines, cartilage degradation
markers such as matrix metalloproteinases (MMPs), and bone
morphogenetic protein (BMP) in chondrocytes. Chondrocytes
(2 x 10° cells) were exposed to MIA for 24 h in the presence or
absence of ESWT. Total RNA was extracted from cells using a
MiniBEST Universal RNA Extraction Kit (Takara) and converted
into complementary DNA using a PrimeScript™ RT Master Mix
(Takara). The primers for tumor necrosis factor-o. (TNF-a), inter-
leukin-1f (IL-1B), IL-6, MMP3, MMP13, and BMP7 are shown in
Table I. Real-time PCR was performed with a toluidine blue (TB)
Green™ Fast qPCR Mix (Takara) on a QuantStudio 3 Real-Time PCR
System (Applied Biosystems) instrument with the following pa-
rameters: 95°C for 30 s, 40 cycles of 95°C for 10 s, and 60°C for
30 s. Relative expression levels were normalized to glyceraldehyde
3-phosphate dehydrogenase (GAPDH) expression.

In vitro Western blot analysis

Chondrocytes (2 x 10° cells) were exposed to MIA for 24 h in the
presence or absence of ESWT. Using a Mitochondria Isolation Kit for
Cultured Cells, mitochondria were separated from the cytosol. Total
protein was isolated from cells using PRO-PREP™ Protein Extrac-
tion Solution (iNtRON Biotech). The lysates of the samples were
separated by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to polyvinylidene difluoride
(PVDF) membranes (Bio-Rad Laboratories). The membranes were
subsequently blocked with 5% skim milk for 1 h at RT and incubated
overnight at 4°C with primary antibodies targeting cytochrome c
(Cell Signaling Technology; diluted 1:500), procaspase and cleaved
caspase-3 (Cell Signaling Technology; diluted 1:500) and B-actin
(Santa Cruz Biotechnology; diluted 1:1000). Membranes were then
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Fig. 1. Schematic figure of ESW treatment. (A) Effective length of the shock wave from the center of the head applicator was 30 mm, and the diameter of the focal zone was
16 mm at an energy flux density of 0.068 mJ/mm?. (B) During in vitro ESW administration, the bottom of the sample tube was placed inside the focal zone, and the distance between

the applicator and the chondrocyte layer on the bottom was maintained at 10 mm.

Table I

Primer sequences used for real-time, reverse-transcriptase PCR
Genes Forward Reverse Size (bp)
GAPDH GGCACAGTCAAGGCTGAGAATG ATGGTGGTGAAGACGCCAGTA 143
TNF-a AACTCGAGTGACAAGCCCGTAG GTACCACCAGTTGGTTGTCTTTGA 133
IL-1B CTTCGTTAAATGACCTGCAGCTTG AGGTCGGTCTCACTACCTGTGATG 199
IL-6 CCACTTCACAAGTCGGAGGCTTA GTGCATCATCGCTGTTCATACAATC 108
MMP3 ACCTATTCCTGGTTGCTG GGTCTGTGGAGGACTTGTA 105
MMP13 CTGACCTGGGATTTCCAAAA ACACGTGGTTCCCTGAGAAG 96
BMP-7 ATCCCCAATGTCTCACCACCTA AAGTATGCTGCTTATCAACCACG 156

TNF-o.: tumor necrosis factor-a; IL-1B: interleukin-1f; IL-6: interleukin-6; MMP3: matrix metalloproteinase-3; MMP13: matrix metalloproteinase-13; BMP-7: bone

morphogenetic protein 7.

probed with HRP-conjugated anti-rabbit or anti-mouse IgG (Cell
Signaling Technology). Signal intensities were measured with an
LAS-3000 imaging system (Fujifilm). The relative intensities of cy-
tochrome c, procaspase-3, cleaved caspase-3, and B-actin are pre-
sented in the Results section.

Analysis of apoptosis by flow cytometry

Changes in chondrocyte apoptosis were quantified with flow
cytometry by loading FITC—annexin V (A5)/propidium iodide (PI,
BD Biosciences) double-fluorescence labeling. Following treatment
with MIA in the presence or absence of ESWT, cells (1 x 10° cells/
100 uL) were collected by centrifugation and incubated in buffer
containing FITC—AS5 and PI. Apoptotic cells were measured by flow
cytometry (ACEA Biosciences). The flow cytometric data were
analyzed using NovoExpress software (ACEA Biosciences).

Induction of the TMJOA rat model and ESWT application

Specific pathogen-free (SPF) male Sprague—Dawley rats
(200—230 g, 7 weeks old, Orient Bio) were acclimated for 1 week,
and then randomly assigned to three groups; a control group
(n = 6), a TMJOA group (n = 9), and an ESWT group (n = 12). The
TMJOA model was induced by injection of 1 mg MIA dissolved in
50 pL saline into the upper compartment of the right TM]J with a 27-
gauge, 0.5-inch needle as described previously'”. ESW treatment
was started 3 days after the MIA injection, and then regularly
administered under anesthesia with isoflurane every 3 days for
2 weeks for a total of four administrations. Briefly, the ESW appli-
cator was gently placed on the right TMJ by means of a gel and
treated with 500 shocks (energy level 0.068 mj/mm?;
frequency = 5 pulses/s).

Ex vivo real-time PCR analysis

Rats were sacrificed via CO, inhalation 4 weeks after MIA in-
jection. Condylar heads from the mandibles were isolated, and soft
tissues were carefully removed. Total RNA was extracted from the
condylar heads. Primers for TNF-a, IL-18, IL-6, MMP3, MMP13, and
caspase-3 were used. All experiments used the same in vitro real-
time PCR method.

Histopathology and immunostaining

Condylar heads were amputated and fixed in 4% para-
formaldehyde for 7 days at 4°C. Bone tissue was decalcified for
about 3 weeks at 4°C in a solution with 14% EDTA (pH 7.2, Sigma-
—Aldrich). After decalcification, condylar heads were washed and
prepared for paraffin embedding. Sagittal sections (5 pm) from the
center of the head were used for staining with hematoxylin and
eosin (H&E) for routine histological evaluation. Safranin O/fast
green (SO) and TB stains were used to evaluate proteoglycans in the
cartilage matrix'®. Cartilage thickness was measured five times in
SO-stained images, and percentage of cartilage area was measured
three times in TB-stained images using Image] software (NIH,
Bethesda, USA) as described previously'®.

Immunohistochemical (IHC) staining was performed for
caspase-3 (Cell Signaling Technology), TNF-o. (Abcam), and MMP-3
(Santa Cruz Biotechnology) to assess apoptosis, inflammation, and
remodeling in bones and joints. We demonstrated immunoreac-
tivity using a VECTASTAIN ABC Kit (Vector Laboratories). We
identified immuno-activity using five frames from the same spec-
imen with a digital microscope camera (Olympus Corporation).
Images were analyzed with Image-Pro Plus image analysis software
(Media Cybernetics). For quantitative measurements, percentages
refer to the sum of the positively stained cells divided by the total
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sum of cells counted on all five frames; the average was chosen as
the result. Two independent evaluators who were blinded to the
nature of the study performed the measurements on all specimens.

In vivo %™Tc-HDP SPECT/CT imaging analysis

Rats (control, n = 3; TMJOA, n = 6; ESWT, n = 6) were anes-
thetized with 2% isoflurane and intravenously injected with *°™Tc-
HDP (80.9 + 7.0 MBq) 4 weeks after MIA injection. At 3 h post-
injection, rats were placed supine (ventrodorsally) on the bed of a
dedicated small animal SPECT/CT scanner (NanoSPECT/CT, Bioscan).
A high-resolution static scan of the head region was acquired in
helical scanning mode of 180 projections over a 20 min period
using a four-head scanner with 4 x 9 (1.4 mm) pinhole collimators
with a 140 keV + 15% energy window. Then, CT images were ob-
tained with the X-ray source set at 45 kVp and 177 pA. The SPECT
images were reconstructed to produce an image size of
176 x 176 x 136 voxels with a voxel size of 0.2 x 0.2 x 0.2 mm. CT
images had 48 pm resolution acquisition with a voxel-pixel size of
0.20:0.192 mm?°. We measured uptake ratios of TM] using the
lateral skulls as the background according to the following equa-
tion: TM] uptake ratio = (TM] counts)/(BG counts). For the mea-
surement of counts, isocontour regions of interest (ROIs) with a 50%
threshold were placed over the TM] and lateral skulls, respectively,
using P-mode software (PMOD Technologies).

Ex vivo micro-CT imaging analysis

Rats were sacrificed via CO, inhalation (control, n = 3; TMJOA,
n = 3; ESWT n = 6) 4 weeks after MIA injection, and mandibles
were dissected and fixed in 4% paraformaldehyde. A micro CT
system (Skyscan 1173, Bruker) was used to perform 2D and 3D
morphometry. The parameters used were in accordance with the
guide for evaluation of bone microarchitecture in rodents using
micro-computed tomography?!. Specimens were scanned at a
9.94 um resolution with an exposure time of 500 msec, an electric
voltage of 110 kV, and a current of 72 pA adjusted to allow for
maximum differentiation between mineralized and non-
mineralized tissues, and a 0.1 mm-thick aluminum filter.

After ROI standardization, images were converted to grayscale
using a scale ranging from 0 to 255, with a minimum value of 70
and a maximum value of 100 in all groups. These values were
determined based on visualization of the cancellous bone structure
located in the ROL Bone volume density, which describes the ratio
of segmented bone volume to total volume (BV/TV), three-
dimensional trabecular number (Tb.N), trabecular separation
(Tb.S), and closed porosity (%, Po(cl)), open porosity (%, Po(op)), and
total porosity (%, Po(tot)) were extracted and analyzed??.

Statistics

Statistical analyses were performed using MedCalc software
(version 12). All data were presented as median with interquartile
range (IQR). The differences among different groups were tested
with the Kruskal—Wallis test, and an adjusted P value via post hoc
Bonferroni test for multiple comparisons was shown. All tests were
two-sided, and a P-value less than 0.05 was considered statistically
significant.

Results
In vitro effects of ESWT on MIA-treated chondrocytes

The optimal concentration of MIA was set to 3.0 uM in accor-
dance with the results of the MTT assay that showed a sharp drop in

cell viabilities at 3.0 uM of MIA that was sustained up to 48.0 uM of
MIA [Supplementary Fig. 1(A)]. The level of energy of ESW treat-
ments showed no demonstrable adverse effects on cell viabilities of
rat chondrocytes, and 0.068 mJ/mm? was selected for subsequent
experiments [Supplementary Fig. 1(B)].

Rat chondrocytes showed a significant decrease in cell viability
after MIA treatment, and this reduced viability was significantly
recovered upon ESW treatment [P < 0.001 and P = 0.007, respec-
tively; Fig. 2(A)].

Significant increases in gene expression levels of TNF-a, IL-18,
IL-6, MMP3, MMP13, and BMP7 were shown after 24 h of MIA
treatment in rat chondrocytes. With ESW treatment, all up-
regulated gene transcripts were significantly decreased [P < 0.001
for each; Fig. 2(B)].

Results of the Western blot are shown in Fig. 2(C). Chondrocytes
in control cultures constitutively expressed cytochrome c,
procaspase-3, and cleaved caspase-3 apoptosis markers. After 24 h
of MIA treatment, the ratio of cytosolic cytochrome c and cleaved
caspase-3 to procaspase-3 increased 2.6-fold and 8.8-fold, respec-
tively, over control. With ESW treatment, the ratio of protein levels
of cytochrome c and cleaved caspase-3 to procaspase-3 decreased
0.6-fold and 0.8-fold, respectively, compared the 24 h MIA-treated
chondrocytes without ESWT [Fig. 2(D)].

The 24 h MIA treatment resulted in a significant increase in the
number of early and late stage apoptotic cells compared to control
(P =0.001 and P = 0.002, respectively). ESW treatment was asso-
ciated with a significant attenuation of MIA-induced apoptosis in
chondrocytes [P < 0.001 and P < 0.001; Fig. 2(E) and (F)].

In vivo effects of ESWT on TMJOA rat model

The experimental schedule is illustrated briefly in Fig. 3. Chon-
drocytes were isolated from condylar cartilage for all groups. Sig-
nificant increases in gene expression levels of TNF-a, IL-1p, IL-6,
MMP3, MMP13, and caspase-3 were shown in the TMJOA group. All
up-regulated gene transcripts were significantly reduced in the
ESWT group [P < 0.001 for each; Fig. 4(A)].

Condyle cartilage structure was observed by H&E, SO, and TB
stains in the control and experimental groups. A significant
decrease in cartilage thickness and percentage of area of pro-
teoglycans in the condylar cartilage was found for the TMJOA group
(P = 0.005 and P < 0.001, respectively), and recovered to levels
similar to the control group after ESW treatment [P < 0.001;
Fig. 4(B) and (C)].

The TMJOA group experienced significantly higher expression
levels of caspase-3, TNF-o, and MMP3 than the control group
(P < 0.001 for each). Chondrocytes positive for caspase-3, TNF-a,
and MMP3 decreased significantly in the ESWT group compared to
the TMJOA group [P < 0.001 for each; Fig. 4(D) and (E)].

99mTe_HDP SPECT/CT and micro-CT analysis

In vivo joint uptake of ™Tc-HDP in TM] was evaluated using
SPECT/CT for small animals and compared among groups (Fig. 5).
The TMJOA group showed significantly higher TM] uptake ratios
than the control group (P = 0.002). The ESWT group showed
significantly lower TM] uptake ratios compared to the TMJOA group
(P =0.008).

Changes in the microarchitecture of TM] subchondral bone
were evaluated by micro-CT and compared among groups. The
TMJOA group showed a trend toward lower bone volume densities
(BV/TV; P = 0.079) and significantly lower Tb.N values (P = 0.006)
compared to the control group, but significantly higher values for
both than the ESWT group (P = 0.038). Th.S values were signifi-
cantly higher in the TMJOA group than in the control group
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Fig. 2. In vitro effects of ESWT on MIA-treated chondrocytes. Results from MTT, PCR, Western blot, and flow cytometry assays on the effects of ESWT (0.068 mJ/mm?, 5 pulses/s)
on MIA (3.0 uM, 24 h)-treated chondrocytes. All experiments were performed in triplicate for each condition and repeated at least twice. (A) MTT assay for cell viability of
chondrocytes after MIA and ESW treatment; chondrocytes (control), chondrocytes with MIA (MIA), and ESW-treated chondrocytes with MIA (ESWT + MIA). (B) Real time-PCR gene
expression analysis of pro-inflammatory cytokines (TNF-a, IL-1B, IL-6), and cartilage degradation markers (MMP3, MMP13, and BMP7) on rat chondrocytes. (C—D) Western blot
analysis on rat chondrocytes after MIA and ESW treatment. Protein levels of cytochrome c, procaspase-3, and cleaved caspase-3 were analyzed as apoptosis markers. (E, F) Apoptosis
analysis of rat chondrocytes after MIA and ESW treatments. Apoptosis was measured by an A5 and PI dual staining assay, followed by fluorescence-activated cell sorting (FACS)
analysis. Q4-4: A5 immunoreactive cells; Q4-1: Pl immunoreactive cells; Q4-2: A5 and Pl immunoreactive cells. The percentages of A5-and Pl-positive cells are shown as early and

late apoptosis markers, respectively. Values are presented as median with IQR.

(P = 0.009) and significantly lower in the ESWT group than in the
TMJOA group (P = 0.016). The TMJOA group showed significantly
higher Po(tot) and Po(op) (P < 0.05 for each) than in the control or
ESWT groups, while Po(cl) was significantly lower than in the
ESWT group [P = 0.032; Fig. 6].

Discussion

In this study, ESWT significantly reduced the expression of pro-
inflammatory cytokines, cartilage degradation, and chondrocyte
apoptosis induced by MIA on rat chondrocyte and rat TM] cartilage.
The results of this study indicated that the application of ESWT
might yield protective effects on the cartilage of MIA-induced
TMJOA of in rats.

Pathogenesis of TMJOA has been focused on inflammation-
induced deterioration of cartilage. Pro-inflammatory cytokines
such as IL-1f, IL-6, and TNF-a. are increased in the synovial fluid of
patients with TMJOA*?. Apoptosis of chondrocytes causes carti-
lage degradation and may contribute to the destruction of sub-
chondral bones>. Although the pathogenesis of TMJOA has yet to be
fully delineated, anti-inflammation should be a goal for TMJOA
therapy. Previously, targeting of inflammatory process using
cyclooxygenase (COX)-2 inhibitors was associated with the down-
regulation of IL-1f and MMPs, with protective effects on the
extracellular matrix metabolism of mandibular chondrocytes
affected by mechanical stress®*. Attempts to repair TM] using tissue
regeneration via chondrogenic stem cells was also tried®°. Also, low
intensity pulsed ultrasound (LIPUS) has recently shown possible
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Fig. 3. Experimental schedule for TMJOA rat models and the ESWT application. MIA injection: right TM] monosodium iodoacetate injection; ESWT: 500 shocks (energy
level = 0.068 mJ/mm?; frequency = 5 pulses/s) to right TM] every 3 days for 2 weeks, for a total of four treatments.

therapeutic option on TM] arthritis which were demonstrated on
rheumatoid arthritis animal models®®. From this recent study,
pressure waves from LIPUS showed down-regulation of pro-
inflammatory cytokine similar to our finding from ESWT.

ESWT has been widely used for different musculoskeletal dis-
orders. Although the exact mechanism of action of ESWT is not
known, the clinical success of ESWT is supported by many indirect
lines of evidence?’. ESWT can reduce inflammation and apoptosis
while stimulating the regeneration of various tissues’®?°. For
joints, in particular, ESWT has shown a chondroprotective ef-
fect®123031 Consistent with previous findings, the current study
revealed the effects of ESWT on chondrocytes as seen through the
down-regulation of pro-inflammatory cytokine expression (TNF-a,
IL-1B, IL-6), apoptosis, and tissue degradation. These effects were
confirmed by histological cartilage examinations of rat TMJ.

According to a previous study by Wang et al., thinning of the disc
and cartilage does not become apparent until between 4 and 12
weeks, although infiltrated mononuclear cells and loss of chon-
drocytes in the cartilage of the TM] disc can be found 3 days after
MIA administration'”. Based on results from our previous study,
ESWT might prevent cartilage from thinning by reducing the action
of pro-inflammatory cytokines, cartilage degradation, and chon-
drocyte apoptosis. Considering that ESWT performed prior to MIA
treatment on rat chondrocytes was associated with a protective
effect therein, ESWT might be a preventive of TMJOA. However, the
single time point histological evaluation precludes drawing such a
conclusion and is a limitation of our study.

In the current study, the effects of ESWT on TM] subchondral
bone was additionally investigated using *™Tc-HDP SPECT/CT and
micro-CT imaging. Bone scintigraphy, or SPECT, is used for diag-
nosis of TMJOA and treatment response prediction>?—>%. ®™Tc-HDP
SPECT/CT can assess subchondral bone remodeling as a conse-
quence of TMJOA. Although we did not evaluate the biomarkers and

histology of the subchondral bone itself, the fact that *™Tc-HDP
uptake ratios were was significantly lower in the ESWT group
compared to the TMJOA control group suggests that ESWT does
affect the subchondral bones in TMJOA. Also, considering that LIPUS
could accelerate the osteoblastic activity?®, ESWT might have an
direct effect on subchondral bone itself. This point could be the
interesting point in future study of ESWT.

Micro-CT has an extremely high spatial resolution, especially for
small objects, and is used to evaluate the microarchitecture of
bones in preclinical studies®. Classically, OA is characterized by
increased subchondral bone sclerosis with thickening of the
cortical plate, extensive remodeling of the trabeculae, and the for-
mation of osteophytes, along with progressive loss of articular
cartilage®®. Some studies have shown an increase in bone mineral
density and an inverse relationship with osteoporosis in OA*’.
However, other studies have reported that atrophic changes may
depend on the location of the involved joints. When individual
bones were analyzed, the appendicular skeleton in OA joints
showed atrophic changes, especially in the joints of upper ex-
tremities>®. A recent study focused on OA in the condylar bone of
the TMJ and reported a decrease in BV/TV in addition to bone loss>°.
In this study, we also found atrophic subchondral bone changes in
TM]J, indicating that the relationship between osteoporosis and OA
is complex and the pathophysiologic processes of OA are dynamic
and differ depending on the joints involved*.

The interplay between cartilage and subchondral bone is
important for OA research. Though we focused on the direct effects
of ESWT on TM] cartilage, changes to subchondral bone induced by
ESWT also contributed to beneficial effects on cartilage as the
subchondral bone is located just beneath the articular cartilage.
However, ESWT-related changes in subchondral bone biomarkers
such as type 1 collagen, osteocalcin, or alkaline phosphatase, were
not investigated in this study. Based on our **™Tc-HDP SPECT/CT
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Fig. 4. In vivo effects of ESWT on the TMJOA rat model. Results of PCR, histology, and immunohistochemistry assays on the effects of ESWT (0.068 mJ/mm?, 5 pulses/s, every 3
days, 4 times in total) on MIA (3.0 uM)-injected TM] in a rat model (control, n = 6; TMJOA, n = 9; ESWT, n = 12). (A) Real time-PCR expression analysis of TNF-¢, IL-1p, IL-6, MMP3,
MMP13, and caspase-3 on TMJOA tissues. (B, C) Histopathologic analysis with H&E, safranin O-fast green (SO), and TB. On H&E, TMJOA shows hypocellular changes and thinning of
cartilage compared to the control; this was recovered by ESWT. Condylar cartilage was stained red by SO and purple blue by TB. Cartilage thickness and percentage of cartilage area
were measured and quantified. (D, E) Immunohistochemical analysis. Representative light microscopic images of caspase-3, TNF-a, and MMP-3 positive chondrocytes in the control

and experimental groups. Values are presented median with IQR. Scale bar = 50 pm.

and micro-CT results, future in vitro and in vivo studies on the
protective effects of ESWT on osteoblasts and TM] subchondral
bone are recommended.

Although the exact mechanism of ESWT remains unclear, the
alleviation of subchondral bone remodeling might be due to both
the mitigation of inflammatory processes in the joints and direct
ESW-associated effects on bone architecture*"*?. Further study on
ESWT effects on subchondral bone are necessary, as thus far, only
one clinical study has been published on the effects of ESWT on

TMDs in humans'>. Further clinical studies with in vivo functional
and structural assessments via **™Tc-HDP SPECT/CT are needed to
demonstrate the efficacy of ESWT on TMJOA.

Certain limitations to the current study must be acknowledged.
This study was based on a small number of rats, and greater
numbers will be necessary before moving on to clinical applications
in humans. The use of larger animals could help determine the
optimal conditions for ESWT, such as energy levels or shock
numbers in preparation for human TMJOA treatment. In addition,
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Fig. 6. Results of Micro-CT analysis. Bone volume density (BV/TV), trabecular number (Tb.N), trabecular separation (Tb.S), total porosity (Po(tot)), closed porosity (Po(cl)), and open
porosity (Po(op)) were evaluated by micro-CT analysis and compared among the three groups. Values are presented as median with interquartile range.

although ESWT did not damage chondrocyte viability in the current
study, considering the anatomy of the TM], a complex structure in a
narrow area and close to other organs, effects of ESWT on adjacent
structures must be evaluated, as well.

In conclusion, ESWT was associated with a protective effect
on cartilage and subchondral bone structures of TMJOA in MIA-

induced chondrocytes and the MIA TMJOA model in rats.
99MTc_HDP bone SPECT/CT and micro-CT reflected microenvi-
ronmental changes in TMJOA and protective effects related to
ESWT. In particular, the uptake of °™Tc-HDP measured on
SPECT/CT may have potential as an imaging biomarker for the
effect of ESWT on TM].
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