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Abstract: Extracorporeal Shock Wave Therapy (ESWT) is used clinically in various disorders includ-
ing chronic wounds for its pro-angiogenic, proliferative, and anti-inflammatory effects. However, the
underlying cellular and molecular mechanisms driving therapeutic effects are not well characterized.
Macrophages play a key role in all aspects of healing and their dysfunction results in failure to
resolve chronic wounds. We investigated the role of ESWT on macrophage activity in chronic wound
punch biopsies from patients with non-healing venous ulcers prior to, and two weeks post-ESWT,
and in macrophage cultures treated with clinical shockwave intensities (150–500 impulses, 5 Hz,
0.1 mJ/mm2). Using wound area measurements and histological/immunohistochemical analysis
of wound biopsies, we show ESWT enhanced healing of chronic ulcers associated with improved
wound angiogenesis (CD31 staining), significantly decreased CD68-positive macrophages per biopsy
area and generally increased macrophage activation. Shockwave treatment of macrophages in culture
significantly boosted uptake of apoptotic cells, healing-associated cytokine and growth factor gene
expressions and modulated macrophage morphology suggestive of macrophage activation, all of
which contribute to wound resolution. Macrophage ERK activity was enhanced, suggesting one
mechanotransduction pathway driving events. Collectively, these in vitro and in vivo findings reveal
shockwaves as important regulators of macrophage functions linked with wound healing. This
immunomodulation represents an underappreciated role of clinically applied shockwaves, which
could be exploited for other macrophage-mediated disorders.
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1. Introduction

Chronic non-healing wounds of the skin, such as venous or diabetic foot ulcers, are
globally a major cause of morbidity and burden to health services, the incidence of which is
rising due to the increase in co-morbidities such as diabetes and vascular diseases [1]. They
have a complex etiology and closure continues to be challenging with current guideline
treatments that include compression or pressure offloading, debridement, infection control,
and local ulcer care with various multilayer wound dressings [2,3]. These treatments are
not effective in a large percentage of patients and relapse occurs, thus additional advanced
care therapeutic approaches are required to induce healing or shorten healing time.

Extracorporeal shockwave therapy (ESWT), has been used clinically for several con-
ditions including urological lithotripsy [4], scars, tendonitis, non-union fractures, plantar
fasciitis and osteonecrosis, with few side effects [5–8]. Potential for such a therapy, using
comparatively low shockwave intensities, has been recognized clinically for diabetic and
venous ulcer management and is a feasible non-invasive method for improving chronic
wound healing [9,10]. ESWT also improves skin flap survival, burn wound healing, and
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blood flow perfusion in animal studies [11]. Much of the effects induced by ESWT relate to
induced neovascularization that improves blood flow perfusion and enhanced cell prolifer-
ation to accelerate tissue regeneration [12]. It has also been suggested that ESWT dampens
the release of pro-inflammatory mediators to improve healing in experimental models [13];
however, the full molecular and cellular effects have not been characterized.

Chronic wounds are characterized by persistent inflammation. Macrophages are
heterogeneous immune cells that play key roles in inflammation and all stages of the
wound healing process, as well as in host defense responses and restoring and maintaining
homeostasis following challenges from injury, infection, or malignancy [14]. Macrophages
facilitate healing directly by promotion and resolution of inflammation and phagocytosis
of cell debris, apoptotic cells, and microbes [15]. They secrete a variety of factors, including
cytokines, which support angiogenesis, extracellular matrix synthesis, fibroblast prolif-
eration, and epithelialization, therefore facilitating regeneration of the injured tissue. In
chronic non-healing wounds, there is a stalling of the inflammatory phase with excess
proinflammatory macrophages and consequently an inability to resolve the wound [16].
Targeting and correcting cellular and molecular causes of prolonged and unrestrained
inflammation in chronic wounds represents a potential therapeutic strategy to return them
to a healing state and restart wound resolution.

The phenotype and functions that macrophages develop are determined by integra-
tion of multiple signals from their microenvironment [14]. In vitro, microbial stimuli, for
example, LPS (M1 activation), can drive the proinflammatory, tissue-destructive properties
of macrophages, whereas IL-4, IL-10 or uptake of apoptotic cells (M2 activation) induces
polarization to a more tissue-reparative phenotype [14]. This M1 and M2 macrophage
classification, based on in vitro activation studies, however, does not accurately represent
macrophage function in vivo, where there is a continuum of phenotypes due to the com-
plexity of the activating environment and where the cells modify their role based on the
needs of the tissue [17]. The microenvironmental stimuli driving the different macrophage
phenotypes and functions have been predominantly characterized as biologic and chemical
stimuli, such as infectious products, cytokines, and metabolic factors. However, recent
studies have shown macrophages are mechanosensitive and can also respond to physical
stimuli e.g., stretch, matrix topography and electrical stimulation [18,19].

In light of the clinical evidence that ESWT promotes resolution of inflammatory
processes and tissue repair and the key role of macrophages in these events, the purpose
of the work was to determine how low intensity shockwave stimulation influences the
response and functional properties of macrophages, both in patient biopsies and in cells
in vitro, and to identify potential underlying mechanisms of any responses generated.
We provide a new insight into the role of shockwaves as important contributors to the
co-ordination and regulation of macrophage wound resolution functions that could have
important clinical implications for other macrophage-mediated disorders.

2. Results
2.1. ESWT Enhances Healing of Chronic Ulcers

Ten patients, five males and five females, were recruited to the study (age range
36–82 years old). These patients had venous ulcers that had not shown any signs of
healing for ≥8 weeks. One patient had only a pre-ESWT biopsy taken, as at follow up had
medical complications and was excluded from the analysis. Comparing biopsies from the
same patient before and after ESWT was important in this small-scale study to reduce the
between-subject variance in responses that can occur. The base area of wounds ranged
in size from 6.4–340 cm2. Of the nine patients included in the study, ESWT improved
healing in seven, as assessed by a decreased measurement of wound area in the patient at
baseline before ESWT, and at two weeks post-shockwave therapy (Figure 1A), although
this decrease did not quite reach statistical significance (mean values ± SEM, pre-treatment
93.53 ± 38.61; post-treatment 88.23 ± 37.40; p = 0.051). The median reduction in wound
area size after one round of ESWT was 11% with an interquartile range of 1.5–22.5%. A
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decrease in the percentage of wound area before and after ESWT was noted for the majority
of patients (Figure 1B). For one patient the wound area increased and in one patient there
was no change in wound area from baseline. Therefore, for most patients, one application
of ESWT improved healing in wounds that had not shown any change in area size for ≥8
weeks despite conventional treatments. Further rounds of ESWT continued to improve
healing for most of these patients as determined by a decrease in the area of wound (data
not included).

Figure 1. Extracorporeal shock wave therapy (ESWT) improves healing of chronic ulcers. (A) ESWT
improved healing in seven out of the nine patients as determined by a decrease in total wound area
(cm2) from baseline before ESWT and at 2 weeks post-therapy. (B) Seven out of nine patients showed
a decrease in the percentage area of their wound from baseline to 2 weeks post-ESWT, one patient
showed no change and one patient a decrease in reduction. Numbers shown on the x-axis (1–9)
represent individual patients.

Next, patient biopsies taken before and after ESWT were analyzed morphologically to
determine how this related to improvements in healing following ESWT. Wound healing
can relate to a change in collagen structure and abundance. To determine whether ESWT
affected collagen fiber accumulation, Masson’s trichrome stained sections were analyzed by
mean intensity of staining in patient pre- and post-ESWT ulcer biopsies (Figure 2A). There
were, however, no significant differences observed in the intensity of staining of collagen
fibers per biopsy area after ESWT (Figure 2A; pre-treatment: 151.8 ± 3.3, post-treatment:
149.5 ± 3.5, p = 0.618) despite the increased healing observed. This may relate to the short
time scale (14 days) for collagen fiber analysis between pre- and post-SWT treatment or
remodeling events taking place.

A key role of ESWT previously reported to enhance wound healing in patients is an
increase in angiogenesis [12]. To determine potential effects of ESWT on angiogenesis in
our study the area of CD31-positive stained vessels relative to the total biopsy area was
determined pre- and 14 days post-ESWT. The staining per biopsy area of CD31 increased
in the majority of patients (seven out of nine patients) relating to the increased healing in
these patients (pre-ESWT 0.025 ± 0.01 vs. post-ESWT 0.047 ± 0.02, p = 0.0391); Figure 2B.
Smooth muscle cell (SMC) actin levels also relate to vessel abundance. SMC staining
per biopsy area of wound increased in six out of nine patients, (mean levels pre- and
post-ESWT 246.41 ± 27.93; 288.32 ± 20.04; p = 0.085); Figure 2C. These results support
the concept that shockwave therapy can enhance angiogenesis in human chronic ulcers.
Cell proliferation, important in repairing wounds, was assessed by immunostaining with
the proliferation marker Ki67 and stain intensity per biopsy area determined (Figure 2D).
Proliferation, as determined by Ki67 staining, increased in 5/9 patients following ESWT
treatment (pre-ESWT 0.067 ± 0.011 vs. post-ESWT 0.076 ± 0.026; p = 0.398) although the
difference pre- and post-ESWT did not reach statistical significance.
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Figure 2. Extracorporeal shock wave therapy (ESWT) improves angiogenic markers in patient
wound biopsies. (A) Collagen fiber deposition was quantified and presented as mean blue inten-
sity of Masson‘s Trichrome stain in patient biopsies before and two weeks post-ESWT treatment.
(B) Quantification of the CD31 stained area and (C) smooth muscle cell actin (SMC) stained area
was determined as a marker of angiogenesis and (D) Ki67 staining per total wound biopsy area
represented cell proliferation in individual patients pre- and post-treatment. Graphs represent values
from individual patients; n = 9; * represents differences between the mean values before and after
ESWT treatment, p < 0.05.

2.2. ESWT Modulates Macrophage Abundance in Chronic Ulcers

As macrophages are key in the healing process, it was important to determine the
effects on macrophage responses in patient biopsies before and after ESWT. There was a
significant difference in number of macrophages per biopsy area (Figure 3A) pre- and post-
ESWT (0.12 ± 0.036 vs. 0.093 ± 0.047; p = 0.048). In all but two patients the macrophage
counts per wound area decreased after ESWT, as compared with untreated base level counts
(Figure 3A). The two patients that did not show a decrease in the number of macrophages
per wound biopsy area were those who did not exhibit an improvement in healing. This
suggests a decrease in macrophage number could be an important factor in the facilitated
healing induced by ESWT.

We next analyzed the phenotype of these macrophages using double immunohis-
tochemistry of macrophages and defined markers [19]. M1-like macrophages are pro-
inflammatory and can lead to tissue injury while M2-like macrophages are involved in
healing and anti-inflammatory functions [14]. Of the nine patients analyzed, the percentage
of M1-like macrophages as determined by SOCS3 expression decreased in 4 and increased
in 4 out of 9 patients, with one showing no change in expression (Figure 3B). For the
M1 activation marker HLA DR, 7 out of 9 patients showed an increase in expression
(Figure 3C). For the M2 activation marker CD163, percentages increased in 5 of the 9
patients, remained static in one patient and decreased in the remaining 3 (Figure 3D). Thus,
two weeks post-shockwave therapy, regardless of the decrease in overall macrophage
numbers, generally increased overall activation of macrophages (over 60% increased) in
chronic wounds, irrespective of the M1- or M2-like phenotypes. Activation markers were,
however, still expressed in those macrophages where no increase was observed.



Int. J. Mol. Sci. 2021, 22, 7844 5 of 17

Figure 3. Extracorporeal shock wave therapy (ESWT) alters the number and activation of
macrophages in wound biopsies. The number (A) and activation status of macrophages (B–D)
was determined by immunohistochemistry in patient biopsies before and after ESWT. Macrophage
activation markers were defined as (B) HLA DR and (C) SOCS3 for M1 activated macrophages and
(D) CD163 for M2 activated macrophages. * represents differences between values before and after
ESWT treatment, p < 0.05.

2.3. Shockwave Stimulation Enhances Macrophage Phagocytosis of Apoptotic Cells

Given that one round of ESWT improved healing in chronic ulcers and a key effect
was on macrophage number per biopsy area and activation status, the next experiments
addressed mechanistically how shockwaves could potentially influence macrophage heal-
ing functions per se, using an in vitro cell culture assay [20]. Macrophages are critical
in the clearance of apoptotic cells in wounded tissue and subsequent switching of their
function from pro-inflammatory to healing [15]. To address the effect of shockwave on
macrophage phagocytosis, the percent uptake of apoptotic cells was calculated with and
without exposure to a range of shockwave intensities similar to that administered to patient
ulcers (150–500 impulses, 5Hz, 0.1 mJ/mm2). Macrophages (J774 macrophage cell line)
that had been exposed to shockwaves demonstrated an overall increase in phagocytosis
(Figure 4A) compared to uptake by unexposed control cells. The uptake of apoptotic
cells in macrophages exposed to 500 impulses of shockwaves rose from 20.5 ± 7.4% to
32.2 ± 10.9%, p = 0.037, a mean increase over baseline phagocytosis of 73.2%, (Figure 4B).
Macrophage preparations from every experiment tested displayed such increased phago-
cytic responses. As shown in Figure 4A, increases in the percentage phagocytic uptake
were also observed when macrophages were exposed to shockwaves of lower intensities;
(control 20.5 ± 7.4% versus 150 impulses group 27.5 ± 8.2%, p = 0.0146; increase over
baseline of 65.4% and versus 300 impulses group, 28.1 ± 10.0%, p = 0.059; increase over
baseline of 41.8%). This increase in uptake of apoptotic cells following shockwave treat-
ment was confirmed when primary human blood-derived macrophages were used; control
non-shockwave exposed, 45.5 ± 1.8% versus 150 impulse group, 56.0 ± 2.1%, p < 0.0001
and 300 impulse group 48.2 ± 5%, p = 0.358; Figure 4C. There was also a significant relative
percent increase over baseline phagocytosis by 23.1 ± 1.9% in the 150 impulse group;
Figure 4D. Strikingly, this demonstrates that shockwave treatment is associated with a
significant increase in uptake of apoptotic cells by both J774 and human macrophages at
the 150 and 500 impulses or 150 impulses, respectively. These shockwave-induced effects
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could be predicted to stimulate biologically relevant increases in the clearance of apoptotic
cells in physiologic settings.

Figure 4. Shockwave stimulation up-regulates macrophage phagocytosis of apoptotic cells.
Macrophages were unstimulated (control) or exposed to shockwave intensities of 150–500; 5 Hz,
0.1 mJ/mm2 then cultured with apoptotic cells for typically 2 h. (A) Percentage uptake and (B)
relative percentage uptake of apoptotic cells by J774 macrophages. (C) Percentage uptake and (D)
relative percentage uptake of apoptotic cells by human monocyte-derived macrophages. Data plotted
represent individual values as shown by each symbol with mean value presented (A,C) and the
normalized data with means ± SEM determining the relative percentage of shock wave exposed
cells to control cells for each cell preparation (B,D). Data from experiments from 5–7 individual
macrophage preparations. * represents p < 0.05; ** represents < 0.001 compared to unstimulated,
control macrophages.

2.4. Shockwave Stimulation Does Not Affect Macrophage Phagocytosis of Beads as a
Non-Specific Substrate

To determine if the increase in macrophage uptake by shockwaves was specific to
apoptotic cells, the next experiment determined whether there were also changes in uptake
of the nonspecific substrate of polystyrene beads. The percent phagocytosis was similar
for the control group (9.46 ± 1.57%), and those macrophages exposed to shockwaves of
intensity 150 pulses (9.1 ± 1.7%), 300 pulses (9.32 ± 1.34%), or 500 pulses (9.68 ± 1.77%);
Figure 5A,B. There was no significant difference in terms of phagocytic index between the
control (18.81 ± 4.14), 150 pulses (17.41 ± 3.82), 300 pulses (18.46 ± 5.45), or 500 pulses
(19.93 ± 8.42) Figure 5C,D. This demonstrates that the increase in uptake of apoptotic cells
by shockwaves is most likely influenced by explicit pathways and shockwaves do not affect
the rate of uptake of a non-specific substrate such as polystyrene beads. Next, whether the
effects on uptake of substrates by macrophages after exposure to shockwaves, could relate
to changes in their overall viability status following treatment, was determined. For J774
macrophages, the majority of cells were alive and there was no significant change in percent
viability as compared to the control group (mean ± SEM: 97.17 ± 0.87%) for all shockwave
intensities; Figure 5E (95.5 ± 0.76%, 94.17 ± 1.05% and 92.17 ± 0.79%, for 150, 300 and
500 impulses, respectively). For data normalized to the control (100%), there was no signifi-
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cant difference between the control and the 150 impulse group; Figure 5F (98.32 ± 1.18%),
the 300 impulse group (96.98 ± 1.78%), or the 500 impulse group (94.93 ± 1.65%). For
human macrophages, there was no significant decrease in percent viability between the
control group (98.75 ± 0.75%), 150 shock group (98.75 ± 1.25%), or 300 shock group
(97.25 ± 1.25%). These data demonstrate that shockwave application does not significantly
impact macrophage viability at the low intensity, clinically relevant treatment levels of
shockwave tested.

Figure 5. Shockwave stimulation does not up-regulate macrophage phagocytosis of the non-specific
substrate, polystyrene beads. Macrophages were exposed to shockwave intensities of 150–500; 5 Hz,
0.1 mJ/mm2 then cultured with polystyrene beads. (A) Percentage uptake and (B) relative percent-
age uptake over control macrophages without shockwave exposure of polystyrene beads by J774
macrophages. (C) Phagocytic index and (D) relative percent phagocytic index over control J774
macrophages without shockwave exposure for uptake of polystyrene beads. Data plotted represent
individual values as illustrated by the individual symbols (A,C) and the normalized data deter-
mining the relative percentage of shockwave exposed cells to non-exposed control cells for each
cell preparation (B,D). (E) Percentage of viable J774 macrophages where symbols represent individ-
ual values from different experiments and (F) the normalized values where non-exposed control
represents 100%. Data shown as means ± SEM of independent experiments from 4–7 individual
macrophage preparations.

2.5. Shockwave Treatment Enhances Macrophage Expression of Cytokines and Growth Factors

Macrophages induce healing through activation-induced secretion of mediators such
as cytokines and growth factors. To determine if shockwave treatment resulted in a
change of mediators influencing the healing process, macrophages were subject to different
intensities of shockwave and gene expression levels determined by qPCR. There was a
significant increase in expression of TNF (p = 0.036), IL-1 (p = 0.029), PDGF (p = 0.029) and
TGFβ (p = 0.008) at intensity of 150 and TNF (p = 0.034) and TGFβ (p = 0.048) also showed
significantly increased expression at an intensity of 300 impulses (Figure 6). This suggests
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an activation of macrophages by shockwave treatment, consistent with the trend suggesting
macrophage activation observed in human biopsies following shockwave treatment. No
significant change in expression levels of IL-6 and VEGF were observed over the time
periods and conditions examined.

Figure 6. Shockwave stimulation selectively enhances macrophage mRNA expression. J774
macrophages were exposed to shockwave intensities of 150–500; 5 Hz, 0.1 mJ/mm2 and after 4
h, macrophage gene expression levels of (A) TNF, (B) IL-1, (C) PDGF, (D) TGFβ, (E) IL-6 and (F)
VEGF, were analyzed by qPCR. Results were normalized on the housekeeping gene and expressed
as fold enrichment compared to untreated control macrophages (control). Results are shown as
mean ± SEM of 3–5 independent experiments, * p < 0.05.

We extended our finding that shockwave treatment enhances macrophage activation
by defining whether exposure could influence cell morphology as a measure of activa-
tion [21–23]. Images of fixed J774 macrophages representing 1-h post-shockwave treatment
were analyzed morphologically by comparing total cell area and by classifying cells as
either elongated or rounded where the degree of cell elongation was defined as the length
of the longest axis compared to the length of the short axis across the cell nucleus. The
mean cell area of 100 cells was normalized to control, non-exposed cells for each set of
images. There was a minor but non-significant increase in area with shockwave treatment
when comparing control, 150 impulse (109.1 ± 19.96%), 300 impulse (104.1 ± 15.81%), and
500 impulse images (109.5 ± 34.48%) (Figure 7A). The mean percentage of macrophages
that exhibited a rounded morphology appeared to be marginally less following application
of shockwave treatment at 150 impulses than the percentage that were not exposed to
shockwaves (Figure 7B). However, this decrease did not reach statistical significance; con-
trol (mean ± SEM: 83.08 ± 3.46%), 150 impulse group (79.79 ± 3.33%), 300 impulse group
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(76.71 ± 4.81%), and 500 impulse group (80.77 ± 6.31%). This decrease in the percentage of
cells with rounded morphology was reflected in the increase of elongated cells (Figure 7C);
control (16.93 ± 3.46%), 150 impulse (20.22 ± 3.33%), 300 impulse (23.30 ± 4.81%), and
500 impulse groups (19.23 ± 6.31%). As elongated cells are considered to represent an
activated phenotype these findings corroborate the previous results suggesting an increase
in activation by shockwave treatment; however, the effects on activation are minimal
with a much greater role of shockwave treatment in increasing phagocytic efficacy of
apoptotic cells.

Figure 7. Shockwave treatment alters macrophage morphology and activates ERK signaling. J774 macrophages were
exposed to shockwave intensities of 150–500; 5 Hz, 0.1 mJ/mm2 or left unstimulated (control). (A) Cell area and (B) changes
in the percentage of J774 macrophages with rounded morphology and (C) elongated morphology as determined by aspect
ratios; mean values ± SEM; n = 4 independent experiments; average 100 cells analyzed per preparation. (D) Shockwave
stimulation induces ERK phosphorylation. (E) Representative Western blot for pERK and total ERK 30 min post-shockwave
stimulation. Quiescent J774 cells were stimulated with shockwaves for 30 min. Total cell lysates were subjected to SDS-PAGE.
Phospho-ERK mAbs were used to detect the active form of the kinase. The same blots were re-probed with antibodies against
total ERK as loading controls. Quantification of protein phosphorylation levels was performed by scanning densitometry
and presented as percentage increase above control non-exposed levels (mean ± SEM, n = 3).

2.6. Shockwave Stimulation Activates ERK Signaling

Uptake of apoptotic cells and macrophage activation have been shown to involve the
activation of ERK and AKT signaling, pathways that play a role in mechanotransduction
via shockwave treatment in other cell types [24]. To determine if shockwave treatment
in our system could also activate ERK in macrophages, the effects were determined by
Western blotting. Analysis revealed that the phosphorylation levels of ERK increased
following macrophage exposure to shockwaves at 30 min post-treatment (Figure 7D,E)
corroborating the role of ERK as one mediator that is relevant in the shockwave-induced
signaling cascade. No changes in pAKT/total AKT ratios or pSTAT3/total STAT3 were
observed at 30 min post-shockwave treatment, confirming some specificity of events
(Supplementary Figure S1). The percentage change in levels of pERK/ERK compared to
control was clear when comparing control to 150 impulses (121.5 ± 10.9% of control, n = 3),
and especially 300 impulses (199.9 ± 87.2%, n = 3) and 500 impulses (225.1 ± 111.6%, n = 3).
This again confirms the ability of shockwave treatment to drive responses in macrophages
and signaling via ERK activation, at least in part, may relate to changes in the macrophage
phagocytosis and activation observed.



Int. J. Mol. Sci. 2021, 22, 7844 10 of 17

3. Discussion

In this study, we show for the first time that low intensity shockwave treatment is
an important physical stimulus that regulates macrophage functions in vivo and in vitro
and this is conducive to wound healing. As established from analysis of chronic venous
ulcers and biopsy data, one exposure of ESWT improves healing in the majority of patients
as demonstrated by a decrease in wound area, increased angiogenesis and importantly
a decrease in macrophage number per biopsy area Low intensity shockwave treatment
of macrophages in vitro resulted in enhanced macrophage activation as determined by
increased expressions of TNF, IL-1, PDGF, and TGFβ and the overall percentage of elon-
gated macrophages. However, the greater effect was the significantly enhanced uptake
of apoptotic cells by macrophages following shockwave treatment, an effect potentially
mediated, in part, through mechanotransduction via ERK activation. Collectively, these
shockwave-induced biological processes have potential as a non-invasive process to reen-
gage macrophages in the progression of healing in chronic wounds.

Low intensity shockwaves are used clinically to accelerate healing, an effect largely
ascribed to increased angiogenesis and reduced inflammation in wounded tissue [25,26]
although the exact underlying cellular and molecular mechanism of how this therapy aids
repair, is still poorly understood. Chronic wounds fail to heal because they are stalled
in the early inflammatory stage of healing and subsequent cell proliferative and tissue
remodeling phases do not readily occur [2,15]. Our demonstration that ESWT restarts
wound closure in patients where biopsies show a decrease in macrophage number but not
in those where the number of macrophages per biopsy area remain unchanged or increase,
suggests this is an important alteration induced by ESWT to encourage the in vivo healing
process. It is not clear if the shockwave-induced decrease in macrophage number per
biopsy area is due to increased apoptosis and clearance or a change in their migratory
potential into or out of the wound area [26]. A decrease in general leukocyte infiltration
was observed in the skin wounds of diabetic rats three days post-ESWT as compared with
no ESWT treatment controls [11]; however, these were experimental acute wounds, unlike
our human chronic ulcers.

High levels of CD68 macrophages in the dermis and wound edges in chronic leg
ulcers have previously been detected [27] yet, as in our pre-ESWT ulcer biopsies, lev-
els of macrophage activation markers remained generally low [28], suggesting potential
senescence. ESWT treatment increased activation marker expression in the majority of
our post-ESWT biopsies but not explicitly discriminating between M1 and M2 activation
phenotypes. This lack of a specific M1 or M1 macrophage bias is not unexpected given the
heterogeneity of macrophages previously identified in chronic wounds [15].

The concept of shockwave-induced macrophage activation in vivo was followed up in
macrophage cultures in vitro. Activation of macrophages is recognized through a change
in cell metabolism and secretion of inflammatory mediators or a change in cell morphol-
ogy [14,21,22]. Chronic wound macrophages have impaired growth factor production and
dysregulated inflammatory activity [15] that prevents their healing. We demonstrate here
that isolated macrophages in vitro are sensitive to shockwave exposure with significantly
enhanced gene expression of wound healing growth factors and cytokines, similar to
those secreted by activated wound macrophages that stimulate adjacent cells to engage in
repair [29]. A previous study reported shockwaves of a comparable intensity to that used
in our study did not induce activation of resting macrophages [13]. However, in their study,
gene expressions of conventional M1(LPS) and M2 (IL-4) activation markers were analyzed.
In our study, up-regulation of a completely different set of genes relating to healing and
induced in macrophages in a complex wound environment [29] signified activation.

The significant increase in activation. as determined by gene expression in our study,
may be reflected in a shockwave-induced increase (up to 20%) in the percentage of elon-
gated cells that have been reported to be indicative of an M2 activated phenotype [21,22].

Macrophages in chronic wounds have a reduced capability to phagocytose and clear
apoptotic neutrophils, contributing to the failure to heal [16,30]. A key result from our
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in vitro studies is that shockwave treatment significantly enhanced phagocytic uptake of
apoptotic cells but not polystyrene beads. The reasons for the differences in uptake by the
different substrates were not explored but potentially results from their engagement of
different classes of cell surface receptors on macrophages [31]. Apoptotic cell-specific recep-
tors including phosphatidylserine receptors, integrins, and Gas6 receptors e.g., MerTK and
Axl drive apoptotic cell uptake by macrophages, while scavenger receptors are important in
bead uptake. Integrins are known to be major mechanosensors and low-energy shockwaves
interact with integrins [24] and activate FAK by phosphorylation, thereby triggering a
series of cellular signaling including ERK1/2 activation and actin remodeling, known to be
important in phagocytosis and migration [32] It is of interest that low intensity ultrasound
can enhance uptake of opsonized E. coli that engages completely different uptake receptors
from that of apoptotic cells and this is mediated through enhanced actin remodeling [33]
via ERK activation. Electric fields, another physical stimulus, also up-regulates macrophage
phagocytosis of apoptotic cells; however, uptake of carboxylate beads and fungal pathogens
were also enhanced [34].

Regardless of the exact mechanism for shockwave-induced uptake of apoptotic cells
in murine or human primary macrophages, enhancement of their phagocytic clearance
would be critical for restoring tissue homeostasis, not only by preventing proinflammatory
responses but also by switching on the production of anti-inflammatory, wound-resolving
mediators, such as VEGF, TGF-β, and PDGF and reducing the excessive abundance of M1
macrophages found in chronic wounds [15,16]. Restoration of healing in chronic wounds
requires an orchestrated interaction of cell types, extracellular matrix and cytokines. Shock-
wave application to endothelial cells, fibroblasts and keratinocytes has previously been
shown to stimulate pro-healing cytokine secretion, morphological changes and increased
cell migration of keratinocytes, proliferation of fibroblasts and a pro-angiogenic activity
of endothelial cells [35]. We now add macrophages to the cohort of important cells that
respond to shockwaves and produce signals that interplay and collectively induce the
healing process.

Shockwave treatment activates intracellular signaling cascades in other cell types
including p38, AKT, ERK1/2, FAK3, Wnt, ATP/P2X7 and PERK/ATF [24,32,36]. The
effect of shockwave treatment on macrophage signaling pathways remains to be fully
elucidated; however, we show ERK1/2 was activated and this process can drive actin
remodeling, phagocytosis and activation processes, providing one potential pathway
central to the regulation of macrophage function. Previously, stimulation of macrophages
by electric fields reported an activation of ERK1/2 and PI3K (AKT) and phagocytosis and
migration [34]. We did not, however, observe a change in the phosphorylation of Akt in
macrophages in our study, suggesting specific effects by different physical stimuli.

Patients with chronic ulcers experience significant discomfort, risk of infection, and
impaired quality of life. Treatment is still sub-optimal and the success uncertain. Targeting
and correcting cellular and molecular causes of prolonged inflammation and cell senescence
in chronic wounds has potential to return them to healing states. ESWT, even following
one round [5], can improve the outcome in many patients as shown in the current study;
however, for some patients this is not effective. Our study may help explain mechanisms
underlying those non-responding patients through the inability of ESWT to favorably
change macrophage abundance and activity crucial in the wound healing process.

In conclusion, our findings shed new light on the underlying mechanisms by which
ESWT can potentially exert its clinical effects, namely by modulating macrophage behavior
to initiate wound healing processes. This suggests shockwave therapy, as an easily admin-
istered treatment with few side effects, could also be exploited as an adjuvant therapy for
other macrophage-mediated disorders.
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4. Materials and Methods
4.1. Patient Recruitment

Ten patient volunteers from Aberdeen Royal Infirmary Vascular Outpatient’s Depart-
ment were recruited to the study after approval was granted by the National Research
Ethics Service, NOSRES Committee, reference number 16/NS/0062 and screening for
eligibility by the care team. All eligible patients referred to the vascular department with
treatment-resistant venous ulceration and selected to undergo ESWT were given the oppor-
tunity to participate in this study. The inclusion criteria consisted of patients with reference
ulcers in excess of 1.5 cm in one axis of measurement persisting despite at least 6 weeks of
treatment with 4-layer compression bandaging. The exclusion criteria included patients
with ankle brachial pressure index less than 0.8, wounds being actively treated with an-
tibiotics, patients with diabetes, suspicion of malignancy within the ulcer, acute deep vein
thrombosis or neuropathy. Evaluations included clinical assessment of ulcer severity status,
local blood flow perfusion, wound area size and biopsy for histopathological examination
and immunohistochemical analysis. Biopsies of ulcers were collected immediately before
ESWT and 2 weeks post-treatment. Of the 10 patients recruited one deteriorated and a
second biopsy was not obtained so was excluded from the analysis.

4.2. ESWT Application to Chronic Ulcers

ESWT was performed on patients at NHS Grampian by a trained professional vascular
nurse. Theshockwave source used was Dermagold100 and an OP155 applicator (Tissue Re-
generation Technologies, LLC, manufactured by MTS Europe GmbH, Baden-Württemberg,
Germany). The treatment dosage was dependent on the ulcer size; the number of impulses
equaled the treatment area in cm2 × 8, but at least 500 shocks at 4 Hz (equivalent to
0.11 mJ/mm2 energy flux density) were delivered fortnightly for three treatments and a
further three if the wound was not entirely healed.

4.3. Tissue Biopsy Collection

Prior to biopsy, 1% lidocaine was injected for local anesthesia and full thickness punch
biopsies 3mm in diameter and 3–4 mm in depth were taken immediately before shock-
wave therapy and two weeks post-treatment to assess the inflammatory response and
the cellular/molecular healing parameters. Biopsies were collected from the ulcer tissue
adjacent to intact peri-ulcer skin (wound margin) and were taken at opposite poles of the
wound for the first and second biopsy. All biopsies were immediately fixed in formalin
and processed and cut to 5 µm by the Pathology Department at Aberdeen Royal Infirmary.
Sections were stained, with H&E for histological analysis or Masson’s trichrome for analy-
sis of collagen fibers, by the NHS Pathology Department. Wound healing from pre- and
post-shockwave biopsies was assessed and scored histologically in H&E stained sections
by a consultant histopathologist, Dr E Husain, NHS Grampian in a blinded fashion by the
state of the epidermis, presence of fibrin, inflammation and hemosiderin, scarring/fibrosis,
capillary proliferation and edema presence. Before ESWT, samples showed signs of chronic
inflammation including intracorneal neutrophils, epidermal exocytosis, spongiosis, der-
mal edema, vascular ectasia, and a predominantly lymphocytic and neutrophilic dermal
inflammatory cell infiltrate.

4.4. Immunohistochemistry

Sections were deparaffinized, microwaved in citrate buffer (pH 6.0) and endogenous
peroxidase activity quenched by incubation with 3% H2O2. Macrophages were detected
by anti-CD68 antibodies (Agilent Technologies. Cheshire, UK M0814, clone KP1) and
the DAKO Envision Detection Kit K5007 [19]. Angiogenesis and cell proliferation were
determined using mouse anti-CD31, 1:1200, ab9498 Abcam, Cambridge UK), anti-SMC
(clone1A4, ab7817 Abcam) and anti Ki67 (Ab16667) followed by a reaction with biotinylated
secondary antibody and streptavidin–biotin–peroxidase complex. 3,3-diaminobenzidine
(DAB) was used as a chromogen, and hematoxylin solution as a counterstain and nuclei
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blued with Scots tap water. The DAKO G2-Double staining kit, K5361 (DakoCytomation)
was used for staining with anti-CD68 (as above) and the M1-macrophage markers anti HLA
DR (TAI.1B5) and SOCS3 (AB16030, Abcam) and the M2-macrophage marker, anti CD163
(EDHu-1, AbD Serotec, Kidlington, UK), according to the manufacturer’s instructions.
Positive staining for activation markers was detected using diaminobenzidine/Liquid
Permanent-Red (DakoCytomation) [19] as shown in Supplementary Figure S2. A negative
control where the primary antibody was replaced by a non-specific IgG equivalent was
included in all analyses.

4.5. Morphometric Measurements

Entire stained sections were photographed using the slide scanner (Zeiss Axioscan
Z1, Zeiss, Cambridge, UK) 20× magnification and biopsy tissue areas were calculated
using Zeiss ZEN Blue software. Intact CD68-positive cells were counted and expressed
as the number of positive cells /biopsy area (mm2). Counts were repeated until three
consecutive values were obtained with a margin of error of ±5%. Both the intra-observer
and inter-observer variations were found to be less than 5% (p < 0.002). The number of
double-positive cells was counted and expressed as a percentage of total macrophages. For
CD31, SMC actin and Ki67 quantification, sections were imaged using a slide scanner and
analyzed using either semiautomated computerized ImageJ software or Zeiss ZEN Blue
software. The stained area was divided by the total biopsy area to obtain a relative value.
For the Masson’s trichrome stained sections, the mean blue intensity measurement was
taken as a relative measurement for the presence of stained collagen. To normalize the data
sets and obtain values relative to the pre-treatment values, the post-treatment value in each
set was expressed as a percentage.

4.6. Cell Culture

The murine macrophage cell line J774A.1 (ECACC 91051511) and Jurkat cell line
(ATCC TIB-152, clone E6-1) was cultured in DMEM and RPMI 1640 (Lonza 12-167F) respec-
tively, supplemented or with 10% FBS, 1% penicillin/streptomycin, and 1% L-glutamine.
Passage number was kept below 20 to ensure cell line integrity. Human monocyte-derived
macrophages were isolated from blood of healthy adult-consenting donors, as approved by
the Ethics Review Board of the College of Life Science & Medicine, University of Aberdeen.
Peripheral blood mononuclear cells (PBMCs) were fractionated by density gradient cen-
trifugation. Monocytes were isolated from PBMCs by positive selection using human CD14
microbeads to ensure a highly purified population (Miltenyi Biotec) and differentiated
into macrophages over 7 d in DMEM (Lonza, Basel, Switzerland), supplemented with 1%
L-glutamine, 2% penicillin/streptomycin (GE Healthcare Life Sciences, Buckinghamshire,
United Kingdom) and 10% human AB+ serum [34].

4.7. Shockwave Application to Cultured Macrophages

Shockwave treatment was performed on macrophages in T25 or T12.5 culture flasks
or Ibidi µ-slides using electrohydraulic-generated shockwaves via the DermaGold 100
(Tissue Regeneration Technologies) at the parameters of 150–500 impulses, 5Hz, and
0.1 mJ/mm2. To allow the unhampered physical propagation and reproducible application
of shockwaves to the sample in vitro, shockwave treatment was performed using a water
bath setup under uniform treatment conditions in terms of temperature and distance to the
shockwave applicator, as was previously optimized [20]. This most closely mimicked the
in vivo application [20]. After treatment, the number of viable cells was determined using
the trypan blue exclusion method.

4.8. Phagocytosis Assay

Phagocytosis assays of polystyrene beads or apoptotic Jurkat cells (immortalized line
of human T lymphocyte cells) were performed using the J774 mouse macrophage cell
line or human monocyte-derived macrophages, with or without exposure to shockwave
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treatment (150–500 impulses, 5 Hz, 0.1 mJ/mm2). Polystyrene beads, 6 µm (Polysciences,
Eppelheim, Germany) were used as simplified non-specific targets. Apoptotic Jurkat
cells were obtained by exposure to UV light, which typically resulted in >70% apoptotic
cells, as determined by Annexin V and propidium iodide staining. Apoptotic cells were
labeled using CellTrace Far Red (ThermoFisher, Paisley, UK) as recommended by the
manufacturer. For uptake assays, apoptotic cells were added to macrophages at a ra-
tio of 10:1 and polystyrene beads (Polysciences, Eppelheim, Germany) were added to
macrophages at a ratio of 3:1 [34]. At the end of the incubation period, typically 2 h after
bead/apoptotic cell addition, non-engulfed cells were removed by washing. Macrophages
were fixed in 4% paraformaldehyde and the percentage of macrophages phagocytosing at
least 1 bead/apoptotic cell (red fluorescence) was determined by imaging using a Zeiss
Axio Observer Z1 inverted microscope (20× objective) with an MRm camera for fluo-
rescence (Brightfield and Far Red 633). At least 100 macrophages were designated for
analysis. The phagocytic index of engulfed beads was calculated using the following
formula: Phagocytic index = (macrophages phagocytosing/total macrophage number) ×
(total beads taken up by cells) [34].

4.9. Cell Area and Shape Analysis

Macrophages were fixed in 4% paraformaldehyde and cells observed using a light
microscope (Zeiss) and the cell area and aspect ratio were calculated using Image J with
>90 cells analyzed for each group per independent preparation from 5 random fields of
view where every cell in the field of view was considered [34]. Representation of F-actin
and nuclear staining images of elongated and round cell morphologies are shown in
Supplementary Figure S3.

4.10. RNA Extraction and Quantitative RT-PCR

Total cellular RNA was isolated from untreated or cytokine-stimulated human monocyte-
derived macrophages using Trizol extraction reagent (Thermo Fisher Scientific Life Sci-
ences), followed by RNA clean-up using an RNeasy Mini Kit (Qiagen, Germantown, MD,
USA), according to the manufacturer’s instructions. A total of 5 µg from each sample was
reverse transcribed using the First Strand cDNA Synthesis Kit and Oligo(dT) 15 Primer
(Promega, Southampton, United Kingdom) and SuperScript II (Thermo Fisher Scientific
Life Sciences), as recommended by the manufacturers. For each gene, the PCR was per-
formed using the following primers: TNF-α forward (CTGTAGCCCACGTCGTAGC)TNF-
α reverse (TTGAGATCCATGCCGTTG);IL-6 forward (gatgagtacaaaagtcctgatcca), IL-6 re-
verse (ctgcagccactggttctgt); PDGF forward (caacctgaacccagaccatc) PDGF reverse (tccttttccg-
gtttttacctg); VEGF forward (aaaaacgaaagcgcaagaaa) VEGF reverse (tttctccgctctgaacaagg)
TGFβ1 forward(tggagcaacatgtggaactc) TGFβ1 reverse (gtcagcagccggttacca) IL-1β Forward
(agttgacggaccccaaaag) IL-1β reverse (agctggatgctctcatcagg). Quantitative real-time PCR
was carried out by LightCycler 480 (Roche Diagnostics, West Sussex, United Kingdom)
with the Universal Probe Library system (Roche Diagnostics). Gene expression was an-
alyzed using the comparative threshold method with target gene mRNA levels being
normalized to β-actin (Actb) or non-POU domain-containing (Nono). Data are expressed
as fold-change differences in gene levels in untreated cells compared with that of those
exposed to shockwave therapy.

4.11. Western Blotting

Total macrophage protein lysates were extracted using 1× RIPA buffer (Sigma Aldrich,
St-Louis, MO, USA; R0278) containing complete protease inhibitors and Phosphostop
(Thermo 1861281). Subsequently, the protein concentration was quantified by the Pierce
BCA Protein Assay Kit, Thermo Fisher 10741395 and the sample was boiled at 100 ◦C
for 10 min with a loading buffer (Invitrogen, ThermoFisher, Paisley, UK; NP007). Equal
amounts of protein of 20 µg per lane were separated using SDS-PAGE (Invitrogen NuPage
4–12% Bis-Tris NP0321) and transferred onto a HybondTM-P PVDF membrane (Amersham,
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GE Healthcare, Buckinghamshire, UK). Following blocking with 5% nonfat dairy milk in
Tris-buffered saline containing 0.05% Tween-20 (TBST) for 1 h at room temperature, the
membrane was incubated with the following primary antibodies: Rabbit anti-ERK1/2
(monoclonal antibody; 1:1000; cat. no. 4695; Cell Signaling Technology, Inc, London, UK.)
and rabbit anti-p-ERK1/2 (monoclonal antibody; 1:1000; cat. no. 4370; Cell Signaling
Technology, Inc.) at 4◦C overnight. The following morning, the membranes were washed
four times with TBST for 10 min and incubated with an HRP-conjugated goat anti-rabbit
IgG secondary antibody (Cell Signaling 7074; 1:1000) for 1 h. The signal was detected
with a chemiluminescence kit containing hydrogen peroxide and Luminol components
for Enhanced Chemiluminescence, (Thermo (Pierce) 32106). Subsequently, the bands were
semi-quantified using an iBright or LiCor imaging device.

4.12. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 5 (version 5.04) software.
Data sets were tested for normal distribution using the Shapiro–Wilk test and/or the
Kolmogorov–Smirnov test (with the Dallal-Wilkinson-Lillie for corrected p-value). In the
event of normal distribution, significance was determined using a Students t-test. In the
absence of normal distribution, significance was based on the Wilcoxon matched-pairs
signed-ranks test or the Mann–Whitney test. All tests were performed with 95% confidence
intervals. In some cases, a one-way analysis of variance (ANOVA) followed by Bonferroni
post-hoc test was used. P-values less than 0.05 were taken as statistically significant, and
values are given as the mean ± SEM.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22157844/s1, Figure S1: Shockwave exposure does not cause a consistent change in
STAT3 or AKT activation, Figure S2: Double staining for macrophages and activation markers in
formalin-fixed, wax embedded human wound biopsy section, Figure S3 Different morphological
characterizations of J774 cells.

Author Contributions: J.S.H. performed the research, analyzed data and drafted the manuscript;
B.C. performed ESWT, conceptualized patient studies and analyzed data. S.H.B., A.S., B.M.D., J.A.T.,
performed the research; P.B. provided patient access and conceptualized patient studies. H.M.W.
concepted and designed the study, supervised the research and wrote the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by NHS Grampian Endowments, grant number 17/004 and by
personal funding from JSH.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institutional Research Ethics Committee of the
University of Aberdeen and by the National Research Ethics Service, NOSRES Committee, reference
number 16/NS/0062.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We acknowledge the University of Aberdeen Microscopy and Histology Facility
and the qPCR facility for use of facilities and advice. We acknowledge Ehab Husain for scoring the
patient wound biopsies.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Nussbaum, S.R.; Carter, M.J.; Fife, C.E.; DaVanzo, J.; Haught, R.; Nusgart, M.; Cartwright, D. An Economic Evaluation of the

Impact, Cost, and Medicare Policy Implications of Chronic Nonhealing Wounds. Value Health 2018, 1, 27–32. [CrossRef]
2. Frykberg, R.G.; Banks, J. Challenges in the Treatment of Chronic Wounds. Adv. Wound Care 2015, 9, 560–582. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms22157844/s1
https://www.mdpi.com/article/10.3390/ijms22157844/s1
http://doi.org/10.1016/j.jval.2017.07.007
http://doi.org/10.1089/wound.2015.0635
http://www.ncbi.nlm.nih.gov/pubmed/26339534


Int. J. Mol. Sci. 2021, 22, 7844 16 of 17

3. Han, G.; Ceilley, R. Chronic Wound Healing: A Review of Current Management and Treatments. Adv. Ther. 2017, 3, 599–610.
[CrossRef] [PubMed]

4. Shrivastava, S.K.; Kailish. Shock wave treatment in medicine. J. Biosci. 2005, 2, 269–275. [CrossRef] [PubMed]
5. Schaden, W.; Thiele, R.; Kölpl, C.; Pusch, M.; Nissan, A.; Attinger, C.E.; Maniscalco-Theberge, M.E.; Peoples, G.E.; Elster, E.A.;

Stojadinovic, A. Shock wave therapy for the treatment of acute and chronic soft tissue wounds: A feasibility study. J. Surg. Res.
2007, 1, 1–12. [CrossRef] [PubMed]

6. Cheng, J.H.; Wang, C.J. Biological mechanism of shockwave in bone. Int. J. Surg. 2015, 24, 143–146. [CrossRef]
7. Wang, C.J. Extracorporeal shockwave therapy in musculoskeletal disorders. J. Orthop. Surg. Res. 2012, 7, 11–18. [CrossRef]
8. Leal, C.; D’Agostino, C.; Gomez Garcia, S.; Fernandez, A. Current concepts of shockwave therapy in stress fractures. Int. J. Surg.

2015, 24 (Pt B), 195–200. [CrossRef]
9. Zhang, L.; Weng, C.; Zhao, Z.; Fu, X. Extracorporeal shock wave therapy for chronic wounds: A systematic review and

meta-analysis of randomized controlled trials. Wound Repair Regen. 2017, 4, 697–706. [CrossRef]
10. Cooper, B.; Bachoo, P. Extracorporeal shock wave therapy for the healing and management of venous leg ulcers. Cochrane Database

Syst. Rev. 2018, 6, CD011842. [CrossRef]
11. Kuo, Y.R.; Wu, W.S.; Hsieh, Y.L.; Wang, F.S.; Wang, C.T.; Chiang, Y.C.; Wang, C.J. Extracorporeal shock wave enhanced extended

skin flap tissue survival via increase of topical blood perfusion and associated with suppression of tissue pro-inflammation.
J. Surg. Res. 2007, 143, 385–392. [CrossRef]

12. Mittermayr, R.; Hartinger, J.; Layr, M.; Smolen, D.; Schaden, W.; Redl, H. Extracorporeal Shock Wave Therapy (ESWT) minimizes
ischaemic tissue necrosis irrespective of application time and promotes tissue revascularization by stimulating angiogenesis. Ann.
Surg. 2011, 253, 1024–1032. [CrossRef] [PubMed]

13. Sukubo, N.G.; Tibalt, E.; Respizzi, S.; Locati, M.; d’Agostino, M.C. Effect of shock waves on macrophages: A possible role in
tissue regeneration and remodeling. Int. J. Surg. 2015, 24, 124–130. [CrossRef]

14. Murray, P. Macrophage Polarization. Ann. Rev. Physiol. 2017, 79, 541–566. [CrossRef]
15. Krzyszczyk, P.; Schloss, R.; Palmer, A.; Berthiaume, F. The Role of Macrophages in Acute and Chronic Wound Healing and

Interventions to Promote Pro-wound Healing Phenotypes. Front. Physiol. 2018, 9, 419–440. [CrossRef] [PubMed]
16. Hesketh, M.; Sahin, K.B.; West, Z.E.; Murray, R.Z. Macrophage Phenotypes Regulate Scar Formation and Chronic Wound Healing.

Int. J. Mol. Sci. 2017, 7, 1545. [CrossRef] [PubMed]
17. Nahrendorf, M.; Swirski, F.K. Abandoning M1/M2 for a Network Model of Macrophage Function. Circ. Res. 2016, 119, 414–417.

[CrossRef] [PubMed]
18. Maruyama, K.; Nemoto, E.; Yamada, S. Mechanical regulation of macrophage function—cyclic tensile force inhibits NLRP3

inflammasome-dependent IL-1β secretion in murine macrophages. Inflamm. Regen. 2019, 39, 3–12. [CrossRef]
19. Shaikh, S.; Brittenden, J.; Lahiri, R.; Brown, P.A.; Thies, F.; Wilson, H.M. Macrophage subtypes in symptomatic carotid artery and

femoral artery plaques. Eur. J. Vasc. Endovasc. Surg. 2012, 5, 491–497. [CrossRef] [PubMed]
20. Holfeld, J.; Tepeköylü, C.; Kozaryn, R.; Mathes, W.; Grimm, M.; Paulus, P. Shock Wave Application to Cell Cultures. J. Vis. Exp.

2014, 86, e51076. [CrossRef]
21. Eligini, S.; Crisci, M.; Bono, E.; Songia, P.; Tremoli, E.; Colombo, G.I.; Colli, S. Human monocyte-derived macrophages sponta-

neously differentiated in vitro show distinct phenotypes. J. Cell Physiol. 2013, 7, 1464–1472. [CrossRef]
22. McWhorter, F.Y.; Wang, T.; Nguyen, P.; Chung, T.; Liu, W.F. Modulation of macrophage phenotype by cell shape. Proc. Nat. Acad.

Sci. USA 2013, 43, 17253–17258. [CrossRef]
23. Sridharan, R.; Cavanagh, B.; Cameron, A.R.; Kelly, D.J.; O’Brien, F.J. Material stiffness influences the polarization state, function

and migration mode of macrophages. Acta Biomater. 2019, 89, 47–59. [CrossRef] [PubMed]
24. Hatanaka, K.; Ito, K.; Shindo, T.; Kagaya, Y.; Ogata, T.; Eguchi, K.; Kurosawa, R.; Shimokawa, H. Molecular mechanisms of

the angiogenic effects of low-energy shock wave therapy: Roles of mechanotransduction. Am. J. Physiol. Cell Physiol. 2016, 3,
C378–C385. [CrossRef]

25. Wang, C.J.; Yang, Y.J.; Huang, C.C. The effects of shockwave on systemic concentrations of nitric oxide level, angiogenesis and
osteogenesis factors in hip necrosis. Rheumatol. Int. 2011, 7, 871–877. [CrossRef]

26. Davis, T.A.; Stojadinovic, A.; Anam, K.; Amare, M.; Naik, S.; Peoples, G.E.; Tadaki, D.; Elster, E.A. Extracorporeal shock wave
therapy suppresses the early proinflammatory immune response to a severe cutaneous burn injury. Int. Wound J. 2009, 1, 11–21.
[CrossRef] [PubMed]

27. Loots, M.A.; Lamme, E.N.; Zeegelaar, J.; Mekkes, J.R.; Bos, J.D.; Middelkoop, E. Differences in cellular infiltrate and extracellular
matrix of chronic diabetic and venous ulcers versus acute wounds. J. Invest. Dermatol. 1998, 111, 850–857. [CrossRef] [PubMed]

28. Moore, K.; Ruge, F.; Harding, K.G. T lymphocytes and the lack of activated macrophages in wound margin biopsies from chronic
leg ulcers. Br. J. Dermatol. 1997, 2, 188–194. [CrossRef]

29. Daley, J.M.; Brancato, S.K.; Thomay, A.A.; Reichner, J.S.; Albina, J.E. The phenotype of murine wound macrophages. J. Leukoc.
Biol. 2010, 87, 59–67. [CrossRef]

30. Gordon, S.; Pluddemann, A. Macrophage clearance of apoptotic cells: A critical assessment. Front. Immunol. 2018, 9, 127.
[CrossRef] [PubMed]

31. Underhill, D.M.; Goodridge, H.S. Information processing during phagocytosis. Nat. Rev. Immunol. 2012, 12, 492–502. [CrossRef]
[PubMed]

http://doi.org/10.1007/s12325-017-0478-y
http://www.ncbi.nlm.nih.gov/pubmed/28108895
http://doi.org/10.1007/BF02703708
http://www.ncbi.nlm.nih.gov/pubmed/15933416
http://doi.org/10.1016/j.jss.2007.01.009
http://www.ncbi.nlm.nih.gov/pubmed/17904157
http://doi.org/10.1016/j.ijsu.2015.06.059
http://doi.org/10.1186/1749-799X-7-11
http://doi.org/10.1016/j.ijsu.2015.07.723
http://doi.org/10.1111/wrr.12566
http://doi.org/10.1002/14651858.CD011842.pub2
http://doi.org/10.1016/j.jss.2006.12.552
http://doi.org/10.1097/SLA.0b013e3182121d6e
http://www.ncbi.nlm.nih.gov/pubmed/21372687
http://doi.org/10.1016/j.ijsu.2015.07.719
http://doi.org/10.1146/annurev-physiol-022516-034339
http://doi.org/10.3389/fphys.2018.00419
http://www.ncbi.nlm.nih.gov/pubmed/29765329
http://doi.org/10.3390/ijms18071545
http://www.ncbi.nlm.nih.gov/pubmed/28714933
http://doi.org/10.1161/CIRCRESAHA.116.309194
http://www.ncbi.nlm.nih.gov/pubmed/27458196
http://doi.org/10.1186/s41232-019-0092-2
http://doi.org/10.1016/j.ejvs.2012.08.005
http://www.ncbi.nlm.nih.gov/pubmed/22975154
http://doi.org/10.3791/51076
http://doi.org/10.1002/jcp.24301
http://doi.org/10.1073/pnas.1308887110
http://doi.org/10.1016/j.actbio.2019.02.048
http://www.ncbi.nlm.nih.gov/pubmed/30826478
http://doi.org/10.1152/ajpcell.00152.2016
http://doi.org/10.1007/s00296-010-1384-7
http://doi.org/10.1111/j.1742-481X.2008.00540.x
http://www.ncbi.nlm.nih.gov/pubmed/19291111
http://doi.org/10.1046/j.1523-1747.1998.00381.x
http://www.ncbi.nlm.nih.gov/pubmed/9804349
http://doi.org/10.1046/j.1365-2133.1997.18041895.x
http://doi.org/10.1189/jlb.0409236
http://doi.org/10.3389/fimmu.2018.00127
http://www.ncbi.nlm.nih.gov/pubmed/29441073
http://doi.org/10.1038/nri3244
http://www.ncbi.nlm.nih.gov/pubmed/22699831


Int. J. Mol. Sci. 2021, 22, 7844 17 of 17

32. Liu, T.; Shindel, A.W.; Lin, G.; Lue, T.F. Cellular signaling pathways modulated by low-intensity extracorporeal shock wave
therapy. Int. J. Impot. Res. 2019, 3, 170–176. [CrossRef] [PubMed]

33. Zhou, S.; Bachem, M.G.; Seufferlein, T.; Li, Y.; Gross, H.J.; Schmelz, A. Low intensity pulsed ultrasound accelerates macrophage
phagocytosis by a pathway that requires actin polymerization, Rho, and Src/MAPKs activity. Cell Signal. 2008, 4, 695–704.
[CrossRef]

34. Hoare, J.I.; Rajnicek, A.M.; McCaig, C.D.; Barker, R.N.; Wilson, H.M. Electric fields are novel determinants of human macrophage
functions. J. Leukoc. Biol. 2016, 6, 1141–1151. [CrossRef]

35. Aschermann, I.; Noor, S.; Venturelli, S.; Sinnberg, T.; Busch, C.; Munich, C.D. Extracorporal Shock Waves Activate Migration,
Proliferation and Inflammatory Pathways in Fibroblasts and Keratinocytes, and Improve Wound Healing in an Open-Label,
Single-Arm Study in Patients with Therapy-Refractory Chronic Leg Ulcers. Cell Physiol. Biochem. 2017, 41, 890–906. [CrossRef]
[PubMed]

36. Weihs, A.M.; Fuchs, C.; Teuschl, A.H.; Hartinger, J.; Slezak, P.; Mittermayr, R.; Redl, H.; Junger, W.G.; Sitte, H.H.; Rünzler, D. Shock
wave treatment enhances cell proliferation and improves wound healing by ATP release-coupled extracellular signal-regulated
kinase (ERK) activation. J. Biol. Chem. 2014, 39, 27090–27104. [CrossRef]

http://doi.org/10.1038/s41443-019-0113-3
http://www.ncbi.nlm.nih.gov/pubmed/30670837
http://doi.org/10.1016/j.cellsig.2007.12.005
http://doi.org/10.1189/jlb.3A0815-390R
http://doi.org/10.1159/000460503
http://www.ncbi.nlm.nih.gov/pubmed/28222435
http://doi.org/10.1074/jbc.M114.580936

	Introduction 
	Results 
	ESWT Enhances Healing of Chronic Ulcers 
	ESWT Modulates Macrophage Abundance in Chronic Ulcers 
	Shockwave Stimulation Enhances Macrophage Phagocytosis of Apoptotic Cells 
	Shockwave Stimulation Does Not Affect Macrophage Phagocytosis of Beads as a Non-Specific Substrate 
	Shockwave Treatment Enhances Macrophage Expression of Cytokines and Growth Factors 
	Shockwave Stimulation Activates ERK Signaling 

	Discussion 
	Materials and Methods 
	Patient Recruitment 
	ESWT Application to Chronic Ulcers 
	Tissue Biopsy Collection 
	Immunohistochemistry 
	Morphometric Measurements 
	Cell Culture 
	Shockwave Application to Cultured Macrophages 
	Phagocytosis Assay 
	Cell Area and Shape Analysis 
	RNA Extraction and Quantitative RT-PCR 
	Western Blotting 
	Statistical Analysis 

	References

