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ABSTRACT: 

Background:  

Shock wave therapy (SWT) has been shown to induce angiogenesis in ischemic 

muscle. However, the mechanism of action remains unknown. Macrophages are 

crucial for angiogenic responses after ischemic injury. The M2 macrophage subset 

enables tissue repair and induces angiogenesis. We hypothesized that the 

angiogenic effects of SWT are at least partly caused by enhanced macrophage 

recruitment. 

 

Methods:  

C57BL/6 mice were subjected to hind limb ischemia with subsequent SWT or sham 

treatment. Muscles were analyzed via immunofluorescence staining, RT-PCR and 

western blot.  Gene expression and proteins involved in macrophage recruitment 

was analyzed. Tissue sections were stained for macrophages including subsets, 

capillaries and arterioles. Laser Doppler perfusion imaging was performed to assess 

functional outcome. 

 

Results:  

Treated muscles showed increased expression of the pivotal macrophage recruiting 

factor monocyte chemotactic protein 1 (MCP-1). Higher levels of macrophage 

marker CD14 were found. Increased numbers of macrophages after SWT could be 

confirmed in immunofluorescence stainings. The expression of the M2 polarization 

promoting chemokine IL-13 was significantly elevated in the treatment group. We 

found elevated mRNA expression of the M2 scavenger receptor CD163 after SWT. 

Immunofluorescence stainings confirmed increased numbers of M2 macrophages 
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after treatment. SWT resulted in higher number of capillaries and arterioles. 

Assessment of functional outcome revealed significantly improved limb perfusion in 

treated animals.  

 

Conclusion:  

SWT causes increased macrophage recruitment and enhanced polarization towards 

reparative M2 macrophages in ischemic muscle resulting in angiogenesis and 

improved limb perfusion. SWT represents a promising new treatment option for the 

treatment of ischemic heart disease. 

 

Key words: shock wave therapy, ischemic heart disease, macrophages, 

angiogenesis 

 

Short Title: SWT induces angiogenesis ischemic muscle via macrophage 

recruitment 
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1. INTRODUCTION 

Heart failure from ischemic origin still represents a major socio-economic 

health burden in western countries (Mozaffarian et al., 2015). It is associated with 

significant impairment of prognosis and quality of life for affected patients. Ischemia 

is concomitant with the loss of viable myocardium resulting in remodelling of the 

heart and the formation of functionally impaired scar tissue(Jessup and Brozena, 

2003). Available treatments aim to reduce risk factors, alleviate symptoms and/or to 

beneficially influence cardiac remodeling (Dickstein et al., 2008). However, there is 

no regenerative treatment available for affected patients. Experimental approaches 

mainly focus on (stem) cell therapies (Laflamme and Murry, 2011). Although 

favourable results have been reported, none of them have reached broad clinical use 

due to distinct limitations like possible development of teratomas, immune response 

upon injection, cross-species contamination with animal serum due to cultivation, 

limited expansion potential in vitro, lack of homing to the site of injury, limited ability 

for differentiation and ethical controversies depending on the cell source. Selection 

and harvesting as well as the way of administration of a feasible cell type remains 

challenging (Cunningham et al., 2012; Karp and Leng Teo, 2009).  

Shock waves are a specific kind of sound-wave waves which have been used 

for kidney stone lithotripsy for decades (Chaussy et al., 1980). They have been 

shown to induce tissue regeneration when used with lower energies than for 

lithotripsy. They have been successfully used for the treatment of numerous 

pathologies including bone non-unions and chronic wounds (Elster et al., 2010; 

Gerdesmeyer et al., 2003; Ottomann et al., 2012; Schaden et al., 2007; Wang et al., 

2009). Recently, SWT was reported to reduce infarction size and improve ventricular 

function in animal models of ischemic heart failure (Nishida et al., 2004). First clinical 
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applications resulted in a relieve of angina symptoms in patients suffering from 

coronary heart disease. Thereby, induction of angiogenesis at the boarder zone of 

the infarcted area and subsequent contractile improvement of hibernating 

myocardium were described. Although numerous effects including increased VEGF 

and NO production, enhanced progenitor cell recruitment and induction of 

endothelial cell proliferation have been described, the underlying mechanisms 

remain largely unknown (Aicher et al., 2006; Holfeld et al., 2014b; Tepekoylu et al., 

2013; Weihs et al., 2014).  

After an infarction myocardium is biologically highly active. Inflammatory 

processes orchestrate the remodelling process and determine the quality of 

infarction healing. Thereby, macrophages play a crucial role. Two subsets of 

macrophages have been described. Pro-inflammatory M1 macrophages can be 

activated by IFN-y, TNF-a or LPS. They are known to induce tissue destruction by 

the production of pro-inflammatory cytokines like TNF-a and IL6 and the production 

of reactive oxygen species. This subset of macrophages is increased in chronic 

inflammatory diseases like atherosclerosis (Gordon, 2003; Nahrendorf et al., 2010). 

In contrast, M2 macrophages can be activated by factors like IL13 or TGF-b. 

This macrophage subset is needed for reparative processes. It contributes to 

angiogenesis and tissue regeneration by secretion of pivotal angiogenic growth 

factors, production of anti-inflammatory cytokines and transport of prosurvival factors 

and reparative enzymes. M2 macrophages can by identified by their scavenger 

receptor CD 163 (Gordon, 2003; Nahrendorf et al., 2010). 
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In this project we hypothesized that SWT promotes recruitment of 

macrophages and enhances the polarization towards M2 macrophages. The 

hypothesis was tested in a mouse model of hind limb ischemia, which represents a 

commonly used experimental model for the evaluation of novel angiogenic therapies 

in the field of ischemic heart disease (Cao et al., 2003; Theurl et al., 2010). Limb 

perfusion as well as angiogenesis was analyzed to investigate regeneration of the 

muscle 

 

2.MATERIALS AND METHODS 

2.1.Experimental Setup 

 Male, 12-14 weeks old C57/BL6 mice (Charles River, Sulzfeld, Germany) 

weighing 25–30 g were randomly divided into 4 groups (CTR 72h, SWT 72h, CTR 

28d, SWT 28d, n = 6). Sample size was n=6 for each timepoint and analysis. 

Treatment animals underwent femoral artery excision and subsequent SWT. Control 

animals (CTR) were left untreated. The treatment was applied immediately after hind 

limb ischemia surgery while the animals were still anesthetized. The animals were 

sacrificed 72 h and 28 days after therapy. Gastrocnemius muscle was harvested 72h 

28d after therapy and RT-PCR and immunofluorescence stainings were performed. 

Laser Doppler perfusion was measured before treatment, and 1 week, 2 weeks, 3 

weeks and 28d after treatment. The timepoints were chosen due to observed shock 

wave effects in previous projects (Holfeld et al., 2014a). The experimental setup is 

depicted in supplemental Figure 1. 
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2.2. Animal experiments 

 The experiments were approved by the institutional animal care and use 

committee at Innsbruck Medical University and by the Austrian ministry of science. 

The investigation conformed to the ‘‘Guide for the Care and Use of Laboratory 

Animals’’ published by the US National Institutes of Health (NIH Publication No. 85-

23, revised 1996; available from: www.nap.edu/catalog/5140.html).  

2.3. Hindlimb ischemia model 

The model was performed as described previously (Holfeld et al., 2014a). 

Animals were anesthetized by an intraperitoneal injection of ketamine hydrochloride 

(Graeub, Switzerland; 80 mg/kg body weight) and xylazine hydrochloride (aniMedica, 

Germany; 5 mg/ kg body weight). The left femoral artery was ligated and excised 

between the inguinal ligament and proximal to the branching into saphenous and 

popliteal artery using 7-0 polypropylene sutures (Ethicon, USA). The entire 

gastrocnemius muscle was harvested and processed for further analyses.  

 

2.4. Shock wave treatment  

Shock wave therapy was performed as published previously (Tepekoylu et al., 

2013). Briefly, the animals received therapy to the area above the adductor muscles 

after hind limb surgery and skin closure, still under anesthesia. Common ultrasound 

gel was used for coupling.  The commercially available Orthogold 180 with applicator 

CG050-P (TRT LLC, Tissue Regeneration Technologies, Woodstock, GA, USA) 

served as shock wave device. The diameter of the applicator’s membrane is 4.5 

centimeters. 300 impulses were delivered to the ischemic area with an energy flux 

density of 0,1 mJ/mm2 at a frequency of 5 Hz. The rationale for the treatment 

parameters is our experience from previous studies (Holfeld et al., 2014a; Holfeld et 

http://www.nap.edu/catalog/5140.html
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al., 2014b; Tepekoylu et al., 2013). At these energy levels, no adverse effects have 

been observed. 

 

2.5. RT-PCR 

For all RT-PCR analysis, 6 animals per group were used. The entire 

gastrocnemius muscle was harvested in all the groups. Muscles were homogenized 

using a Mixer Mill MM440 device (Retsch, Haan, Germany) as described previously 

(Nef et al., 2009). Total RNA was isolated from homogenized muscle samples using 

TRI Reagent (Sigma-Aldrich, USA) according to the manufacturer’s protocol. Then 

cDNA was synthesized using iScript cDNA Synthesis kit (Bio-Rad laboratories, 

USA). Real-time polymerase chain reaction (PCR) was performed using the 

StepOnePlus Real-Time PCR with SYBR green reagents (Applied Biosystems, USA) 

and the following oligonucleotides as described previously(Paulus et al., 2006): 

primer sequences: b-actin forward CTCTCCCTCAATCCTG, reverse 

CTCCTCAGGGGCCACACGCA; MCP-1 forward 

GCAGAGAGCCAGACGGGAGGAA, reverse CCAACACGTGGATGCTCCAGCC; 

CD14 forward TGCAGGCGCTCCGAGTTGTG, reverse 

TGATGGAGCTCCGGCGGTA, CD163 forward ACGTGTGGGGCTCCGTCTGT, 

reverse GGACCCCAGGCTCCGAGTGT, m-IL-13 forward 

GCAGCAGCTTGAGCACATTT, reverse GCAGACAGGAGTGTTGCTCT. After a 

denaturation step at 95 °C for 10 min, the cycling started. Annealing was performed 

at 60 °C for 10 s, followed by a synthesis step at 72 °C for 25 s. SYBR Green 

fluorescence was detected at 78 °C. After 40 cycles, the experiment was finished by 

running a melting curve with an augmentation of 0.3 to 95 °C followed by 

fluorescence detection at the end of each augmentation step. The melting curve was 
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used to determine the specificity of the primer pairs. Results were calculated using 

the 2−ΔΔC
T method as described previously (Schmittgen and Livak, 2008). Results 

are shown as fold change compared to the control group. 

 

2.6. Immunofluorescence staining 

For all histological analyses, six animals per group were analyzed. Staining 

was performed as described previously (Holfeld et al., 2014a). Briefly, muscle 

samples were fixed in 4% formaldehyde and subsequently embedded in paraffin. 

Prior to the staining procedure, heat-mediated antigen retrieval was performed in 

sodium-citrate buffer (10 mM sodium-citrate, 0,05%Tween 20, pH 6,0) followed by 

fixation in methanol for 10 min at 4°C. After blocking for 30 min. with 2% BSA in 

PBS, samples were incubated with monoclonal rat anti-CD31 (nova, Hamburg, 

Germany), rabbit polyclonal anti-alphha smooth muscle actin, rat anti-F4/80 (both 

Abcam, Cambridge, UK), and rabbit anti CD163 (Bioss Antibodies, Woburn, MA)  

antibodies (Abcam, Cambridge, UK) over night at 4uC. Alexa Fluor 568 goat anti-rat 

IgG as well as Alexa Fluor 488 goat anti-rabbit IgG (Life Technologies, Carlsbad, Ca) 

served as secondary antibodies. DAPI (Life Technologies, Carlsbad, Ca) was used 

for nuclear counterstaining. For macrophage quantification, the total number of F4/80 

positive cells was related to the total number of nuclei per high power field. To 

determine the percentage of M2 macrophages, the number of CD163 positive cells 

was related to the number of F4/80 cells per high power field. Images were analyzed 

using AxioVision Rel.4.8 software (Carl Zeiss, Oberkochen, Germany). Positive cells 

were counted using ImageJ (NIH, Bethesda, MA). Analyses were performed by a 

single blinded researcher.  Five slides per sample were investigated. Three random 

areas per slide were photographed and analyzed. 
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2.7. Laser Doppler Perfusion Imaging (LDPI) 

Blood flow measurements were performed before treatment and weekly after 

treatment by a laser Doppler perfusion image analyzer (Moor Instruments, USA) as 

previously reported (Holfeld et al., 2014a). To minimize data variables attributable to 

ambient light and temperature mice were kept on a heating plate at 37ºC for 

approximately 10 minutes before measurement in a darkened room. Blood perfusion 

is expressed as the laser Doppler perfusion image index representing the ratio of left 

(operated, ischemic leg) to right (not operated, non ischemic leg) limb blood flow as 

described previously (Holfeld et al., 2014a). A ratio of 1 prior to surgery indicated 

equal blood perfusion in both legs. 

 

2.8. Western Blotting 

Cells were homogenized and protein isolated. SDS-gels were loaded with 

20µg protein. Proteins were immunodetected on Hybond C supermembrane 

(Amersham Pharmacia Biotech, Amersham, UK) with PageRuler marker (Thermo 

Scientific, Waltham, MA) as a standard. The blots were probed with rat anti F4/80 

antibody (abcam, Cambridge, UK) or rabbit anti CD163 antibody (Bioss Antibodies, 

Woburn, MA). Detection was then performed by incubating the membranes with the 

corresponding secondary anti-rabbit or anti-rat biotinylated antibody (Dako, Santa 

Clara, CA) and development was performed using ECL Western blotting detection 

reagent (Amersham Pharmacia Biotech, Amersham, UK). Beta-tubulin (Sigma, 

St.Louis, MO) served as loading control. 
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2.9. Statistical Analysis 

All results are expressed as mean +/- SEM (standard error of the mean). Statistical 

comparisons between 2 groups were performed by student’s t-test using GraphPad 

PRISM 6 for Mac OS X (GraphPad Software Inc., La Jolla, CA, USA). Continuous 

variables were either compared with analysis of variance (Bonferroni) after testing for 

normality of distribution or the Mann–Whitney test. P-values <.05 were considered 

statistically significant.  

 

3. RESULTS  

3.1. Enhanced macrophage recruitment and M2 polarization in shock wave 

treated ischemic muscle 

First, we aimed to investigate whether SWT results in increased macrophage 

recruitment.  Therefore, mRNA expression of the chemoattractant monocyte 

chemotactic protein 1 (MCP-1) was measured in the treated muscles with and 

without SWT. Indeed, we found increased MCP-1 levels after treatment (gene 

expression in fold change: CTR 1.0±0.1371 vs. SWT 2.122±0.2939, p=0.0016) 

(Fig.1A). Next, we aimed to analyze whether we could find increased numbers of 

macrophages in the treated tissue. Expression of the macrophage marker CD14 was 

measured. mRNA levels of CD14 were significantly upregulated after SWT (gene 

expression in fold change: CTR 1.0±0.3361 vs. SWT 3.59±0.6351, p=0.0012) (Fig. 

1B).  

M2 polarization promoting chemokine IL-13 was measured. We found 

significant increase of IL-13 mRNA expression after treatment (gene expression in 

fold change: CTR 1.0±0.1581 vs. SWT 5.963±2.015, p=0.014) (Fig. 1C).  
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Expression levels of the M2 macrophage specific scavenger receptor CD 163 

was analyzed. CD 163 levels were significantly increased after SWT, showing 

indeed increased presence of M2 macrophages after treatment (gene expression in 

fold change: CTR 1.0±0.1545 vs. SWT 4.25±0.8838, p=0.0008) (Fig.1D).  

Subsequently, western blotting of treated muscles was performed to analyze 

protein expression after SWT. Increased protein levels of the macrophage marker 

F4/80 and the M2 macrophage marker CD 163 were found after SWT (Fig. 1E).  

 

3.2. SWT results in higher numbers of M2 macrophages 

In order to confirm the RT-PCR findings, we performed immunofluorescence 

staining of the treated muscles. Sections were stained for F4/80, a commonly 

accepted marker for macrophage identification in tissue sections. We found 

significantly elevated numbers of F4/80 positive cells 72h (percentage of positive 

cells per HPF: CTR 30±2vs SWT 43±5, p=0.0265) and 28d after SWT (percentage of 

positive cells per HPF: CTR 8±3 vs. SWT 26± 4, p=0.0072) (Fig. 2A). In a next step 

we aimed to investigate whether we could find higher numbers of M2 macrophages 

in treated muscles. We therefore stained tissue sections for F4/80 and CD163 and 

quantified the amount of cells that were positive for both markers. The amount of 

CD163 positive macrophages was significantly higher in treated animals indicating 

enhanced M2 macrophage presence 72h (percentage of F4/80 / CD163 positive 

cells: CTR 62±3 vs. SWT 84±4, p=0.0001) and 28d after SWT (percentage of F4/80 / 

CD163 positive cells: CTR 28±12 vs. SWT 71±11, p=0.016) (Fig. 2B).  
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3.3. Increased numbers of capillaries and arterioles after SWT 

Next, we quantified capillaries and arterioles after SWT. CD31 staining was 

used as endothelial marker. SW treated muscles showed higher numbers of 

capillaries compared to untreated controls (number of capillaries per HPF: CTR 

8.18±1.9 vs. SWT 16.25±2.09, p=0.009) (Fig 3A). Additional a-SMA (alpha smooth 

muscle actin) staining was performed for the identification of arterioles. Significantly 

higher numbers of arterioles could be found after SWT (number of arterioles per 

HPF: CTR 1.11±0.26 vs. SWT 3.78±0.52, p=0.0003) (Fig. 3B).  

 

3.4. Improved limb perfusion after SWT  

Finally, we aimed to assess whether angiogenesis after SWT results in an 

improved clinical outcome. Hindlimb ischemia surgery was performed. Limb 

perfusion showed no difference between the groups before treatment (laser Doppler 

perfusion image index: CTR 0.2785±0.026 vs. SWT 0.3261±0.0147, p=0.19). 

Perfusion was measured weekly until 4 weeks after treatment. No significant 

difference between the groups could be observed 2 weeks (laser Doppler perfusion 

image index: CTR 0.6706±0.092 vs. SWT 0.6993±0.01, p=0.84) and 3 weeks (laser 

Doppler perfusion image index: CTR 0.6071±0.084 vs. SWT 0.7164±0.12, p=0.48) 

after treatment. However, limb perfusion was significantly improved in treated 

animals compared to untreated control animals 1 week (laser Doppler perfusion 

image index: CTR 0.4399±0.072 vs. SWT 0.7391±0.08, p=0.025) and 4 weeks after 

treatment (CTR 0.5977 ± 0.12 vs. SWT 0.9683 ± 0.038, p=0.014) (Fig. 4).  
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4. DISCUSSION  

Heart failure due to ischemic heart disease represents a serious condition with 

limited therapeutic options. Currently, available strategies mainly focus on alleviating 

symptoms rather than regeneration of functionally impaired tissue (Jessup and 

Brozena, 2003) . There is a strong need for novel regenerative approaches for this 

disease.  

Shock waves are developing as a regenerative tool for various pathologies. 

They have proven useful in the regeneration of tissue after ischemic injury 

(Mittermayr et al., 2011; Nishida et al., 2004; Weihs et al., 2014). Thereby, the 

induction of angiogenesis seems to be crucial for its regenerative properties. It is not 

well understood how SWT promotes angiogenesis, albeit several angiogenic effects 

have been described: increased VEGF production with subsequent VEGFR2 

phosphorylation (Holfeld et al., 2014a), ERK activation (Wang et al., 2004), higher 

NO levels (Yan et al., 2008), ATP release and cell proliferation (Weihs et al., 2014), 

endothelial progenitor cell recruitment (Aicher et al., 2006; Tepekoylu et al., 2013). 

However, the role of macrophages has not been investigated yet. 

Macrophages play a pivotal role in the remodelling process after infarction, 

especially in tissue repair and the induction of angiogenesis.  This project aimed to 

elucidate whether macrophages are involved in SW induced angiogenesis. We 

tested our hypothesis in a model of hind limb ischemia by femoral artery excision in 

mice. Ischemic muscles were treated with SWT immediately after surgery.  

RT-PCR showed increased levels of MCP-1, a major chemokine for 

macrophages. MCP-1 is known to recruit monocytes and enable migration towards 

the site of injury (Dipietro et al., 2001). Indeed, significantly higher expression of the 

macrophage marker CD14 indicated increased macrophage presence in treated 
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tissue. In parallel, we found higher numbers of F4/80 positive cells in 

immunofluorescence stainings after SWT.  

In a next step we were interested in whether SWT not only causes 

macrophage recruitment, but also influences polarization of macrophages. 

Macrophages are divided into two subsets, namely M1 and M2 macrophages. The 

pro-inflammatory M1 macrophages can cause tissue damage via production of 

reactive oxygen species, whereas M2 macrophages are crucial for angiogenesis and 

tissue repair (Gordon, 2003). M2 macrophages promote healing in ischemic 

myocardium via extracellular matrix remodeling, release of anti-inflammatory 

cytokines, production of angiogenic growth factors resulting in angiogenesis 

(Nahrendorf et al., 2010).  

mRNA levels of M2 polarization promoting chemokine IL-13 were increased 

after treatment. Expression of the M2 specific scavenger receptor CD 163 was 

upregulated after SWT. We analyzed tissue sections for F4/80 and CD 163 and 

found higher numbers of M2 macrophages in SW treated ischemic muscles. Thus, 

we could show for the first time that SWT results in (1) increased macrophage 

recruitment to ischemic muscle and (2) enhanced macrophage polarization towards 

regenerative M2 macrophages. A well-orchestrated macrophage response is crucial 

for adequate repair of ischemic muscle. M1 macrophages are responsible for the 

cleavage of necrotic tissue by phagocytosis and proteolytic activity. Thus, 

extracellular matrix is degraded and molecules released by dying cells are removed. 

This is crucial to prepare the injured tissue for angiogenesis and regeneration by 

subsequently activated M2 macrophages (Nahrendorf et al., 2007). M1 

macrophages recruited by SWT might be responsible for phagocytosis of necrotic 
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tissue and thus prepare ischemic muscle for regenerative processes. However, their 

exact role remains unclear. 

To investigate whether SWT resulted in angiogenesis, we quantified 

capillaries and arterioles in stained tissue sections. We confirmed higher numbers of 

both in the treatment group indicating enhanced angiogenesis after SWT. 

Finally, we were interested whether the higher number of vessels had resulted 

in functional improvement, namely perfusion of the ischemic limbs. We therefore 

measured perfusion 28 days after therapy and found improved blood flow after SWT. 

Summarizing, the recruitment of macrophages and enhancing their 

polarization towards a reparative M2 subset might be a crucial mechanism in SW 

mediated angiogenesis. Further studies are needed to investigate how the 

mechanical stimulus is translated into the release of chemokines for macrophage 

recruitment. Angiogenesis due to SWT could become a promising tool for the 

regeneration of ischemic muscle. Shock waves have been used in clinical routine for 

decades and no severe adverse effects have been reported so far. A translation of 

its use for the treatment of ischemic limb as well as ischemic heart disease therefore 

seems reasonable. 

 

5. SOURCES OF FUNDING 

This work was in part supported by a research grant of Medizinischer 

Forschungsfonds Tirol (MFF) [ project no. 220] and by a research grant provided by 

TRT – Tissue Regeneration Technologies LLC., Woodstock, Georgia, USA, both to 

J.H.   

 

 



 

 
This article is protected by copyright. All rights reserved. 

6. ACKNOWLEDGEMENTS 

We kindly thank Annabella Knab for performing tissue sections.  

 

7. CONFLICTS OF INTEREST 

None. The authors have declared that no competing interests exist. The 

sponsors of this study had no role in study design, data collection, analysis, and 

decision to publish or prepare the manuscript. 

 

9. REFERENCES 

Aicher, A., C. Heeschen, K. Sasaki, C. Urbich, A.M. Zeiher, and S. Dimmeler. 2006. 
Low-energy shock wave for enhancing recruitment of endothelial progenitor 
cells: a new modality to increase efficacy of cell therapy in chronic hind limb 
ischemia. Circulation. 114:2823-2830. 

Cao, R., E. Brakenhielm, R. Pawliuk, D. Wariaro, M.J. Post, E. Wahlberg, P. 
Leboulch, and Y. Cao. 2003. Angiogenic synergism, vascular stability and 
improvement of hind-limb ischemia by a combination of PDGF-BB and FGF-2. 
Nat. Med. 9:604-613. 

Chaussy, C., W. Brendel, and E. Schmiedt. 1980. Extracorporeally induced 
destruction of kidney stones by shock waves. Lancet. 2:1265-1268. 

Cunningham, J.J., T.M. Ulbright, M.F. Pera, and L.H. Looijenga. 2012. Lessons from 
human teratomas to guide development of safe stem cell therapies. Nat. 
Biotechnol. 30:849-857. 

Dickstein, K., A. Cohen-Solal, G. Filippatos, J.J. McMurray, P. Ponikowski, P.A. 
Poole-Wilson, A. Stromberg, D.J. van Veldhuisen, D. Atar, A.W. Hoes, A. 
Keren, A. Mebazaa, M. Nieminen, S.G. Priori, K. Swedberg, and E.S.C.C.f.P. 
Guidelines. 2008. ESC guidelines for the diagnosis and treatment of acute 
and chronic heart failure 2008: the Task Force for the diagnosis and treatment 
of acute and chronic heart failure 2008 of the European Society of Cardiology. 
Developed in collaboration with the Heart Failure Association of the ESC 
(HFA) and endorsed by the European Society of Intensive Care Medicine 
(ESICM). Eur. J. Heart Fail. 10:933-989. 

Dipietro, L.A., M.G. Reintjes, Q.E. Low, B. Levi, and R.L. Gamelli. 2001. Modulation 
of macrophage recruitment into wounds by monocyte chemoattractant 
protein-1. Wound Repair Regen. 9:28-33. 

Elster, E.A., A. Stojadinovic, J. Forsberg, S. Shawen, R.C. Andersen, and W. 
Schaden. 2010. Extracorporeal shock wave therapy for nonunion of the tibia. 
J. Orthop. Trauma. 24:133-141. 

Gerdesmeyer, L., S. Wagenpfeil, M. Haake, M. Maier, M. Loew, K. Wortler, R. 
Lampe, R. Seil, G. Handle, S. Gassel, and J.D. Rompe. 2003. Extracorporeal 
shock wave therapy for the treatment of chronic calcifying tendonitis of the 
rotator cuff: a randomized controlled trial. JAMA. 290:2573-2580. 



 

 
This article is protected by copyright. All rights reserved. 

Gordon, S. 2003. Alternative activation of macrophages. Nat. Rev. Immunol. 3:23-
35. 

Holfeld, J., C. Tepekoylu, S. Blunder, D. Lobenwein, E. Kirchmair, M. Dietl, R. 
Kozaryn, D. Lener, M. Theurl, P. Paulus, R. Kirchmair, and M. Grimm. 2014a. 
Low Energy Shock Wave Therapy Induces Angiogenesis in Acute Hind-Limb 
Ischemia via VEGF Receptor 2 Phosphorylation. PLoS One. 9:e103982. 

Holfeld, J., D. Zimpfer, K. Albrecht-Schgoer, A. Stojadinovic, P. Paulus, J. Dumfarth, 
A. Thomas, D. Lobenwein, C. Tepekoylu, R. Rosenhek, W. Schaden, R. 
Kirchmair, S. Aharinejad, and M. Grimm. 2014b. Epicardial shock-wave 
therapy improves ventricular function in a porcine model of ischaemic heart 
disease. J. Tissue Eng. Regen. Med. 

Jessup, M., and S. Brozena. 2003. Heart failure. N. Engl. J. Med. 348:2007-2018. 
Karp, J.M., and G.S. Leng Teo. 2009. Mesenchymal stem cell homing: the devil is in 

the details. Cell Stem Cell. 4:206-216. 
Laflamme, M.A., and C.E. Murry. 2011. Heart regeneration. Nature. 473:326-335. 
Mittermayr, R., J. Hartinger, V. Antonic, A. Meinl, S. Pfeifer, A. Stojadinovic, W. 

Schaden, and H. Redl. 2011. Extracorporeal shock wave therapy (ESWT) 
minimizes ischemic tissue necrosis irrespective of application time and 
promotes tissue revascularization by stimulating angiogenesis. Ann. Surg. 
253:1024-1032. 

Mozaffarian, D., E.J. Benjamin, A.S. Go, D.K. Arnett, M.J. Blaha, M. Cushman, S. de 
Ferranti, J.-P. Després, H.J. Fullerton, V.J. Howard, M.D. Huffman, S.E. Judd, 
B.M. Kissela, D.T. Lackland, J.H. Lichtman, L.D. Lisabeth, S. Liu, R.H. 
Mackey, D.B. Matchar, D.K. McGuire, E.R. Mohler, C.S. Moy, P. Muntner, 
M.E. Mussolino, K. Nasir, R.W. Neumar, G. Nichol, L. Palaniappan, D.K. 
Pandey, M.J. Reeves, C.J. Rodriguez, P.D. Sorlie, J. Stein, A. Towfighi, T.N. 
Turan, S.S. Virani, J.Z. Willey, D. Woo, R.W. Yeh, and M.B. Turner. 2015. 
Heart Disease and Stroke Statistics—2015 Update: A Report From the 
American Heart Association. Circulation. 131:e29-e322. 

Nahrendorf, M., M.J. Pittet, and F.K. Swirski. 2010. Monocytes: protagonists of 
infarct inflammation and repair after myocardial infarction. Circulation. 
121:2437-2445. 

Nahrendorf, M., F.K. Swirski, E. Aikawa, L. Stangenberg, T. Wurdinger, J.L. 
Figueiredo, P. Libby, R. Weissleder, and M.J. Pittet. 2007. The healing 
myocardium sequentially mobilizes two monocyte subsets with divergent and 
complementary functions. J. Exp. Med. 204:3037-3047. 

Nef, H.M., H. Mollmann, P. Hilpert, C. Troidl, S. Voss, A. Rolf, C.B. Behrens, M. 
Weber, C.W. Hamm, and A. Elsasser. 2009. Activated cell survival cascade 
protects cardiomyocytes from cell death in Tako-Tsubo cardiomyopathy. Eur. 
J. Heart Fail. 11:758-764. 

Nishida, T., H. Shimokawa, K. Oi, H. Tatewaki, T. Uwatoku, K. Abe, Y. Matsumoto, 
N. Kajihara, M. Eto, T. Matsuda, H. Yasui, A. Takeshita, and K. Sunagawa. 
2004. Extracorporeal cardiac shock wave therapy markedly ameliorates 
ischemia-induced myocardial dysfunction in pigs in vivo. Circulation. 
110:3055-3061. 

Ottomann, C., A. Stojadinovic, P.T. Lavin, F.H. Gannon, M.H. Heggeness, R. Thiele, 
W. Schaden, and B. Hartmann. 2012. Prospective randomized phase II Trial 
of accelerated reepithelialization of superficial second-degree burn wounds 
using extracorporeal shock wave therapy. Ann. Surg. 255:23-29. 



 

 
This article is protected by copyright. All rights reserved. 

Paulus, P., E.R. Stanley, R. Schafer, D. Abraham, and S. Aharinejad. 2006. Colony-
stimulating factor-1 antibody reverses chemoresistance in human MCF-7 
breast cancer xenografts. Cancer Res. 66:4349-4356. 

Schaden, W., R. Thiele, C. Kolpl, M. Pusch, A. Nissan, C.E. Attinger, M.E. 
Maniscalco-Theberge, G.E. Peoples, E.A. Elster, and A. Stojadinovic. 2007. 
Shock wave therapy for acute and chronic soft tissue wounds: a feasibility 
study. J. Surg. Res. 143:1-12. 

Schmittgen, T.D., and K.J. Livak. 2008. Analyzing real-time PCR data by the 
comparative CT method. Nat. Protocols. 3:1101-1108. 

Tepekoylu, C., F.S. Wang, R. Kozaryn, K. Albrecht-Schgoer, M. Theurl, W. Schaden, 
H.J. Ke, Y. Yang, R. Kirchmair, M. Grimm, C.J. Wang, and J. Holfeld. 2013. 
Shock wave treatment induces angiogenesis and mobilizes endogenous 
CD31/CD34-positive endothelial cells in a hindlimb ischemia model: 
implications for angiogenesis and vasculogenesis. J. Thorac. Cardiovasc. 
Surg. 146:971-978. 

Theurl, M., W. Schgoer, K. Albrecht, J. Jeschke, M. Egger, A.G. Beer, D. Vasiljevic, 
S. Rong, A.M. Wolf, F.H. Bahlmann, J.R. Patsch, D. Wolf, P. Schratzberger, 
S.K. Mahata, and R. Kirchmair. 2010. The neuropeptide catestatin acts as a 
novel angiogenic cytokine via a basic fibroblast growth factor-dependent 
mechanism. Circ. Res. 107:1326-1335. 

Wang, C.J., Y.R. Kuo, R.W. Wu, R.T. Liu, C.S. Hsu, F.S. Wang, and K.D. Yang. 
2009. Extracorporeal shockwave treatment for chronic diabetic foot ulcers. J. 
Surg. Res. 152:96-103. 

Wang, F.S., C.J. Wang, Y.J. Chen, P.R. Chang, Y.T. Huang, Y.C. Sun, H.C. Huang, 
Y.J. Yang, and K.D. Yang. 2004. Ras induction of superoxide activates ERK-
dependent angiogenic transcription factor HIF-1alpha and VEGF-A 
expression in shock wave-stimulated osteoblasts. J. Biol. Chem. 279:10331-
10337. 

Weihs, A.M., C. Fuchs, A.H. Teuschl, J. Hartinger, P. Slezak, R. Mittermayr, H. Redl, 
W.G. Junger, H.H. Sitte, and D. Runzler. 2014. Shockwave treatment 
enhances cell proliferation and improves wound healing by ATP release 
coupled extracellular signal-regulated kinase (ERK) activation. J. Biol. Chem. 

Yan, X., B. Zeng, Y. Chai, C. Luo, and X. Li. 2008. Improvement of blood flow, 
expression of nitric oxide, and vascular endothelial growth factor by low-
energy shockwave therapy in random-pattern skin flap model. Ann. Plast. 
Surg. 61:646-653. 

 
  



 

 
This article is protected by copyright. All rights reserved. 

 
 

Figure 1: Enhanced macrophage recruitment and M2 polarization in shock 

wave treated ischemic muscle 

Ischemic muscle was treated with SWT and after 72h analyzed for the expression of 

genes and proteins involved in macrophage recruitment via RT-PCR. Results are 

shown as fold change.  

 A Treated ischemic muscles showed increased expression of the pivotal recruiting 

factor monocyte chemotactic protein 1 (MCP-1) after SWT compared to untreated 

controls 72h after treatment (n=6, **p<0.01).  
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B In parallel we found a significant increase of the macrophage marker CD14 in 

treated muscles hinting for increased macrophage presence after SWT (n=6, 

**p<0.01).  

C The expression of the M2 polarization promoting chemokine IL-13 was significantly 

increased in the SWT group (n=6, *p<0.05).  

D Increased levels of the M2 scavenger receptor CD163 could be found after SWT 

compared to untreated controls (n=6, ***p<0.001). 

E Western blotting of treated muscle showed increased protein expression of the 

macrophage marker F4/80 and the M2 macrophage marker CD 163. Beta-tubulin 

was used as loading control. 
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Figure 2: SWT results in higher numbers of M2 macrophages 

Ischemic muscles were treated with SWT. Subsequently immunofluorescence 

staining for the macrophage marker F4/80 and the M2 macrophage marker CD163 

was performed.   

A Representative views of immunofluorescence stainings for DAPI (cell nuclei) and 

F4/80 (macrophages) 72h after SWT. Tissue sections were stained for macrophage 

infiltration 72h and 28 days after treatment. Macrophages were identified using F4/80 

as a marker. Total cell number was divided by positive cells. Results are shown as 

percentage of positive cells per HPF. We found significantly elevated numbers of 

macrophages 72h and 28d after SWT (n=6, *p<0.05,***p<0.001). Scale bar: 50µm. 

B Representative views of immunofluorescence stainings for DAPI (cell nuclei), 

F4/80 (macrophages) and CD 163 (M2 macrophages) 72h after SWT. In a next step 

we aimed to investigate whether we could find higher numbers of M2 macrophages 
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in treated muscles. We therefore stained tissue sections for F4/80 and CD163 72h 

and 28 days after treatment and quantified the amount of cells that were positive for 

both markers. The amount of F4/80 and CD163 positive cells was significantly higher 

in treated animals 72h and 28d after SWT indicating enhanced M2 macrophage 

presence after SWT (n=6, *p<0.05). Scale bar: 50µm. 
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Figure 3: Increased numbers of capillaries and arterioles after SWT 

Treated muscle was analyzed for capillaries (CD31) and arterioles (CD31 and 

aSMA) after SWT. 

A Representative views of immunofluorescence stainings for DAPI (cell nuclei) and 

CD31 (endothelial cells). To analyze whether SWT resulted in angiogenesis, 

capillaries in tissue sections were quantified 28 days after treatment. We found 

significantly increased numbers of capillaries after SWT compared to untreated 

controls (n=6, **p<0.01). Scale bar: 50µm. 

B Representative views of immunofluorescence stainings for DAPI (cell nuclei), 

CD31 (endothelial cells) and a-SMA (smooth muscle cells). SWT resulted in higher 

numbers of arterioles per HPF (n=6, ***p<0.001). Scale bar: 50µm. 
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Figure 4: Improved limb perfusion after SWT  

Limb perfusion was measured before treatement and weekly after treatment using 

LDPI. 

Mice were subjected to hind limb ischemia by femoral artery excision (left leg). 

Successful surgery was confirmed by Laser Doppler perfusion imaging. Immediately 

after surgery, animals received a single SWT to the ischemic muscle. Limb perfusion 

was assessed before treatment, 1 week, 2 weeks, 3 weeks and 28 days after 

treatment and showed a significant improvement after SWT 1 week and 28d after 

treatment. Representative perfusion images of a treated animal and a control animal 

28d after treatment are displayed. Quantification of measurements is expressed as 

ratio of left leg (operated, ischemic) to right leg (non-operated, non-ischemic) (n=6, 

*p<0.05).  


