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wckground: 1ittle has been reported about the bivlogic éffect of
¢k waves on human normal or pathologic tendon fissue, We
ypot]]esxzed that inflammatery cytokine and MMVP production
uld be dewn-regulated by shock wave stimulation. Mare-
and Methods: Diseased Achilles fendon tissne and healthy
‘flexor hallntis longus tissue were used. Shock wave treat-
ent was applied to eultured cells af 6.17 mJ/mmienergy 250,
10, 1600, and 2000 times, Recuits; A dose-dependent decrease
dn cell viability was noted in cells receiving 1000 and 2000
weks (86,0 £5.6%, p =0.01 and 72.4+8.9%, p = 0.001)
compared with the normal control. Cell count in the 500-
-ghock group increased by 23.4% as compared with the control
:(p = 0.05). The concentration of MMP 1, 2, and 13 was higher
‘in diseased tenocytes a8 compared with normal cells @ =
°0.04, all comparisons). L6 levels were higher in the diseased
temcyl:es a5 compared with normal tenocytes (44.10 4 16.72
versus 0,21+ 0,55 ng/ml, {7 < 0.05), IL-1 levels in normal
; calls increased (2.24 = 5.02 ng/ml to 931k 6.85 ngfml} affex
5 shack wave treatment (p = 0.04). Fn diseased tenocytes, levels of
‘MMP-1 (1.12 = 0.23 t0 0,75 = 0.24 ng/atl; p = 0.04)and MMP-
113 (143 £0.11 to 080+ 0.15 ng/ml; p = 0,04) were sipnifi-
utly decreased after shock wave treatment. The TL-§ level
in diseased tenocybes was decreased (44.10 4 16.72 to 14.66 %+
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9.4% ng/ml) after shock wave treatment {p = 0.04). Conclu-
gion: Higher levels of MMPs and s were found in humoan
tendinopathy-affected tenocytes as compared with normal cells.
ESWT decreased the expression of several MMPs and ILs. Clin-
ical Relevance: This mechanism may play an fmportant yole in
shock wave treatment of tendinopathy clirically.
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INTRODUCTION

Bxtrecorpores] musculoskeletsl shock wave treatment
(ESWT) is now used worldwide as 2 nonsurgical test-
ment method for plantar faseiitly, temnis elbow, Achilles
tendinopathy, and other emthesopathies.5~1013 With good
clinical success rates, indications of this treatment have
¢xpanded to other tendinopathies.% There are several theo-
nes for explaining the mechanism of shock wave effect
in various cells and tissues *!2 The mechanism of action
possibly ircludes direct stimulation of the healing process,
production of microcavitations, neovasenlatization, destruce
tion of calclum, and neural effects. On the molecolar level,
these mechanisms may involve alterations in the permeability
of cell membranes, which may prevent development of action
potentials that transmit painful simuli, There may be divect
suppressive effects on nociceptors, and hyperstimulation of
the sensory nerves may block pain perception through the
pain gate control mechanism,

Recent research suggests that teadinopathy is mediated by
various biochemical pathways in which matrix metailopro-
teases (MMPs) and vatious cytokines play a key role. Sudies
suggest that MMPs and cytokines such a5 interlenkins (ILs)
are excreted from diseased tengoytes and then break down
collagen fibers, causing tendon fiber damage.!'8 Resolution
of tendinopathy with shock wave treatent might be reflected
in decreased numbers of these substances. However, litile has
been reported ahout the biologic effect of shock waves on
human normal or pathologic tendon fissue,
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We hypothesized that inflammatory cytokine and MMP
production would be down-regulated by shock wave stimn-
lation. Our objective was to evaluate inflammatory MME and
cytokine production in human diseased Achilles tendon cells
and healthy flexor hallueis longus (FHL) tandon cells before
and sfier shock wave stimulation of healthy and diseased
human tenocytes in culture.

MATERIALS AND METHODS

Cell sources

OQur laboratory progedurss were based on a protocol
developed in our laboratory to isolate and grow healthy and
diseased tendon cells, exmact mRNA, and analyze the effaots
of growth factors and modalities in gene expression and
protein production. Informed consent was obtained from all
patients, and the protocol was approved by our institutioral
raview board.

Diseased Achilles iendon tissue from tendon transier
reconstructive surgery for Achilles tendinopathy was nsed
for culture of diseascd tenocytes. A rexanant of the FHL
from the same procedure was used as a source of normal
tenecytes. Diseased and healthy tendon cells were obtained
from each patient as a control.

Primary culture and tenocyie phenotyping

Tendon tissue was fransferred from the operating room
and kept in cold Dulbecco's modified Eagle's Medium/F12
(DMEM/F12, GIBCO BRL, Grand Island, NY) that did not
contain any fetal bovine sexumm (FBS). Tissue was washed
three times with 10 ml phosphate buffered saling (PBS,
GIBCO BRL, Grand Island, NY) In a cujure dish. Tissue
was then chopped inte 1-mm cobes and washed twice with
PBS solution. Tissue was put into 5 pol of 1X frypsin solution
{Sigmma, St Lounis, MO) and incubated at 37 degrees for
5 minutes. Trypsin solution was washed away with 10 ml
of PBS soludon, and 10 ml of non-FBS DMEM/F12 was
added to the culture dish. Tissue was deposited in six-well
flasks, incubated for 15 minutes at 37 degrees, and pht into
700 ul of DMEM/F12 conttiming 10% FBS. After 5 to0 7
days of tissue culture 37 degrees and 5% CO,, tenocytes
had migrated and were positioned near the edge of the tssue
(Figure 1), The tissne was kept in the flask for 10 fo 14 days
depending on the rate of cell growth Medium was changed
svery 3 days. The tissus was removed after the tenocytes
had populated the entire ¢sll culture dish. The cells were fed
with 5 ml of 10% FBS DMEM/F12.

Total RNA was prepared from caltored tenocytes using an
RNEasy kit (Qiagen, Hilden, Germany), First strand cDNA
was syothesized from 1 pg iotal RNA by reverse tran-
scription polymerase chain reaction (PCR) at 50 degrees
for 30 minutes, and specific DNA fragments were ampli-
fied with 2 one-step RNA PCR kit (Qiagen, Hilden,
Germany) using the followiag oligonucleotide primers:
GAPDH: 5- GGT GAA GGT CGG AGT Caa CG-
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Fig, 1: Microscopic findings of eulrared tenocytes (ay 7, x200). Primary
tepocytes (Te, bleck arrow) are migrated from the tandon tissue (T1) and are
well proliferated io the culiure Bask. The merphology of the enlure ¢ells is
gpindle-like fibroblast.

3 and F¥-CAA AGT TGT CAT GGA TGA CC -3;
scleraxis: F-GTOAACACGGCCTTCACGG- 3 and 5'-
CTGCGAATCGCTGTCTTTC-3; and collagen type I- 5'-
TCCGACCTCTCTCCTCTGAA- 3 and ¥-GAGTGGGGT-
TATGGAGGGAT-3. PCR amplification was performed at
25 cycles for GAPDH and collagen type I and at 30 cycles
for scleraxis for denaturation at 94 degrees for 30 scconds,
annealing at 55 degrees for 30 seconds, and exrension at
72 degrees for 1 minnte. PCR products were analyzed by
agarose gel electrophoresis followed by cthidiom bromide
(Sigma, St. Louis, MO} staining.

Shock wave treatment of cultured tenocytes

Tenocytes denived from the Achilles and FHL tendens
were treated by shock wave using 8 medification of a
previously described method" with a Sonocw® system
(Siemens Medical Solutions, Iselin, NI). The shock wave
produced by the Sonocur® system is pencil shaped with a
rounded end, producing an energy focus of 1/4-inch thickness

and a length of 2-1/3 inches. Energy is transferred when the

sample is placed in the z-axis of the energy wave.
Trypsinized cells in culture .wers placed into a 2.5-ml
microtube, The center Of 2 foam- blnck was identified and
& hole was made that wnuld allow the microtube to lie
horizontally in the btock.. determine the location of the
shock wave, super low:spes .ﬁlmﬁl) 350 PSI (Foot piece,
Sensor Production, Inci - Madis
foam block was place
& positioning grid, an

k. The block was pot on

nter of the block. After 20
indicating the location of
the shock wave was obr on ﬂ-“: photo film. The box was
movad on the grid wig
and the shock wave

appearsd at the cent
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was marked on the grid. Then the microtube with cells and
., medivm was placed in the form block, and shock wave was
adwministered (Figure 2).

Cell toxicity assay
" Shock wave treatment of 0.17 mJ/mm? energy was applicd
250, 500, 1000, and 2000 times on the microtube containing
1 % 10% cellg/ml. After shock wave meatment, cell viability
in each microfubs was measnred using 0.4% Trypan blue
exclusion assay method.® Cells with an imtact membrane
exclude the dye, whereas cells without an intact membrane
teke up the coloring agents. A 100-p] c&ll suspension from
each test tube was dilited with 100 1 0.4% Trypan blue
solution, A 10-pl dilution was loaded into the covnting
chamber of a hemoeytometer, and the numbers of unstained
q - cells were counted under the microscope, In the following
study, equal amounts of viable cells were used in each test,

Cell proliferation assay for tenocyte proliferation
‘ Tenocytes with each shotk wave treatment were seeded
1 in a 96.well culture flask at 2 » 10% cells/well density with
200 wl medium. Viabilities wers determined by methylthi-
azoletetrazolium (MTT, Sigma, St Louis, MO} asesy, The
original culture medium was removed with a micropipette,
and 150 pl of fresh mediom was added per well, Then
— 160 ! of fresh MTT solation (0.5mg/ml) was added per
well, and the culturs plates were incubated at 37 degrees for
4 hours. The upper medinm was then carefully removed, and
the intracellular fonmazan was solubilized by adding 200 ]
of dimethyl sulphoxide (Sigma, St. Louis, MO) into each
well. The absorbance of produced formaran was measured at
570 nm three times using a microplate reader (SPECTR Amax
150, Molecular Devices, Sunnyvale, CA).

Enzyme-Linked Immunoscrbent Assay (ELISA) for MMP
and IL

After shock wave wreatment, tenocytes were culmured in
C a G-well culture flask for 72 hours. Then medinm was
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‘: Fig. 2: The shock wave application on test tabe and targeting procedure. A1, Using a dot focusing methed, the first targeting spot is recopnized and moved
" {0 the central area on the tsble. A2, Then the test tube containing waceytes {5 placed on the center of the fest box. Right opper amaw is a landmark of the
testing bex. B, Shock wave is applied on the right center area of the test tube.

put in 1% volume protesse inhibitor sohmion (Sigma, St.
Louis, MO), and stored in & deep frcezer at —R0 degrees
until the experiment, MMP-1, 2, 9, and 13 and IL-1, 6,
and 13 in conditioned medium were analyzed nsing ELISA
(Amersharn Bioscience, Buckinghamshire, UK) as described
by the manufacturar.

Statistical analysis

All data were expressed as mean = standard deviation.
Comparison between the shock wave groups and the control
group wers performed using a Wilcoxon signed rank test
and a paired two-tailed t-test with statistical significance set
at p & 0.05.

RESULTS
Frimary cell cultere
All tells proved positive by PCR gel for GADPH, scler-

axis, and collagen 1, markers specific to human fibroblasts,
confirming the cells originated from tendon tissve (Figere 3).

Collagen type |

Fibroblast Tenocyte

Fig, 3: Results of RT-PCR of cultured tenocytes. Scleraxis and eoliagen
type L the phenotype marker genes of tenocytes, are well expressed by
RT-PCR as compared with skin fbroblasts. These results confirm that the
cells culmred by our methods dre renocyies, not other kinds of Gbroblasts,
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iz, 4: Cell roxitity and cell proliferation graphs for each shosk wave treatmant, A, Cell toxdsity is significently increased above 1000 shocks of 0.17 mml/mm®.
B, Call profifecation inercased until 500 shocks of 0.17 mml/mm? ard sigrificantty decreased above the 1000 shocks of 0.17 mmJ/mm®. (*, p = 0.05)-

Cell toxicity assay

Cell death was not prominent in cells weated with 250
and 500 shocks (93.1% + 1.0%, p = 0.64, and 96.0 £ 3.5%,
p = 0.20) compared with the normzl control. A significant
dose-dependent decrease in cell viability was noted in cells
receiving 1000 and 2000 shocks (86.0 £3.6%, p =0.01
and 72.4 & 8,9%, p = 0.001) as compared with the normal
control. The cell viability of the 2000 shock group decreased
by 23% compared to the 500 shock group (p = 0.0016}
(Figure 4A}.

Cell proliferation assay

Compared to the contol group, cell count in the 250-
shock cells increased by 16.5%, which was not significant
(p = 0.35). Cell count in the 500-shock group increased by
23.4% as compared with the contrel (p = 0.05). The 1000-
shock and 2000-shock group showed a decrease in ccll count
by 7.3% and 5.1% each (p = 0.05, p = 0.04, respectively)
compared with the normal control (Figure 4B).

MMP and IL excretion concentration from normal and
diseased tenocytes

The concenteation of MMP 1, 2, and 13 were increased in
the diseased tenocytes as compared with pormal cells (p =
0.04, p = 0.04, p = 0.04, respectively) (Figure 5A). IL-6
levels were significantly increased in the diseased tenocytes

as compéared with normal tenocytes (44.10 4 16.72 versus
0.21 & (.35 ng/ml, respectively; (p < 0.05) (Figure 5B).

MMP and IL change after shock wave treatment

Ii-1 levels in normal cells were increased (2.24 +5.02
ng/ml to 9.31 +6.85 ng/ml) after shock wave treatment
{p = 0.04), MMPs and IL-6 and 13, however, showed no
change (p = 1.0 and p = 0.07, zespectively) (Figare 6).

In diseased tenocytes, levels of MMP-1 (1.120.23
ng/eal 10 0,75 == 0.24 ng/ml; p = 0.04) and MMP-13 (143 &
0.11 ng/ml to 0.8010.15; p =0.04) were significandy
Jecreased after shock wave weatment. The IL-6 level @
diseased tenocytes was decreased (44.10 & 16.72 ng/ml to
14.66 & 9.49 ng/ml) after shock wave trzatment (p = 0.04)

(Figurs 7).
DISCUSSION

Shock wave stimulation has been shown to be an effective
treatment for tendinopathy clinically,%!* but the mechanism
of the effect has not been establiched, In this study of
matched healthy and diseased human tendon cells, we found
that shock wave treatment is safe for tendon tissue. In healthy
tissue, there was change only in TL-1 expression after shock
wave treatment, This finding may be an early indication of
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inflammation, but we did not find general increases in MMPs
or ILs in nonral cells after shock wave treatment. Treatment
with 500 shocks proved to be within the safe range in the
energy intensity of 0.17mI/mm? (Figure 4A).1%% Farther, we
found that pathologic expression of MMPs 1 and 13 and 11.-6
was decreased in diseased cells with shock wave treatment.
Most smdies on biological effects of ESWT have focused
on growth factors and cell growth, without investigating
the etiplogic proteins of tendinopathy, Wang et al. found
Ras activarion and subsequent osteogenesis in bone marrow
strornal cells after shock wave therapy, Similar sindies using
mesenchymal cells from the wmbilical cord and found oxygen
radical-mediated osteogenesis.?! ESWT is also known to
increase the production of TGF-S1. Chen et al reporied
tendon healing after shock wave treatment in rat tendinopathy
tissue and found an increase in TGF-S81 and IGF-I expres-
sion. They have proposed that these kinds of growth
factors may play a role in tendinopathy healing.* Chao
et al. reported collagen increase and accelerated cell growth
after shock wave treatment in nonmal tenocytes, especially
noting the increast in TGH-81 and proliferating cell nuclear
antigen.?
In the current study, & signifieant deerease in certain Ils
and MMPs were noted after shock wave treanment, possibly

shedding light on another biclogical effect of ESWT, MMPs
and T8 are markers of tendinopathy and may have a
role in the pathomechanics of tendinopathy 21518 Thesc
preliminary findings suggest & mechanism of action of shock
wave reatment and may parpally indicate the reason shock
wave teatment works clinically. The findings call into
guestion other theories of shock wave mechanism of action
based on adverse effect on cells.

MMPs play a crucial role in degrading collagen
matriz,>!116 3 major constituent of tendon. While impor-
tant in regulating the regeneration of tendon, its level is
increased in tendinopathy, MMP production is thought to
be mediated by cytokines such as interlenkins, ' 11® Such
cell signal transduction, as well as the effects of mechanieal
stimulation such as ESWT, warrant further investigation.

The study is imited in that we used cells and not whole
tendon tissue. The optime] setting for testing would be to
nse live tissue, treat with shock wave sthpulation, culturs
cells, and snalyze the sample while administering stretch
and stimuiation, changing the environment and stresses, and
adjusting the shock wave dose, That study would be valuable
in the future, The cells were not in & mas¥ as in whole tissue
and may not behave exactly the same as cells in whole tissue.
Althongh we tested human tendon cells in culture rather than
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whole tissue, our model has the advantage of using hurman
matched tendon samples with direct applicability to clinical

mjury.
CONCLUSION

The carrent study showed higher levels of MMPs and ILs
in human tendinopathy-affected tenocytes. ESWT decreased
the expression of several MMPs anéd ILs. This mechanism
may play a role in shock wave treatment of tendinopathy
clinically.
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