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Abstract
Background

Recent studies have shown that radial extracorporeal shock wave therapy (rESWT) modulates viability
and gene expression of human skeletal muscle cells in vitro. However, the underlying biological effects
and mechanisms of rESWT on muscle atrophy and myogenic contracture in animal mode have not yet
been investigated.

Objective

To investigate the underlying biological effects and mechanisms of rESWT on myogenic contracture and
muscle atrophy in a rabbit model of extending knee joint contracture.

Methods

Forty rabbits were randomly divided into eight groups. In group Control, the left knee joint was not �xed.
In group I-4w, the left knee joint was only �xed for four weeks. In groups SR-1w, SR-2w, and SR-4w, the left
knee joint was �xed for four weeks before the rabbits underwent one, two, and four weeks of self-recovery,
respectively. In groups rESWT-1w, rESWT-2w, and rESWT-4w, the left knee joint was �xed for four weeks
before the rabbits underwent one, two, and four weeks of rESWT, respectively. The degree of myogenic
contracture was measured, the cross-sectional area and key protein levels for NF-κB/HIF-1α signaling
pathway and myogenic regulatory factors of the rectus femoris were evaluated.

Results

During the recovery period, biological �ndings in this study showed that the levels of myogenic
contracture and muscle atrophy were milder in group rESWT by compared with group SR at the same
time point. Molecular biological analysis in the present study showed that MyoD protein levels in the
group rESWT was signi�cantly higher than those in the group SR, and importantly, phospho-NF-κB p65
and HIF-1α protein levels in the group rESWT were signi�cantly lower than those in the group SR at the
same time point.

Conclusions

Our study demonstrates that rESWT has the potential to reduce myogenic contracture and muscle
atrophy after long-term immobilization in animal model. It is a possible mechanism that changing the
low oxygen environment in skeletal muscle through rESWT may inhibit activation of NF-κB/HIF-1α
signaling pathway, thereby enhancing the expression of myogenic regulatory factors.

Background
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Long-term immobilization is a major cause of joint contracture in humans globally, and reversing
established joint contracture following �xing is of great clinical challenge [1]. The two structural
components contributing to joint contracture formation are myogenic and arthrogenic contracture [2].
Skeletal muscle atrophy is an important part of myogenic contracture [3]. Long-term immobilization also
leads to skeletal muscle atrophy, characterized by loss of tissue protein because of decreased synthesis
and increased degradation, an increase in the amount of intramuscular connective tissue, and the
arrangement of collagen �brils in the endomysium [4]. Because of the importance of skeletal muscle
atrophy in myogenic contracture pathology, understanding of this process is helpful to identify
therapeutic targets for myogenic contracture.

More than 90% of the energy produced by muscle cells comes from the aerobic pathway. A reduction in
O2 availability would therefore challenge skeletal muscle homeostasis [5]. Previous study revealed that
overexpression of hypoxia-inducible factor (HIF)-1α and skeletal muscle hypoxia are the biological
processes underlying skeletal muscle atrophy induced by immobilization [6]. HIF-1α is the master
transcription factor in response to cell hypoxia. In response to hypoxia, activated HIF-1α translocates to
the nucleus and initiates target gene transcription [7]. The nuclear factor-kappa B (NF-κB) family is a
family of transcription factors that act as crucial regulators in in�ammatory diseases. Moreover, crosstalk
between HIF-1α and NF-κB controls the response in a variety of medical conditions [8]. Skeletal muscle
tissue possesses a remarkable capacity to regenerate in response to muscle injury. Adult myo�bers are
terminally differentiated so that muscle repair is largely attributed to satellite cells [9]. From previous
reports, silencing S100B expression in myoblast cell lines by RNA interference resulted in reduced NF-κB
activity and enhanced MyoD, myogenin and MyHC expression and myotube formation [10]. Therefore,
therapeutic approaches for treating skeletal muscle atrophy should thus address ways to inhibit the
overexpression of HIF-1α and hypoxia in the immobilized skeletal muscle.

Radial extracorporeal shock wave therapy (rESWT) is served as a non-invasive therapeutic option for
skeletal muscle disease in recent years. It is generally known that rESWT can improve microcirculation,
inhibit local in�ammation, stimulate cell proliferation and regeneration, and promote recruitment of
endothelial progenitor cells and mesenchymal stem cells at the injured tissue [11]. Previously, it has been
reported that rESWT stimulates and accelerates regenerative processes of acute muscle injuries in adult
Sprague-Dawley rats [12]. From previous reports, exposure to radial extracorporeal shock waves
modulates viability and gene expression of human skeletal muscle cells. The results demonstrate a dose-
dependent effect of rESWT on gene expression of muscle-speci�c genes contained Pax7, NCAM, Myf5,
and MyoD [13]. It is worth mentioning that MyoD is one of the earliest markers of myogenesis [14]. MyoD
is a key component of ubiquitin-proteasome-dependent proteolysis pathway, as it is one of the myogenic
regulatory factors that plays a crucial role in inhibiting muscle proteolysis [15].

Although there are some reports that indicate the therapeutic effect of skeletal muscle atrophy in vitro, the
biological mechanisms in animal of rESWT causing these noticed effects have remained largely
unknown. Our early work has allowed us to develop a rabbit model of extending knee joint contracture in
which we have successfully described changes in the structure of shrinking muscle [16]. Importantly, our
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previous study that evaluated the effect of radial extracorporeal shock wave combined with ultrashort
wave diathermy on �brosis and contracture of muscle found that rESWT reduces myo�brosis by inhibited
the expression of HIF-1α and transforming growth factor (TGF)-β1 in the rectus femoris [11]. Later, we
speculate that rESWT would affect the NF-κB/HIF-1α signaling pathway in skeletal muscle (Figure 1).
Furthermore, our subsequent muscle tissue analysis found that rESWT effectively reduces muscle
atrophy, and so we performed the present study. The aim of the present study was to preliminarily
investigate biological effects of rESWT on myogenic contracture and muscle atrophy in a rabbit model of
extending knee joint contracture, and to investigate the possible mechanism of action.

Methods
Animals

Animal care and experimental procedures were performed in accordance with the Guidelines for Animal
Experimentation of Anhui Medical University and were approved by the Institutional Animal Care and Use
Committee (LLSC20190761). Forty 4-month-old male, skeletally mature New Zealand white rabbits were
obtained from Anhui Medical University Experimental Animal Center (Hefei, China). The rabbits were
randomly divided into the following eight groups: Control, I-4w, SR-1w, SR-2w, SR-4w, rESWT-1w, rESWT-
2w, and rESWT-4w, and housed one per cage at 22°C–24°C with a 12-hr light/dark cycle and were allowed
access to food and water ad libitum. All rabbits were anesthetized by intravenous administration of 30
mg/kg sodium pentobarbital in an ear vein.

Intervention methods

In group Control, the left knee joint was not �xed to serve as a control. In group I-4w, the left knee joint
was only �xed for four weeks at full extension using a plaster cast from groin to proximal toes as
described previously (Figure 2. A) [16], and did not undergo recovery. In groups SR-1w, SR-2w, and SR-4w,
the left knee joint was �xed for four weeks before the rabbits underwent one, two, and four weeks of self-
recovery, respectively, without any special rehabilitation protocol. In groups rESWT-1w, rESWT-2w, and
rESWT-4w, the left knee joint was �xed for four weeks before the rabbits underwent one, two, and four
weeks of rESWT, respectively. As in our previous study, A radial shock wave device (DolorClast,
Switzerland) was used in the experiment, once in a week (Figure 2. C) [11]. Firstly, each rabbit received
less than 500 times impulses of shock waves at a small dose of 1.5 bar, 4 Hz to the left quadriceps
femoris area, in order to adapt the rabbits to the stimulation. Secondarily, the rabbit received 2000 times
impulses at an experimental dose of 2.5 bar, 6 Hz to the same area.

Measurement of myogenic contracture

The rabbits were euthanized with an excess amount of sodium pentobarbital. The left hindlimb was
dislocated at the left hip joint and completely removed. As in our previous study, the range of motion
(ROM) of the left knee joint before and after myotomy was measured, respectively [16,17]. In accordance
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with the method described by Trudel and Uhthoff [18], we evaluated the myogenic contracture caused by
the muscular structures. The following formulas were used to calculate the degree of contracture.

Decrement in ROM as a result of total contracture = ROM before myotomy (of the control knee) - ROM
before myotomy (of the contracted knee)

Decrement in ROM as a result of arthrogenic contracture =  ROM after myotomy (of the control knee) - 
ROM after myotomy (of the contracted knee)

Decrement in ROM as a result of myogenic contracture = Decrement in ROM as a result of total
contracture - Decrement in ROM as a result of arthrogenic contracture

Measurement of muscle �ber cross-sectional area

After measuring ROM, two muscle tissue samples (1 cm × 1 cm × 0.5 cm in size) were cut from the
middle of the rectus femoris. One sample was stained with hematoxylin and eosin, while the other was
frozen in liquid nitrogen at -80°C until histological analysis.

In the rectus femoris sample stained with hematoxylin and eosin, the cross-sectional area (CSA) of
individual myo�bers was photographed using a TE2000-U inverted microscope (Nikon Corporation,
Tokyo, Japan) and measured using Image J software (National Institutes of Health, USA). Six randomly
selected �elds of view were analyzed in each group.

Western Blot analysis

The skeletal muscle samples were ground into powder with liquid nitrogen using a grinder and
homogenized in RIPA buffer (Beyotime, China) containing protease inhibitors at four degrees Celsius.
Homogenates were centrifuged at 12,000 × g for 30 min three times at four degrees Celsius, and the
resulting supernatants were collected. The protein concentrations were determined using the
bicinchoninic acid method. Protein lysates were separated on a 10% sodium dodecyl sulfate-
polyacrylamide electrophoresis gel and transferred on to polyvinylidene �uoride membranes (Millipore,
USA). After being blocked with �ve-percent non-fat dry milk in Tris-buffered saline Tween-20 (TBST) at
room temperature for two hours, the membranes were incubated with rabbit anti-phospho-NF-κB p65
antibody (dilution 1:1000; Cell Signaling, USA), rabbit anti-HIF-1α antibody (dilution 1:1000; Cell Signaling,
USA) and rabbit anti-MyoD mAb (dilution 1:1000; Cell Signaling, USA) at four degrees Celsius overnight.
On the second day, after being washed in TBST solution three times for 10 min per wash, the membranes
were incubated with peroxidase-conjugated a�nipure goat anti- rabbit IgG-HRP (dilution 1:3000; Cell
Signaling, USA) as the secondary antibody for two hours at room temperature. After being washed three
times with TBST for 10 min per wash, the membranes were evaluated with the enhanced
chemiluminescence system in accordance with the manufacturer's instructions. The band densities were
quanti�ed using Image J software (National Institutes of Health, USA). The relative protein levels were
calculated by comparison with the amount of GAPDH (dilution 1:1000; Cell Signaling, USA) as a loading
control.
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Statistical analysis

All data are expressed as the mean ± standard error of the mean. The assumptions of normality of data
and homogeneity of variances between the groups were analyzed by SPSS 21.0 (Chicago, IL, USA).
Differences in the myogenic contracture, CSA, average protein levels for HIF-1α and MyoD between group
SR and group rESWT at each recovery timepoint were assessed using the Student’s t-test. A signi�cant
difference between group SR and group rESWT at the same timepoint was considered to be present when
the 95% con�dence interval did not overlap with zero. One-way analysis of variance (ANOVA) and the
Tukey-Kramer test were performed to examine differences between the timepoints in the myogenic
contracture, CSA, average protein levels for phospho-NF-κB p65, HIF-α and MyoD.

Results
During the immobilization period, one rabbit in group I-4w died from anesthetic stress. All other rabbits
survived the recovery period. No rabbit developed prolonged edema or acute in�ammation.

Myogenic contracture

The myogenic contracture was signi�cantly greater in group I-4w compared with group Control (P < 0.05,
Figure 3). The difference in myogenic contracture between group Control (0 ± 0 °) and group I-4w (36.2 ±
0.9 °) was 36.2 ± 0.9 °. After four weeks of immobilization, serious myogenic contracture developed. One-
way ANOVA and the Tukey–Kramer test applied to the resulting curves indicated that the myogenic
contracture of group rESWT and group SR decreased in tandem with the prolongation of recovery time (P
< 0.05, Figure 3). After four weeks of recovery, the myogenic contracture in both group rESWT and group
SR were restored to varying degrees. The myogenic contracture was signi�cantly reduced in group rESWT
compared with group SR at the same timepoint (P < 0.05, Figure 3). Therefore, the rabbits that received
rESWT tended to have better recovery of the myogenic contracture than those receiving only natural
recovery.

Muscle �ber cross-sectional area

The CSA values were signi�cantly reduced in group I-4w compared with group Control (P < 0.05, Figure 4).
After four weeks of immobilization, serious skeletal muscle atrophy formed. The difference in CSA values
between group Control (5230.8 ± 16.07 μm2) and group I-4w (4395.0 ± 22.9 μm2) was 835.8 ± 27.98 μm2.
One-way ANOVA and the Tukey–Kramer test applied to the resulting curves indicated that the CSA values
in group rESWT and group SR increased in tandem with the prolongation of recovery time (P < 0.05,
Figure 4). After four weeks of recovery, the skeletal muscle atrophy in both group rESWT and group SR
were restored to varying degrees. The CSA values were signi�cantly increased in group rESWT compared
with group SR at the same timepoint (P < 0.05, Figure 4). Therefore, the rabbits that received rESWT
tended to have better recovery of skeletal muscle atrophy than those that received only natural recovery.

Changes in NF-κB/HIF-1α signaling pathwayexpression
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The average protein levels for phospho-NF-κB p65 and HIF-α were signi�cantly greater in group I-4w
compared with group Control (P < 0.05, Figure 5). Oneway ANOVA and the Tukey–Kramer test applied to
the resulting curves indicated that the average protein levels for phospho-NF-κB p65 and HIF-α in group
rESWT decreased with the prolongation of recovery time. It also suggested that the average protein levels
for phospho-NF-κB p65 and HIF-α in group SR decreased from the second week (P < 0.05, Figure 6). The
average protein levels for phospho-NF-κB p65 and HIF-α were signi�cantly reduced in group rESWT
compared with group SR at the same timepoint (P < 0.05, Figure 5). Therefore, the rabbits that received
rESWT tend to cause more decrease in the expression of phospho-NF-κB p65 and HIF-α than those that
received only natural recovery.

Changes in the expression of MyoD

The average protein levels for MyoD were signi�cantly greater in group I-4w compared with group Control
(P < 0.05, Figure 6). Oneway ANOVA and the Tukey–Kramer test applied to the resulting curves indicated
that the average protein levels for MyoD in group rESWT and group SR increased in tandem with the
prolongation of recovery time, except in the �rst week (P < 0.05, Figure 6). After four weeks of recovery,
the MyoD protein expression in both group rESWT and group SR had increased to varying degrees. The
average protein levels for MyoD were signi�cantly reduced in group rESWT compared with group SR at
the same timepoint (P < 0.05, Figure 6). Therefore, the rabbits that received rESWT tend to cause more
increase in the expression of MyoD than those that received only natural recovery.

Discussion
Myogenic contracture is a common reason for joint dysfunction. It is well known that reducing the degree
of muscle atrophy and myo�brosis is an effective treatment measure for myogenic contracture, but the
treatment modalities are still limited. Extracorporeal shock wave has been applied for the treatment of
non-invasive procedure in various musculoskeletal disorders over the last two decades [19]. Although
there are some reports that indicate the osteogenic effect of rESWT [20, 21], but the effect and biological
mechanisms of rESWT for myogenic contracture and muscle atrophy have remained largely unknown.
Previous research has been isolated and cultured primary human skeletal muscle cells from biopsy
specimens and investigated the effect of rESWT on human skeletal muscle cells [13]. It is also the �rst
research to provide evidence that rESWT has the potential to modulate the biological function of primary
human muscle cells. In order to further investigate the effect of rESWT on muscle atrophy and myogenic
contracture, we designed this experiment.

Biological �ndings in this study showed greater levels of myogenic contracture of group I-4w than that in
control. It is suggesting that there was serious myogenic contracture after 4 weeks of immobilization. In
general, both group rESWT and group SR were obtained recovery on different levels. In addition, in each
group rESWT at the same time, the levels of myogenic contracture were milder than that observed in the
group SR. Relatively, our results of histological �ndings supported the biological �ndings. Thus, it seemed
that some certain effects by rESWT signi�cantly prevented the decrease in muscle �ber cross-sectional
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area that is typically induced by immobilization. Previous research found that mechanical stimulation of
shock wave can improve the oxygen saturation of local tissue and promote damaged tissue regeneration
[22]. Moreover, our previous study also showed that the protein levels of HIF-1α was signi�cantly lower in
rabbits rectus femoris after 4 weeks of rESWT than that in group non-treatment [11].

Although NF-κB are key transcription factors involved in in�ammation diseases, hypoxia also causes the
activation of NF-κB through the phosphorylation of IκB α on tyrosine residues [23]. NF-κB is a direct
modulator of HIF-1α expression. The HIF-1α promoter is responsive to selective NF-κB subunits [24].
Moreover, previous research also found that hypoxia up-regulates HIF-1α transcription by involving PI3K
and NF-κB in pulmonary artery smooth muscle cells [25]. Consistent with these previous studies, the
protein levels for phospho-NF-κB p65 and HIF-α of the rectus femoris in the immobilized knee obviously
increased during 4 weeks of immobilization when compared with group Control. Thus, it was preliminarily
suggested that there is activation of NF-κB/HIF-1α signaling pathway. Apart from this, during the recovery
period, the protein levels for phospho-NF-κB p65 and HIF-α of the rectus femoris exhibited different
tendencies in group rESWT compared with group SR. Importantly, the molecular biological analysis in the
present study showed that phospho-NF-κB p65 and HIF-1α protein levels in the group rESWT were
signi�cantly lower than those in the group SR at the same time point, so we considered that NF-κB/HIF-1α
signaling pathway can be inhibited by rESWT through changing the low oxygen environment in rectus
femoris.

Like our previous studies, the protein levels for MyoD increased during 4 weeks of immobilization when
compared with group Control, and the average protein levels for MyoD in group SR-1w and group rESWT-
1w both showed declining and stable trends compared with group I-4w [16]. The former was suggested
that MyoD protein expression was compensatoryly elevated to counteract the effect of muscle atrophy
during the immobilization process, but this compensation was not enough to offset muscle atrophy. The
latter was illustrated that muscle atrophy worsens during recovery in correlation with proteolysis, and
apoptosis. In agreeance with previous research, we also found that there is a signi�cant increasing of the
MyoD protein expression when the HIF-1α protein expression was decreased in group rESWT, which was
consistent with the effects on myogenic contracture and muscle �ber cross-sectional area, indicating that
rESWT may partly in�uence the expression of MyoD and thus ameliorate myogenic contracture and
muscle atrophy. The expression of HIF-1α synchronized with that of myogenic regulatory genes during
muscle regeneration at both the mRNA and protein levels. Previous research suggested that the HIF-1α
protein was localized in the nucleus and cytoplasm of the majority of myoblasts and myotubes in
myogenic cell culture, and the MyoD proteins expression increased concomitant with the HIF-1α protein
decreased expression of after the induction of myogenic differentiation [26].

These recovery effects on immobilized-induce myogenic contracture and muscle atrophy of group SR in
this study were also similar to our previous study [16]. Although there was non treatment, we also found
that there was a certain degree of recovery of myogenic contracture and muscle atrophy in group SR.
MyoD is a key component of the proteolytic pathway, as it is one of the myogenic regulatory factors that
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plays a crucial role in inhibiting muscle proteolysis, but it is not only regulated by NF-κB/HIF-1α signaling
pathway.

This study has certain limitations. First, our results are limited to an animal model and cannot be
generalized to humans. Next, due to experimental conditions, our data for the expression of genes related
to NF-κB/HIF-1α signaling pathway are limited. rESWT induced speci�c NF-κB signaling pathway
inhibition mode should be considered in future research. At last, due to the lack of uniform standards, the
best dose of the rESWT was only based on clinical experiencenot and not discussed in detail. The most
suitable dose also should be considered in future research.

Conclusions
Our study demonstrates that rESWT has the potential to reduce myogenic contracture and muscle
atrophy after long-term immobilization in animal model. It is a possible mechanism that changing the
low oxygen environment in skeletal muscle through rESWT may inhibit activation of NF-κB/HIF-1α
signaling pathway, thereby enhancing the expression of myogenic regulatory factors. Based on our
experimental �ndings, we hypothesize that rESWT could be a promising therapeutic modality to
ameliorate myogenic contracture and muscle atrophy after long-term immobilization in human.

Abbreviations
HIF: hypoxia-inducible factor, NF-κB: nuclear factor-kappa B, rESWT: radial extracorporeal shock wave
therapy, TGF: transforming growth factor, ROM: range of motion; CSA: cross-sectional area, MyoD:
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Figure 1

Research hypothesis.

Figure 2
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(A) Unilateral immobilization of the rabbit knee joint at full extension using a plaster cast from the groin
to the proximal toes. (B) After four weeks of immobilization, serious myogenic contracture developed. (C)
Radial extracorporeal shock wave therapy on quadriceps.

Figure 3

Effects of self-recovery and rESWT on the myogenic contracture. @P < .05 vs. group Control, aP < .05 vs.
group I-4w, bP < .05 vs. group rESWT-1w, cP < .05 vs. group rESWT-2w, a’P < .05 vs. group I-4w, b’P < 0.05
vs. group SR-1w, c’P < 0.05 vs. group SR-2w; *P < .05 vs. group SR-1w, #P < .05 vs. group SR-2w, &P < .05
vs. group SR-4w.
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Figure 4

(A) Morphological changes of the rectus femoris. (a)The cross-sectional area in group Control; (b)the
cross-sectional area in group I-4w; (c–e) the cross-sectional area after 1, 2, and 4 weeks of rESWT,
respectively; (f–h) the cross-sectional area after one, two, and four weeks of self-recovery, respectively.
Scale bar = 100 μm. (B) Effects of self-recovery and rESWT on the cross-sectional area of the rectus
femoris. @P < .05 vs. group Control, aP < .05 vs. group I-4w, bP < .05 vs. group rESWT-1w, cP < .05 vs.
group rESWT-2w, a’P < .05 vs. group I-4w, b’P < 0.05 vs. group SR-1w, c’P < 0.05 vs. group SR-2w; *P < .05
vs. group SR-1w, #P < .05 vs. group SR-2w, &P < .05 vs. group SR-4w.
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Figure 5

(A) The HIF-α/GAPDH and phospho-NF-κB p65/GAPDH of the rectus femoris in each group. (B) Effects of
self-recovery and rESWT on the average protein levels for HIF-α and phospho-NF-κB p65. @P < .05 vs.
group Control, aP < .05 vs. group I-4w, bP < .05 vs. group rESWT-1w, cP < .05 vs. group rESWT-2w, a’P < .05
vs. group I-4w, b’P < 0.05 vs. group SR-1w, c’P < 0.05 vs. group SR-2w; *P < .05 vs. group SR-1w, #P < .05
vs. group SR-2w, &P < .05 vs. group SR-4w.
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Figure 6

(A) The MyoD protein/GAPDH of the rectus femoris in each group. (B) Effects of self-recovery and rESWT
on the average protein levels for MyoD. @P < .05 vs. group Control, aP < .05 vs. group I-4w, bP < .05 vs.
group rESWT-1w, cP < .05 vs. group rESWT-2w, a’P < .05 vs. group I-4w, b’P < 0.05 vs. group SR-1w, c’P <
0.05 vs. group SR-2w; *P < .05 vs. group SR-1w, #P < .05 vs. group SR-2w, &P < .05 vs. group SR-4w.


