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Abstract

The leading cause of training interruption in sport is a muscle injury, for which the

standard treatment is nonsteroidal anti‐inflammatory drugs (NSAIDs). To find

alternative treatments, we investigated whether the radial extracorporeal shockwave

application (rESWT) could stimulate muscle regeneration. A lesion with complete

rupture (grade III muscle tear) was set in the musculus rectus femoris of 12‐week‐old
Wistar rats, and the NSAID diclofenac, rESWT, or a combined therapy were applied

on day 0, 3, and 5 directly following the surgery. Rats were euthanized at 2, 4,

and 7 days after surgery and the area of muscle lesion was excised for histological

and gene expression analysis to determine the progress in the healing of damaged

fibers and tissue regeneration. The best effect on muscle regeneration was observed

in the group treated with rESWT alone. Monotherapy by diclofenac showed a smaller

but still positive effect and lowest effects were detected when both therapies were

applied. rESWT alone demonstrated a significant upregulation of the muscle markers

MyoD and myosin. The presence of myosin gene expression indicated newly formed

muscle fibers, which was confirmed by hematoxylin and eosin staining. Seven days

after injury the amount of mononucleated cell decreased and regenerating fibers

could be detected. This effect is most pronounced in the group treated with rESWT

alone. In our study, shockwaves demonstrated the best effect on muscle regenera-

tion. Therefore, we recommend prospective clinical studies to analyze the effect of

rESWT after sports trauma to improve muscle regeneration and to shorten the

rehabilitation.
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1 | INTRODUCTION

The leading cause of training interruption and breaks from sporting

competitions is a muscle injury. Depending on the type of sport,

muscle injuries represent between 23% and 46% of all injuries.1,2
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Normally, a conservative treatment consisting of cooling, rest, and

relaxation is the therapy of choice. Additive therapies have been

suggested to shorten the healing process and thereby accelerating

the return to full activity.3 Examples of such therapies are injections

of steroids or anesthetics,4 treatment with platelet‐rich plasma5 or

antifibrotic agents,6 injection of actovegin and traumeel,7 or the use

of stem cells.8 However, there is a lack of agreement between

physiotherapists, sports clinicians, and scientists on the use of these

additional therapies.

Following injury, muscle‐specific genes, as well as stem and

satellite cells, are involved in the complex process of muscle

regeneration.9 Approximately 1 week after injury, activation,

proliferation, and differentiation of muscle stem cells commences,

and this is accompanied by the formation of new muscle fibers.

Subsequently, reconstitution of the muscle takes place.10

Radial extracorporeal shockwave application (rESWT) repre-

sents a promising alternative therapy for muscle regeneration.

Shockwaves have been applied for conservative treatment

in musculoskeletal diseases for over 20 years, to support

physiotherapy and pain management11,12 in conditions such as

plantar fasciitis,13 tendinopathy, tennis elbow, or calcified

shoulder.14 A positive influence on human osteoblasts15,16 as

well as on human skeletal muscle cells17 was observed. However,

the underlying mechanisms of rESWT on muscle regeneration

remain unclear.

The application of nonsteroidal anti‐inflammatory drugs (NSAIDs)

is a short‐term method to treat muscle injuries.18 A readily available

NSAID, diclofenac, is one of the most frequently used drugs in the

treatment of acute muscle injuries.19 However, these drugs can be

associated with undesirable side effects, such as gastrointestinal,

heart, and kidney complications.20,21

A number of rodent models are available to investigate

the effect of different therapies on muscle injury, such as

freeze injury, barium chloride (BaCl2) injection, notexin (NTX),

surgical muscle destruction by a needle22 or a scalpel,11

cardiotoxin, and others.23 Surgical muscle destruction appears

to be the most comparable method to injuries occurring during

sport.22

In this study, we employed a surgical injury rat model, using a

scalpel to create a structural muscle lesion (grade III muscle tear)

to analyze the effects of rESWT and diclofenac in mono‐ and

combined therapies on muscle regeneration. The objectives of this

study were to determine the best treatment for accelerating

healing following acute structural muscle lesions and to investi-

gate the mechanism by which shockwaves influence muscle

regeneration.

2 | MATERIALS AND METHODS

2.1 | In vivo model and experimental procedure

Our study was approved by the local regional animal welfare

committee Landesuntersuchungsamt Rheinland‐Pfalz (23 177‐07/
G15‐1‐038).

Twelve‐week‐old male Wistar rats (Janvier, France) were

divided into four groups, each of which was subdivided into three

subgroups. Each subgroup consisted of 10 animals (Table 1). Rats

were housed in standard cages with a 12‐hour light‐dark rhythm.

Rats were sedated with isoflurane following a subcutaneously

administered anesthesia containing midazolam (2 mg/kg), medeto-

midine (150 µg/kg), and fentanyl (5 μg/kg). A 1‐cm skin incision was

made at the right femur between the lateral femoral condyle and

the greater trochanter. The lesion was marked at both ends with

knots of a 4‐0 Safil‐suture to identify the exact position for

shockwave application as well as for postmortem examination. The

muscle destruction (grade III muscle tear) was performed with a

scalpel at the musculus rectus femoris transverse to the fiber

TABLE 1 Different groups and treatment variations

Group n

rESWT rESWT rESWT Diclofenac

†Day 0 Day 3 Day 5 Day 0

Control 1 10 − − − − Day 1

Control 2 10 − − − − Day 3

Control 3 10 − − − − Day 7

Diclo 1 10 − − − + Day 2

Diclo 2 10 − − − + Day 4

Diclo 3 10 − − − + Day 7

rESWT 1 10 + − − − Day 2

rESWT 2 10 + + − − Day 4

rESWT 3 10 + + + − Day 7

rESWT +Diclo 1 10 + − − + Day 2

rESWT +Diclo 2 10 + + − + Day 4

rESWT +Diclo 3 10 + + + + Day 7

Abbreviation: rESWT, radial extracorporeal shockwave application.

†, different time points of sacrifice.
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orientation, with a depth and width of 3 mm. For the skin closure,

a 4‐0 Safil‐filament was used (Figure 1).

Rats were sacrificed at various time points by inhalation of CO2.

The marked area of the muscle incision was carefully excised. Muscle

tissue was either fixed in Roti Histofix‐4.5% (Carl Roth GmbH,

Karlsruhe, Germany) for histological analyses or stored in RNAlater

solution (Invitrogen; Life Technologies; Thermo Fisher Scientific,

Carlsbad, CA) for investigation of gene expression.

2.2 | Therapy schedule

Radial shockwave application was performed using the Swiss

DolorClast Classic (E.M.S., Nyon, Switzerland) under anesthesia at

days 0, 3, and 5, with the following settings: 500 impulses, a

frequency of 10 Hz, and a pressure of 2 bar, employing a shockwave

applicator with a diameter of 15 mm. These settings were

comparable to our in vitro experiments.17 Diclofenac was applied

subcutaneously in the neck fold directly after surgery, at a

concentration of 2 g/kg body weight as previously published by

Tomazoni et al.24 The control group received no treatment. The rats

were sacrificed as outlined in Table 1. In contrast to the therapy

groups (sacrificed on days 2, 4, and 7), the control groups were

euthanized on days 1, 3, and 7. This discrepancy was due to the fact

that to reduce animal numbers, the control group data were derived

from another study using the same model (see Section 4.4).

Our focus was to determine how many treatments were required,

and how many days it took before any effects of shockwave therapy

were observed in rats. Therefore, we treated one group with

shockwaves once, directly after surgery, and sacrificed the animals in

this group 2 days later. The second group received the first treatment

directly after surgery and a second treatment on day 3 and were culled

on day 4. The last group was treated directly after surgery, a second

time on day 3 and for a third time on day 5 and were culled after 7 days

(Table 1). The muscle tissue derived from five animals in each group was

used for RNA isolation, while tissue from the other five animals was

used for histological and immunohistochemical analyses.

2.3 | RNA isolation and gene expression analyses

Muscle tissue that lay between the two marking knots was excised

and used for RNA isolation. Twenty milligrams of each sample tissue

was lysed and homogenized using the Precellys Tissue RNA Kit

(Peqlab, Erlangen, Germany). Isolation and purification of total RNA

were performed using the kit RNA binding columns.

Reverse transcription was performed using 2 μg RNA, Superscript

III Reverse transcriptase (Invitrogen; Life Technologies; Thermo Fisher

Scientific), Random Primers (Promega, Madison, WI), and dNTPs

(Bioron GmbH, Ludwigshafen, Germany). The gene expression analyses

for 18S, Neural cell adhesion molecule (NCAM), Myf5, Myosin, and

MyoD were performed using quantitative reverse transcription‐
polymerase chain reaction (PCR) with QuantiTect Primer Assays using

the 7300 Real‐Time PCR System (Applied Biosystems, Foster City, CA).

The comparative threshold cycle (Ct) method was used to calculate the

relative gene expression and presented as −ΔΔ2 Ct values.25 The gene

expression was normalized to 18S rRNA. All samples were examined in

triplicates (five different samples in triplicates, n = 15).

F IGURE 1 Operation procedure: A,
rotation of the femur; B, premarking for

the lesion with filament; C, placement of
the lesion; D, closure of the skin
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2.4 | Histological analyzes

The marked muscle area was extracted as described and fixed in

paraformaldehyde. For histological analyses, the fixed tissues were

embedded in paraffin blocks (Roti‐Plast Paraffin; Carl Roth GmbH)

and cut into 5‐μm slices (Mikrotom 2030; Reichert‐Jung, Heidelberg,

Germany). The sections were then either stained with hematoxylin

and eosin (H&E) or immunohistochemistry was performed using

specific antibodies against CD31. The centralized nuclei were marked

and counted by two independent researchers.

2.5 | Immunohistochemistry

The sections were first treated with Proteinase K (Dako S3020;

Agilent Technologies), then blocked for 20minutes with 3% H2O2

followed by a 30minutes incubation step with horse serum

(Biochrom GmbH, Berlin, Germany). CD31 mouse‐monoclonal anti-

body (NB100‐64796; Novus Biologicals) was incubated overnight at

4°C. The sections were first labeled with a biotinylated linker,

followed by streptavidin‐conjugated horseradish peroxidase, and

finally counterstained with hematoxylin.

2.6 | Statistical analyses

Statistical analyses were performed using IBM SPSS Statistics version 23.

Data were considered as nonnormally distributed and univariate analysis

of variance (Kruskal‐Wallis) was applied followed by the Mann‐Whitney

U test. For all analyses, a P< .05 was considered statistically significant.

3 | RESULTS

3.1 | Gene expression analyses

The gene expression levels of MyoD, NCAM, Myf5, and Myosin in the

treated muscle tissue were determined 2, 4, and 7 days after surgery

(Figure 2). Gene expression of MyoD and Myf5 was slightly

upregulated in rats treated with diclofenac when compared with

F IGURE 2 Gene expression of Myf5 (A), NCAM (B), MyoD (C), and Myosin (D). Changes in MyoD and Myosin were detected on day 4 after
monotherapies diclofenac or shockwave. Shockwave monotherapy resulted in an upregulation of NCAM, MyoD, and Myosin, even after 7 days.
The combination of both single therapies resulted in a downregulation of Myosin, MyoD, Myf5, and NCAM. n = 9, *P < .05. rESWT, radial

extracorporeal shockwave application
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the untreated control 2 days after surgery. All other groups

demonstrated the downregulation of these two genes at the same

time point. NCAM and Myosin gene expression decreased in all

treatment groups (rESWT and diclofenac, both individually and

combined) compared with control.

In contrast, the monotherapies, either diclofenac or rESWT,

resulted in a significant upregulation of MyoD and Myosin

expression after 4 days, and for rESWT alone after 7 days,

whereas the combined therapy did not result in a positive effect on

MyoD gene expression. NCAM and Myf5 were only upregulated 7

days after surgery, and in the case of Myf5 only after diclofenac

treatment, whereas the expression of NCAM was enhanced after

rESWT alone as well as with the combined therapy (Figure 2). The

gene expression analysis of the satellite cell marker Pax7 was also

performed (data not shown) but no expression changes were

detected in any of the treated groups, or at any of the time points

when compared with the control. Only NCAM and Myosin

expression were upregulated 7 days after surgery following the

combined therapy.

3.2 | Histological analyses—H&E staining

H&E staining was performed for all groups on days 2, 4, and 7 after

surgery. Differences could be observed between the treated groups

and the untreated control on all days. Two days after surgery, few

mononucleated cells (MNCs) could be observed in the lesion of the

control group (untreated lesion). In contrast, around the lesions of

the treated groups (diclofenac, rESWT, or combined therapy) large

infiltrations of MNCs could be observed (Figure 3). The lighter

stained regions show the degenerated fibers, which are more

prominent in the untreated control group.

At 4 days following surgery, the number of MNCs in the control

group increased when compared with the number of MNCs observed at

F IGURE 3 Hemotoxylin and eosin staining of muscle tissue 2 days after surgery. Mononucleated cells are visualized as dark purple cells.
rESWT, radial extracorporeal shockwave application [Color figure can be viewed at wileyonlinelibrary.com]
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2 days after surgery. However, in comparison with the treated groups,

the number of MNCs was still lower. In addition, fatty deposits were

observed within the untreated lesion. A direct comparison of the

treated groups confirmed that there was a higher concentration of

MNCs in the groups treated with rESWT alone, or with the combined

therapy. The quantity of MNCs seen 2 days after surgery in the groups

treated with diclofenac, rESWT, or both, is similar to the number of

MNCs observed four days after surgery (Figure 4). Moreover, scar

tissue formation could be observed, particularly in the control group,

and to a lesser extent in the groups treated with diclofenac.

By day 7 after injury, the phenotype had altered. In the control

group, a high number of MNCs could be detected, but within these cells,

newly formed fibers were observed. The number of MNCs decreased

significantly in all treated groups when compared with day 4 after

surgery. This effect was most pronounced in the group treated with

rESWT, where only a low number of MNCs could be detected. The

number of MNCs in the group treated with diclofenac and the

combined therapy was marginally higher when compared with the

rESWT group but seemed to be lower than on day 4. Regenerating

fibers could be detected in all therapy groups, indicating regeneration of

the damaged muscle (Figure 5). The highest amount of regenerated

muscle tissue was observed in the group treated with rESWT alone. This

group also showed the highest number of centralized nuclei (36), which

are an indicator of regenerating muscle fibers. The lowest number of

centralized nuclei was detected in the group that received the combined

therapy (13). In the diclofenac group, approximately 17 centralized

nuclei could be counted.

Interestingly, fatty infiltration of the damaged tissue was neither

observed after treatment with rESWT, nor after the combined

therapy, when compared with the control and the diclofenac group.

The qualitative observations were verified quantitatively

(Figure 6) by measuring the area occupied by the MNCs.

F IGURE 4 Hemotoxylin and eosin staining of muscle tissue four days after surgery. Mononucleated cells are visualized as dark purple cells.
Mononucleated cells are found in all groups, but fewer are found in the treatment groups when compared with the control. Scar tissue can be

detected in the control group and to a lower extent in the groups treated with diclofenac. rESWT, radial extracorporeal shockwave application
[Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 5 Hemotoxylin and eosin staining of muscle tissue 7 days after surgery. On day 7, the number of mononucleated cells was smaller in
all treated groups when compared with the control. Regenerating tissue and new fibers can be observed in all treated groups, when compared
with the untreated group, presenting as an accumulation of cells around the injury. Centralized nuclei are marked by arrows. rESWT, radial
extracorporeal shockwave application [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 6 Quantitative analyses

measuring the percentage area occupied
by mononucleated cells, employing ImageJ
software. rESWT, radial extracorporeal
shockwave application
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3.3 | CD31 staining

To demonstrate whether rESWT induced angiogenesis after muscle

injury, immunohistochemical staining for CD31 was performed for all

groups at 2, 4, and 7 days after surgery. In all groups, CD31‐positive

cells could only be detected sporadically when compared with

positive liver tissue control (Figure 7). No differences could be

observed between the therapy groups and the control group (without

treatment), indicating that rESWT had no effect on angiogenesis in

regenerating muscle.

F IGURE 7 CD31 staining (brown cells) on days 2, 4, and 7 after surgery. CD31‐positive cells could only be detected sporadically in all groups

when compared with positive liver tissue control. rESWT, radial extracorporeal shockwave application [Color figure can be viewed at
wileyonlinelibrary.com]
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4 | DISCUSSION

Shockwave therapy is a noninvasive therapy applied for musculoske-

letal disorders. However, its efficiency is only partly proven and in

most cases, no proof of concept exists. The same applies to treatment

with diclofenac. Although diclofenac is a standard therapy used after

muscle injury, hardly any studies exist that analyze the effect of

diclofenac on muscle cells or muscle injury, either in vitro or in vivo.

To our knowledge, this is the first study to compare the effects of

radial shockwave application and diclofenac treatment alone, or in

combination, in a surgical rat model of muscle regeneration after

injury.

We used a surgically induced muscle injury in our rat model,

which is comparable to muscle injuries experienced by professional

athletes or football players. Other options for inducing muscle

injuries include injection with cardiotoxin, a neurotoxin, which

depolarizes and destroys muscle cells or muscle contusion mod-

els.19,21 In our surgical model we employed a scalpel to create muscle

lesions of 3 mm in depth, which is comparable with a standard muscle

injury in athletes.

4.1 | Gene expression

Satellite cells are able to differentiate into myoblasts and then

further to myotubes, which merge and form new muscle fibers and

fascicles.26 Muscle regeneration is characterized by the expression

of muscle‐specific transcription factors, for example, Pax7, Myf5,

and MyoD. During differentiation of the satellite cells into

myoblasts, Pax7 is downregulated, whereas Myf5 and MyoD remain

constantly expressed in myoblasts27 and enhance the cellular self‐
regeneration.28 In our study, we found a low, not regulated

expression of Pax7 in all treated groups and at all time points,

when compared with the control group. Only one other published

study has analyzed Pax7 expression in a mouse model following

shockwave application.29 Although a significant increase in Pax7

gene expression was noted by this group in the early phase of

regeneration, after low‐intensity shockwave treatment (Li‐SWT),

they did not observe any differences in the number of Pax7 positive

cells when compared with the untreated control. As they employed

cardiotoxin to induce muscle lesion and used low‐intensity
shockwave therapy, their results may not be directly comparable

with our current study. In addition, muscle healing is accelerated in

rats when compared with mice,11 and by 2 days after surgery the

early phase has already ended. Only two studies exist that analyze

the effect of NSAIDs on satellite cells and these studies have

reported the opposite effects. Mackey et al30 demonstrated

activation of satellite cells following the ingestion of NSAID in

young men, whereas Mikkelsen et al31 observed an inhibiting effect

on satellite cell proliferation in human skeletal muscle after

exercise. As these studies were performed in humans, and

species‐specific differences could exist,18 these results are also

difficult to compare with our data.

After the fusion of myoblasts to myotubes, myogenin and

myosin heavy chain are expressed and are markers for regenerat-

ing muscle.32 NCAM is another specific marker expressed in

myoblasts, myotubes, and muscle fibers during muscle regenera-

tion.33,34 In our present study, diclofenac and rESWT significantly

increased the myogenic factors in the late phase of regeneration

(after 4 days in rats). NCAM expression was only significantly

increased on day 7, either after rESWT treatment or after the

combined therapy. One other study has analyzed NCAM expres-

sion after the administration of NSAIDs. Mackey et al35 found no

changes in NCAM expression levels 8 days after administration in

humans. However, in our study, we found an effect 7 days after

administration in rats. Considering that a week in a rat’s life is

equivalent to at least 20 times that of the time period in humans,36

8 days post‐NSAID administration may be too early to detect any

expression changes in human subjects.

MyoD was significantly upregulated at both 2 and 4 days after

surgery by diclofenac treatment, and at 4 and 7 days after rESWT

application, indicating regenerating muscle. In contrast, MyoD

expression was significantly downregulated on day 2, when com-

pared with the untreated control, following treatment with the

combination of both monotherapies. Myf5 was significantly increased

at both 2 and 7 days after treatment with diclofenac. An upregulation

of Myosin was observed 4 and 7 days after rESWT application, but

only on day 4 after diclofenac treatment (compared with untreated

control), indicating that new muscle fibers were formed in regener-

ating muscle. In contrast, Myosin gene expression was significantly

downregulated after the combined therapy on days 2 and 4 but

significantly upregulated after 7 days.

As the results on days 2 and 4 after muscle lesion generation do

not follow a logical pattern, we have focused on the long‐term
outcome observed after 7 days. Seven days in a rat are equivalent to

7 months in humans,36 and therefore this time point should be

appropriate for studying long‐term outcomes. At 7 days after

incision, with the exception of Myf5, shockwave therapy demon-

strated the best effect, followed by monotherapy diclofenac, with the

least effect being observed after the combined therapy. Similar

changes in gene expression have been observed after rESWT

treatment of primary human myoblasts in vitro.17 It was surprising

that the combined therapy showed the least effect on muscle

regeneration. However, diclofenac acts through the inhibition of the

COX‐2 pathway and inhibition of inflammatory pathways, rather than

directly on muscle regeneration. In fact some studies have demon-

strated that NSAIDs have a negative effect on muscle protein

synthesis and myogenic cell regeneration. Shockwaves decrease

COX‐2 expression even further, as shown in a cystitis model37 and in

macrophages.38 This could explain the negative effect of the

combined therapy when compared with the monotherapies.

The significant increase in MyoD expression observed on day 4

could indicate the beginning of the regeneration process and the

onset for the differentiation of myoblasts to myotubes, supported by

diclofenac and rESWT (Figure 2C). Myf5 significantly decreased after

4 days (Figure 2A) and MyoD increased at the same time point,
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suggesting that a differentiation process was underway to form new

fibers. Our results are in contrast to those of Hansen et al,29 who

demonstrated that MyoD expression was not altered in mice after

Li‐SWT treatment, indicating that the Li‐SWT treatment could not

induce muscle differentiation. The suppression of MyoD expression

observed after the combined therapy could indicate that the healing

process is repressed and that damaged tissue could not regenerate

due to the double repression induced by a combination of the two

therapies. Nevertheless, these data are not really comparable to our

study.

4.2 | Histological staining

Histological staining confirmed the overall results that mono‐ or

combined therapies of diclofenac or rESWT induced muscle

regeneration to a higher extent when compared with the untreated

groups. Especially, evident at 7 days after surgery, and after

treatment with rESWT, the injured areas are permeated by

regenerating fibers. In the diclofenac and combined therapy groups,

mononuclear cells are detected in higher amounts when compared

with the rESWT group but are still much less than in the untreated

group. These results are comparable with the study by Zissler et al.39

who used cardiotoxin to generate muscle lesions in rats and treated

them with extracorporeal shockwaves (ESWTs). They also performed

histological studies and found that ESWT stimulated regeneration of

skeletal muscle tissue. This is comparable with the effects of rESWT

on the surgical muscle lesions employed in our study. The difference

between ESWT and rESWT is the penetration depth into the tissue,

physical characteristics, and the technique of how the impulses are

generated.40,41

We also observed the regeneration processes histologically at 7

days after surgery by the formation of centralized nuclei, indicating

regenerated fibers and the fusion of myoblasts to newly formed

muscle fibers around the lesion. As shown in Figure 5 no centralized

nuclei were detected in the control group compared with diclofenac

(~17), rESWT (~36), and the combined therapy (~13).

4.3 | Angiogenesis

Previous studies in the literature suggest that shockwaves

improve angiogenesis, vascularization, or microcirculation.42,43

In a hindlimb ischemia rat model a mobilization of CD31/CD34‐
positive endothelial cells was demonstrated after rESWT,

indicating an influence of this treatment on angiogenesis and

vascularization.42 Kisch et al43 confirmed this by showing an

improvement of muscular microcirculation after repetitive

shockwave application. Both studies found high numbers of

CD31 and CD34 cells in blood perfusion after SWT. Li‐SWT of

human myoblasts, and in a model of mouse skeletal muscle injury,

also revealed significantly increased expression of angiogenic and

myogenic genes.29 However, Hansen et al29 could not detect any

changes in blood vessel density in mouse skeletal muscle after

Li‐SWT. In agreement with the study by Hansen, we did not

observe more CD31‐positive cells after rESWT treatment when

compared with the nontreated control. Hence, we believe that

rESWT directly affects muscle cells. This hypothesis is further

supported by our in vitro study, where we could show that rESWT

modulated viability and gene expression in primary human

skeletal muscle cells.17

4.4 | Limitation of the study

The present data support the application of rESWT or diclofenac as

monotherapies to treat muscle injuries but do not support the use of

both treatments at the same time. Although these results are

underpinned by a number of experimental approaches, the study has

several potential limitations that need to be considered.

To reduce the animal numbers, we used control rats and muscle

sections from another study that employed the same muscle model.

The muscle tissues were excised on days 1, 3, and 7 instead of days 2,

4, and 7 in the treatment groups. Although we believe that the

difference of 1 day between the control and treated tissues would

not have much influence on the interpretation of results, it is worth

mentioning.

As the aim of our study was to analyze muscle regeneration, we

primarily focused on gene expression changes of myogenic transcrip-

tion factors. Including an analysis of fibrotic, fatty, and inflammatory

genes, such as transcription factors from the COX pathway and/or

angiogenic factors, could have given further information and is part

of a follow‐up study.

Another limitation is the therapy schedule. We attempted to

translate the treatment schedule used for professional soccer teams

to our in vivo model. However, there are many differences between

the healing and regeneration processes present in rats vs humans,

suggesting that additional schedules employing different frequencies,

time points, and concentrations should be investigated.

Finally, this study did not investigate if there were any changes in

protein expression as a result of the alterations in gene expression,

and these data might strengthen our results. The protein expression

analyses are a part of the follow‐up study as well as further

immunohistochemical staining, for example, collagen.

5 | CONCLUSION

Our study shows that muscle regeneration is supported by rESWT

and to a lower extent by diclofenac applied in mono‐ or combined

therapies in a controlled in vivo study imitating muscle lesions in

sports. rESWT alone demonstrated the best effect on regenerating

fibers in injured muscle tissue. Therefore, we recommend prospective

clinical studies to analyze the effect of rESWT after sports trauma to
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induce muscle regeneration and to shorten the rehabilitation time for

sports professionals after muscle injury.
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