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Summary

Encouraging results using extracorporeal shock
wave therapy (ESWT) for treating chronic tendino-
pathies were recently obtained, although the spe-
cific mechanisms by which it induces therapeutic
effects remain largely unknown. In order to pro-
vide possible explications of such clinical effica-
cy, several reports have investigated the effects
of ESWT on animal models and different kind of
cultured cells. Our contribute in establishing the
potential outcome of ESWT on human primary
cultured tenocytes, derived from healthy com-
pared to ruptured tendons, have supported the
growing evidence that shock waves may supply
faster post-injury recovery. The purpose of this
review was to summarize and evaluate the avail-
able basic scientific evidences for using ESWT in
tendon pathologies, suggesting possible shock
waves-induced mechanisms of tissue repair.
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Introduction

In the last decade, focused ESWT has been used in
the treatment of tendinopathies and orthopaedic
pathologies. Despite its success in clinical application
for treating soft tissues and orthopaedic disorders,
the biological mechanisms of ESWT are not com-
pletely elucidated, although there is an increasing
confidence on a probable acceleration of the healing
process by angiogenesis enhancement!-3.

Several authors proposed that its effectiveness could
be ascribed to the transduction of the acoustic shock
wave signal into biological signals which results in
cell proliferation and/or differentiation by a mechano-
transduction process®. At the beginning, to provide an
interpretation of the clinical benefits of ESWT on
chronic tendinopathies, earlier reports evaluated
shock waves effects using models of animal-derived
primary cultures®7 and/or cell lines8, because the low
cellularity of tendon limited the efficiency of perform-
ing primary cultures of human tenocytes®. Unfortu-
nately, the results obtained on animal models do not
fully apply to human conditions'®. However, some
cultures of human tenocytes have been more recently
established also by our study group and used for bet-
ter understanding the cellular and molecular mecha-
nisms involved in tendon degeneration and repair'!: 12,
Here we suggest some clues for better reading the
ESWT-mediated efficacy in the treatment of human
chronic tendinopathies.

Experimental studies on animal models

The first reports on the ESWT effects on tendon tis-
sue were achieved on animal models to determine if
shock waves treatment parameters were safe or
dangerous for target tissues. Rompe et al. (1998)
carried out a sonographic and histological study’3,
with the aim of determining the outcomes of applying
different ESWT energy intensities on rabbit Achilles
tendon. Dose-dependent increases in anteroposteri-
or diameter of the tendon and formation of paratendi-
nous fluid with histopathological changes (presence
of degenerative signs and inflammatory cells, in-
creased numbers of capillaries, oedema and fibrosis
in the paratenon) have been described. The authors
concluded that energy flux densities of over 0.28
mJ/mm?2 should be avoided in the treatment of ten-
don disorders. Several morphological alterations
within tendon and paratenon and further detrimental
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tissue effects depending on the shock wave intensity
were observed on rabbit as well as rat models re-
spectively'4.15,

On the contrary, the first work describing shock
waves benefits on tendon tissue was conducted in
2001 by Orhan et al.’®, who adopted a rat model to
investigate histopathological and biochemical ef-
fects of ESWT on experimentally induced full cut of
Achilles tendons followed by suture. They found bet-
ter healing with decrease in fibrillar disorganization
in the ESWT group as compared to the control
group at 3 weeks, and increased hydroxyproline
(HYP) formation in the ESWT group on days 3 and
9, which may be considered an indirect sign of colla-
gen synthesis.

Moreover, in a histological and immunohistochemical
study on rabbit model, Wang et al." demonstrated
that ESWT induces neovascularisation, as confirmed
by early release of angiogenesis-related markers, in-
cluding Vascular Endothelial Growth Factor (VEGF),
endothelial nitric oxide synthase (eNOS) and prolifer-
ating cell nuclear antigen (PCNA) at the Achilles ten-
don-bone junction. Therefore, these authors sug-
gested that neovascularization can improve blood
supply and induce tissue regeneration at the tendon-
bone junction. In 2006, also Kersh et al. confirmed a
significant increased neovascularisation in ESWT ex-
posed tendons, compared with untreated tendons, in
horses with collagenase induced superficial digital
flexor tendonitis, either early or 4 weeks after the
treatment!”.

After wards, Chen et al. published in 2004 an inter-
esting study on a rat model®, investigating the effect
of 0.16 mJ/mm?2 shock waves (at different impulses)
on the healing of a collagenase-induced Achilles
tendinopathy. The authors evaluated biological (at
molecular level and for glycosaminoglycan and HYP
content) and biomechanical (load to failure and stiff-
ness) properties of the healing tendons and per-
formed histological assessments. They reported that
200 impulses of shock waves determine a renewal of
healthy parameters, including the resolution of oede-
ma, swelling and inflammatory cell infiltration in the
healing tendons. During the healing period, progres-
sive tissue regeneration and cell proliferation -associ-
ated with early TGF-B1 followed by persistent IGF-I
expression- were observed. In fact, these growth fac-
tors have been found to up-regulate extracellular ma-
trix biosynthesis of tenocytes; in particular TGF-B1 is
considered a potent inhibitor of macrophages-in-
duced extracellular matrix degradation and inflamma-
tion during the healing of a wound. On the contrary,
they reported that more than 200 impulses induced
inhibitory effects of tendon repair.

Similar results — at histological, biomechanical and
biochemical level — were obtained on a rabbit model
of a collagenase-induced patellar tendinopathy?, us-
ing ESWT at 1500 shots at 0.29 mJ/mm?2. Already at
4 weeks after ESWT, they reported a significant in-
crease of the ultimate tensile load, associated with
higher HYP and pyridinoline concentrations, which
represents a reliable index of newly formed and ma-
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ture collagen, respectively. Interestingly, at the 4th
week, immature fibroblast-like tenocytes embedded
in a pale eosinophilic matrix were observed in treat-
ed tendons, whereas denser and plump fibroblast-
like cells in disarrayed collagen were detectable in
control samples. The authors suggested that ESWT
might enhance the healing of collagenase-induced
patellar tendinopathy by increasing biomechanical
tissutal properties and inducing higher collagen con-
centration.

In a pony model study®, increased glycosaminoglycan
and total ECM protein syntheses — 3 hours after
shock waves exposure — were detected. Such results
may be considered indicative for an early stimulating
ESWT effect on cell metabolism, which may acceler-
ate the healing process in injured tendons. Moreover,
these authors described — 3 hours following expo-
sure — disorganisation of matrix structure with degra-
dation of normal collagen fiber, which were de-
tectable up to 6 weeks.

In a more recent report'8, the same group observed —
6 weeks after ESWT exposure — an up-regulation of
MMP14 and COL1 gene expression, probably ascrib-
able to a shock waves-induced repair phenomenon.
In fact, MMP-14 should play an important role during
the remodelling phase of tendon healing, generally
occurring several weeks after the original trauma.
However, considering the early collagen-degradation
effects on exposed tissues, the shock wave exposure
on non injured tissue is matter of debate, and the au-
thors stated that it may be advisable to consider a
temporary restriction of the physical activities in re-
cently treated patients.

In 2011 Zhang et al.’® demonstrated, in a rat model
study, that ESWT stimulates endogenous lubricin
production in tendons and septa exposed. Clinically,
an increased lubricin deposition in tendons and septa
following ESWT may contribute to the beneficial ef-
fects of ESWT. This may be probably obtained by fa-
cilitating movement among gross structures, as well
as among collagen fascicles, which results in a de-
crease of wear and tear in tissues treated and relief
from symptoms and pain. AA hypothesized that
ESWT could determine the expression of appropriate
cytokines (TGF-B and BMP-7) in fibroblast-like cells,
which in turn increases lubricin expression in the lo-
cal tissues.

In 2012 Yoo at al.?% published an interesting study in
a rat model, using histopathology and atomic force
microscopy (AFM), to quantitatively evaluate — the ef-
fects of four sessions of 1000 impulses at 0.085
mJ/mm2 of ESWT on the healing of a collagenase —
induced Achilles tendinitis (CIAT). Progressive
changes in nanostructure — including the fibrillary di-
ameter and D-periodicity — and biomechanical prop-
erties — such as the fibrillary adhesion forces — over a
5-week period were observed. In particular, the au-
thors demonstrated that ESWT may promote the
healing response and reduce the healing period in
the rat CIAT. In fact, early vascularity, fibroblastic ac-
tivity, lymphocyte and plasma cell infiltration and dis-
organization of the fibers, associated with a progres-
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sive improvement in collagen fibrils nanostructure
and mechanical properties were detected only in the
ESWT group.

Experimental researches with in vitro cell line
systems

Chao et al.” evaluated in 2008 the effects of ESWT
on primary cultured rat tenocytes harvested from
Achilles tendons exposed to two different energy lev-
els (0.36, 0.68 mJ/mm?2) and four different shock
wave amounts (50, 100, 250 and 500 impulses). 24,
48 and 96 hours following the treatment, cell viability
was evaluated besides biochemical activity and cellu-
lar gene expression. A dose-dependent impairment of
cell viability associated with significant inhibitory ef-
fects at higher intensity of shock waves was reported.
On the contrary, an optimal dosage of ESWT can
stimulate a significant eNOS release, tenocyte prolif-
eration and collagen type | and Ill synthesis mediated
by up-regulation of PCNA and TGF-B1 gene expres-
sion. These results were confirmed by Berta et al.®
who exposed normal human fibroblast cell line
(NHDF-12519) in suspension to different impulses
and energies of shock waves. They reported a dose-
dependent destructive effect of ESWT, but also a
dose-dependent stimulatory outcome on cell prolifer-
ation. They also described significant increase of mR-
NA expression for TGF-B1 and for collagen type | and
11l that are consistent with activation and acceleration
of the healing process.

Recently, Raabe et al.?! investigated ESWT effects
on the viability, proliferation, and differentiation ca-
pacity of adipose tissue-derived mesenchymal stem
cells (ASCs) in a equine model, confirming the possi-
bility to use such approach in order to optimize heal-
ing processes of tendons. In particular an ESWT-in-
duced increase of cell proliferation and viability was
confirmed by the expression of the Ki67 marker as
well as by the results of the MTT [3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide] viability as-
say. Interestingly the possible mitogenic shock
waves-mediated effects were also appropriately eval-
uated through the p-Erk1-2 enhancement. Their ex-
pression was significantly increased by such expo-
sure, because it is involved in the regulation of cell
growth and differentiation. Furthermore, the authors
suggest that a previous stem cells ESWT stimulation
may positively affect the efficiency of transplantation
procedures.

Experimental studies on primary cultured human
tenocytes

At present, to our knowledge, only three experimental
studies have been published to evaluate the effects
of ESWT on primary cultures of human tenocytes,
two of which were conducted by our study group.

In particular, in our first study we assessed shock
waves on a model of primary cultured human teno-
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cytes derived from healthy semitendinosus tendon of
patients undergoing arthroscopic anterior cruciate lig-
ament reconstruction''. A focused electromagnetic
shock-wave device (Modulith SLK, STORZ Medical,
Switzerland) was used and the dose of 1000 impuls-
es at 0.14 mJ/mm?2 was accurately selected, because
it showed satisfactory results in vivo?? 23 and did not
significantly interfere in vitro with the common para-
meters of cell viability and cytoskeleton organiza-
tion'!. Nevertheless, in the only study preceding ours
on ESWT effects on human cultured tenocytes — de-
rived from diseased Achilles and healthy flexor hallu-
cis longus tendon tissues —, a similar amount of ener-
gy was applied to the cells?4. In this study, Han et al.
demonstrated higher levels of several metallopro-
teinases (MMPs) and interleukins (ILs) in human
tendinopathy-affected tenocytes and their significant
decrease after shock waves exposure. However, the
cultured cells were analysed only at short term, at 72
hours after shock waves exposure, whereas it is gen-
erally accepted that the clinical benefits are detected
no earlier that 2 weeks following the treatment25: 26,
Hence, in our aforementioned study, we investigated
the tenocyte behaviour during a 12-day period follow-
ing the exposure'l. Because one of the possible
ESWT-mediated mechanisms of action involves the
tendon healing, we focused on the tenocyte morphol-
ogy, differentiation, proliferation, migration and colla-
gen synthesis, all of which are potentially able to in-
fluence the tissue repair process.

In this initial study, we performed cultures derived ex-
clusively from healthy tendon, which might show dif-
ferent functional activities compared to ruptured ten-
dons. To overcome this limitation, in our second study
we compared cultures of human tenocytes explanted
by ruptured Achilles (AT) versus healthy semitendi-
nosus (ST) tendons, both at very early passage (P1)
and following (or not) shock waves exposure’2.

As previously reported in a model of animal tendon-
derived cells??, results of our studies confirmed that a
phenotypic drift progressively occurs through follow-
ing passages, showing that a first group of classically
elongated fibroblast-like cells became prevalent on a
second group of ovoid tenoblast-like cells. Our obser-
vations supported the view that untreated human cul-
tured tenocytes could be mainly considered as differ-
entiated elements?1.28.29  showing an unstable mor-
phology with a progressive tendency to dedifferenti-
ate in vitro30 31, Interestingly, ESWT significantly im-
paired such natural trend of human tenocytes to ded-
ifferentiate in vitro, suggesting that the morphological
changes observed in vitro may be responsible for the
matrix alterations showed in tendinopathic tendons in
vivos182,

Thence, collagen synthesis and cell proliferation of
treated compared to control tendon-derived-cells
were investigated. As expected, shock waves expo-
sure significantly increased collagen production in vit-
ro, mainly belonging to type I, which is crucial during
the later events of healing?!:28. Similarly, the analysis
of Ki67 and 5-bromo-2’-deoxyuridine (BrdU) prolifera-
tion markers confirmed a significant ESWT-mediated
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growth stimulation, becoming more conspicuous at
late passage cultures. Then we compared the growth
rate — on cell cycle distribution by cytofluorimetry — of
healthy versus ruptured tendon-derived cells, show-
ing that before treatment the two groups were charac-
terized by similar percentages of proliferative cells.
Interestingly, biological effects of such treatment was
more evident in tenocytes derived from ruptured than
from healthy tendons, as ascertained by an increase
of 1.75 folds in the ratio of proliferative activity'" 12.

A further observation corroborating the evidence of a
specific ESWT-mediated effect on tenocytes explant-
ed from ruptured tendon was shown by a scratch mi-
gration assay, which demonstrated that the exposure
induces — mainly in those samples — a typical migra-
tory phenotype as well as a significant increase of
cell motility. Finally, at molecular level, we analysed
by real-time PCR cultured cells derived either from
healthy or ruptured tendons, in order to better charac-
terize our tenocytes and detect possible changes in-
duced by ESWT in tendon specific gene marker ex-
pression, including Collagens | and III (Col I-IIl), Scle-
raxis (Scx), Tenomodulin (Tnm) and Tenascin-C (Tn-
C). Tendon-specific markers were simultaneously de-
tected in all our cultures, confirming the quality of our
cell model, independently from the source of the ex-
plants'2. Interestingly, the expression of Scx, a typical
early differentiative marker33, was significantly de-
creased after shock waves exposure in ruptured ten-
don-derived cultures, whereas the later differentiative
marker Tnm was not yet modified'. From all these
recent results, we may state that ruptured compared
to healthy tendon-derived cell cultures represent a
more convincing model to better evaluate the effects
of ESWT, because this treatment is obviously per-
formed in vivo only on pathological tendons. Our data
may also suggest a possible activation in ruptured
tendon of an early differentiative program mediated
by shock waves exposure, further favouring the repair
of the tendon tissue.

The primary human tendon cell cultures have been
conducted in normoxia. Using hyperoxic (90%, O2)
compared to normoxic (21%, O2) conditions for cul-
turing cells can potentially influences the shock
waves-induced effects, for example through an ab-
normal extracellular matrix deposition34. However, at
the present time, no data are available on the effects
of shock wave treatment in tenocyte cultures under
hyperoxic conditions.

Finally, the main limitation of in vitro depends by the
fact that these data could never be used to provide im-
peccable conclusions regarding in vivo conditions,
particularly in a microenvironment characterized by
the presence of a complex network of molecules able
to trigger different kinds of events. A further limitation
of our in vitro model was that the primary cultured hu-
man tenocytes were explanted from two different
sources (i.e. Semitendinosus and Achilles tendons)
and, even though they showed a simultaneous expres-
sion of the typical tenocyte markers, we can’t exclude
that human tendon-derived cultures explanted from
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other sources could exhibit different gene expression
signatures, determining different cell behaviour.

Conclusion

The in vitro studies on the ESWT effects in tendon
models are shedding light on the possible mecha-
nisms of action of such treatment, although the ex-
periments in vitro cannot be directly generalised to
the in vivo conditions.

The majority of the studies have shown a dose-de-
pendent destructive effect of ESWT, but they provid-
ed also evidence that an optimal dosage of ESWT
determines a stimulatory effect on cell proliferation,
as well as the activation and enhancement of healing
process. In fact, taken together, the morphological
changes, proliferation and motility of treated cells,
functional outcome on neovascularization and colla-
gen synthesis, as well as the expression of differenti-
ation critical genes suggest that ESWT may be able
to increase tendon healing. Nevertheless, we are not
yet able to define how, in vivo, the ESWT acts on ex-
posed tissues. They may provide mechanical and bi-
ological stimuli determining the activation of a com-
plex network of molecules, including a large panel of
cytokines and metalloproteinases24 35-37,

In conclusion, although the mechanisms of action of
shock waves are still not fully clear yet, the surprising
clinical benefits induced by ESWT resulted in a con-
tinuous increase of request for such treatment, which
is recently starting to be used also in regenerative
medicine. Nevertheless, further experimental studies
are needed to better elucidate the exact mechanisms
triggered by ESWT in healthy and pathological hu-
man tissuesq8.
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