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� rESWT is first reported to relieve acute inflammation of tenocytes.
� First proteomic map depicts inflammatory tenocytes and rESWT inflammatory tenocytes.
� ITGA2, SELS, and NLRC4 might be targets of the anti-inflammatory effects of rESWT.
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A B S T R A C T

Tendinopathy refers to a type of tendon disease with a multifactorial spectrum. Recent research has begun to
reveal the effects of inflammation on the tendinopathic process, especially in the first stage of tendinopathy.
Radial extracorporeal shock wave therapy (rESWT) has been successfully used to treat orthopedic diseases.
However, the molecular mechanisms underlying the anti-inflammatory effects of rESWT on tumor necrosis factor-
α treated tenocytes have not been fully elucidated. In this study, we applied total protein tandem mass tag-labeled
quantitative proteomics with liquid chromatography-mass spectrometer/mass spectrometer technology to iden-
tify differentially expressed proteins (DEPs) among inflammatory tenocytes, rESWT inflammatory tenocytes, and
controls using three biological replicates. Human tenocytes were used and they were cultured in vitro. In total,
1028 and 40 DEPs were detected for control versus inflammatory tenocytes and for inflammatory tenocytes versus
rESWT inflammatory tenocytes, respectively. Further, we identified integrin α2, selenoprotein S, and NLR family
CARD domain-containing protein 4 as pivotal molecular targets of the anti-inflammatory effects of rESWT. This is
the first study to provide a reference proteomic map for inflammatory tenocytes and rESWT inflammatory
tenocytes. Our findings provide crucial insight into the molecular mechanisms underscoring the anti-
inflammatory effects of rESWT in tendinopathy.
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1. Introduction

Tendinopathy is a type of tendon disorder characterized by pain that
worsens with movement, impaired function, and a decline in exercise
tolerance [1]. This disorder accounts for 30% of musculoskeletal coun-
seling in general practice [2]. Modern molecular techniques have
demonstrated an inflammatory phenotype throughout the spectrum of
tendinopathy despite the absence of obvious clinical signs of inflamma-
tion. Inflammation may serve as an early initiation factor for tendinop-
athy [3]. Various inflammatory mediators are endogenously expressed
by tenocytes, including pro-inflammatory cytokines such as tumor ne-
crosis factor (TNF)-α and interleukin (IL)-1β [4].

The ideal tendinopathy target should regulate the pro-inflammatory
response by maintaining the healing effects induced by inflammation
and supporting robust and rapid matrix repair [5]. Most of the current
treatments for tendinopathy focus on the mechanisms of promoting
tendon healing by improving matrix repair, while a limited number of
treatments promote tendon repair by anti-inflammation in the initial
stage of tendinopathy. Accordingly, treatments for acute tendinopathy
that target the regulation of its initial inflammatory response to
ameliorate tendinopathy at the subacute or even acute stage warrant
further investigation.

There are two types of extracorporeal shock wave therapy (ESWT)
differentiated by their wave patterns, namely, focused extracorporeal
shock wave therapy (fESWT) and radial extracorporeal shock wave
therapy (rESWT). According to their definitions, fESWT creates a pres-
sure field with a focal zone in the treatment region, while rESWT gen-
erates radially expanding pressure. According to the physical
characteristics, fESWT is characterized by powerful energy and deep
penetration, and is frequently used for the treatment of osteogenic dis-
orders, such as fracture nonunion [6] and osteonecrosis of the femoral
head [7], while rESWT has less energy and shallow penetration, and is
used for soft tissue injuries in clinic settings. Radial extracorporeal shock
wave therapy has been proven to be beneficial in treating tendinopathy
[8]. However, the molecular mechanisms underlying the
anti-inflammatory effects of rESWT in tendinopathy have yet to be fully
elucidated. Focused extracorporeal shock wave therapy is frequently
used as an intervention in tenocyte models, whereas rESWT is seldom
used. In this regard, the dose-dependent response of cells to shockwaves
is closely related to the type of generator and different energy flow
schemes [9].

In the present study, we explored the molecular mechanisms of
rESWT in the treatment of TNF-α-induced inflammatory tenocytes from
the perspective of anti-inflammatory effects by providing a reference
proteomic map for inflammatory tenocytes and rESWT inflammatory
tenocytes. We identified differentially expressed proteins (DEPs) among
inflammatory tenocytes, rESWT inflammatory tenocytes, and controls
using total protein tandemmass tag-labeled quantitative proteomics with
liquid chromatography-mass spectrometer/mass spectrometer
technology.

2. Materials and methods

2.1. Reagents and antibodies

Recombinant TNF-α was purchased from Bioworld (MN, USA). 0.4%
trypan blue was purchased from Solarbio (Beijing, China). Cell Counting
Kit-8 assay (CCK-8) was purchased from Biosharp (Hefei, China). The
multiplex bead-based flow fluorescent immunoassay kit was purchased
from Raisecare (Qingdao, China).

Anti-COL1 (code: bsm-33400M, lot: BJ06239206), anti-COL3 (code:
bs-0948R, lot: AH10092472), anti-vimentin (code: bs-0756R, lot:
AI07165538), and anti-SCX (code: bs-12364R, lot: AC08264578) anti-
bodies were all purchased from Bioss (Beijing, China). Anti-CD34 (code:
BS6481, lot: CC02181) and anti-OCT4 (code: BS70993, lot: CC02181)
were both purchased from Bioworld. Primary antibodies such as anti-
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ITGA2 (code: BS70832, lot: CC02181), anti-SELS (code: 15591-1-AP,
lot: 00091576), and anti-NLRC4 (code: ab201792, lot: GR3375757-1)
were purchased from Bioworld, Proteintech (IL, USA), and Abcam
(MA, USA), respectively. The secondary antibody peroxidase-conjugated
AffiniPure goat anti-rabbit IgG (H þ L) (code: S8002, lot: 0528) was
purchased from Jackson ImmunoResearch Inc. (West Grove, PA). The
other reagents were mainly from Solarbio or Biosharp.

2.2. Tissue samples and primary culture of human tenocytes

Three male patients (aged 16, 33, and 36 years) underwent arthro-
scopic anterior cruciate ligament reconstruction, and three primary cul-
tures of human tenocytes were established using semitendinosus tendon
grafts after obtaining written informed consent. The study was approved
by the Ethics Committee of Sports Science Experiment of Beijing Sport
University (2020075H). The tendon tissue was isolated and cultured
following the method proposed by Schulze-Tanzil et al. [10]. In this
study, the tenocytes were successfully cultured (Figure 1A).

2.3. Immunocytochemistry

Immunocytochemical staining was performed in vitro to characterize
human primary tenocytes following a standard protocol [11], using an-
tibodies against COL1 (1:200), COL3 (1:200), vimentin (1:200), SCX
(1:400), CD34 (1:200), and OCT4 (1:200). When using mouse primary
antibodies, normal goat serum (Solarbio; A8020) was used for blocking
and a goat anti-mouse secondary antibody conjugated with fluorescein
isothiocyanate (FITC) (Bioss; bs-0296G-FITC) was applied. For rabbit
primary antibodies, normal goat serum (Solarbio) and a goat anti-rabbit
secondary antibody (Bioss; bs-0295G-AF594) were used. Cell nuclei were
counterstained with DAPI-containing mounting media (Solarbio; S2110)
and analyzed under a fluorescence microscope (Olympus BX53; Olympus
Corporation, Tokyo, Japan). The montages were created using Adobe
Photoshop (version CC2017; Adobe, San Jose, CA, USA).

2.4. Stimulation with TNF-α

Recombinant TNF-α was dissolved in 1 � phosphate buffer saline
(PBS) and diluted to concentrations of 10, 50, and 100 μg/mL. For
exposure, TNF-α solutions were prepared at 1:1000 in 1% fetal bovine
serum (FBS) in DMEM/F12 (1 μL TNF-α þ 1 mL 1% FBS in DMEM/F12)
to final concentrations of 10, 50, and 100 ng/mL. To measure cell pro-
liferation assays, stimulation durations (time points) of 24, 72, and 120 h
were selected. For quantitative proteomics and western blotting, the
stimulation duration (time point) was 72 h. The same volume of 1 � PBS
(1 μL 1� PBSþ1mL 1% FBS in DMEM/F12) was used for the control and
unstimulated tenocytes.

2.5. In vitro rESWT for cultured tenocytes

To testify the effects of rESWT on cell viability, the P2–P5 primary
cultured tenocytes were divided into nine groups (energy flux density
(EFD) � impulses: 0.09 mJ/mm2 � 400 impulses, 0.09 mJ/mm2 � 800
impulses, 0.09mJ/mm2� 1200 impulses, 0.29mJ/mm2� 400 impulses,
0.29 mJ/mm2� 800 impulses, 0.29 mJ/mm2� 1200 impulses, 0.49 mJ/
mm2 � 400 impulses, 0.49 mJ/mm2 � 800 impulses, 0.49 mJ/mm2 �
1200 impulses) and untreated tenocytes were used as controls.

To perform proteomics and western blotting, P2–P5 primary cultured
tenocytes were divided into four groups: TNF-α, rESWTþ TNF-α, rESWT,
and untreated groups as controls. Tenocytes were exposed to rESWT
under the protocol based on previous selection.

Shockwaves were generated using a ballistic shock wave therapy
device with a standard 15 mm applicator (Gymna ShockMaster 300,
GymnaUniphy NV, Bilzen, Belgium). A 5-mL polypropylene tube (Taiz-
hou, China) containing tenocyte suspension with 1 � 105–1 � 106 cells/
mL was placed on a shockwave applicator with a common ultrasonic



Figure 1. Primary culture of human tenocytes and rESWT intervention. (A) Tendon tissue was cut into 2–3 mm3 cubes and microscopic observation of cultured
tenocytes was performed on days 7–10. Primary tenocytes (Te, black arrow) migrated from the tendon tissue (Ti) and proliferated extensively in the culture dish.
Tenocyte morphology was spindle-like, resembling fibroblasts. (B) Fixed frame and in vitro rESWT treatment of cultured tenocytes.
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coupling agent. The 5-mL polypropylene tube was sterilized using pres-
sure steam prior to use.

The device applicator with the same diameter as the tube cover (15
mm) was selected. Based on a previous experiment, the headpiece of the
ESWT device was firmly clamped by three rings on a fixed frame [12].
During the process, the tube was always vertically inverted on the
applicator. The operator fixed the tube on the applicator by hand and
kept the tube in close contact with the applicator (Figure 1B). The
pressure between the tube and applicator was maintained at 2800–3200
N as measured by a pressure sensor (Figure S1).

2.6. Cell viability and proliferation assay

Immediately after rESWT intervention (<1 min), rESWT-treated and
untreated tenocytes were quantified using a hemocytometer. Cell
viability was measured using a trypan blue exclusion assay [13]. The
number of unstained tenocytes was quantified under an inverted Axio
Imager A2 microscope (Zeiss, Oberkochen, Germany).

After rESWT intervention, the aforementioned four groups were
seeded into 96-well culture plates (1.5 � 104 cells/cm2) and were grown
in 1% FBS in DMEM/F12. Cell proliferation was assessed at 24, 72, and
120 h. Cell proliferation was measured using a CCK-8 assay following the
manufacturer's instructions. The absorbance of the formazan produced
was measured at 450 nm using a microplate reader (Multiskan, Thermo
Scientific, MA, USA).

2.7. Cytokine detection in culture medium

After rESWT intervention, the aforementioned four groups were
seeded into 96-well culture plates (1.5 � 104 cells/cm2) and were grown
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in 1% FBS in DMEM/F12. Cytokines in the medium were assessed at 24,
72, and 120 h. IL-1β levels in culture medium supernatant from the 96-
well plate were measured using multiplex bead-based flow fluorescent
immunoassay. The protocol provided by the manufacturer was followed.
Finally, the flow tubes were read using a flow cytometer (NAVIOS;
Beckman-Coulter, CA, USA).

2.8. Proteomics strategy and bioinformatics analysis

For quantitative proteomics, after rESWT intervention, the afore-
mentioned four groups were seeded into 150 mm culture dishes (2.0 �
104 cells/cm2) and collected at 72 h. The corresponding tenocytes from
three patients were used for quantitative proteomics in PTM Biolabs
(Hangzhou, China). The experiment included TMT labeling, HPLC frac-
tionation, affinity enrichment, and mass spectrometry based quantitative
proteomics. Bioinformatics analysis was then performed to annotate the
quantifiable targets, such as Gene Ontology (GO) enrichment.

2.9. Western blotting

Tenocytes were harvested for western blotting 72 h after rESWT
intervention. Tenocytes from four 100 mm culture dishes (80%–90%
confluence, cell density 2.0 � 104 cells/cm2) were detached and resus-
pended, and divided into four groups: TNF-α, rESWT þ TNF-α, rESWT,
and untreated groups. The medium with/without TNF-α (10 ng/mL) and
rESWT-treated were inoculated into four 100 mm petri dishes. After 72 h
of incubation, the medium was discarded, washed twice with ice-cold
PBS, and 100 μL of cell lysis buffer (RIPA lysis buffer: protein phospha-
tase inhibitor mixture: PMSF ¼ 100:2:1) was added to each Petri dish
(100 mm). The lysis procedure was as follows: Lyse on ice for 5 min and
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the lysed cells were collected in a 1.5 mL Eppendorf tube with a cell
scraper. Then, continued to lyse on ice for 15 min, centrifuged at 14,000
rpm at 4 �C for 15min. The supernatant was aspirated, loading buffer was
added, and heated at 100 �C for 5 min.

Proteins (30 μg per tenocyte sample) were added to each lane and
separated on 4–20% HEPES-Tris precast gels. Electrophoresis was per-
formed, followed by transfer to nitrocellulose membranes and immuno-
detection. Nonspecific antibody binding was blocked with 5% nonfat
milk overnight at 4 �C. Immunoblotting was performed with antibodies
against ITGA2 (1:1000), SELS (1:1000), and NLRC4 (1:1000), followed
by secondary antibody peroxidase-conjugated AffiniPure goat anti-rabbit
IgG (H þ L) (1:10000). Blots were performed using a 1:1 solution of
enhanced chemiluminescence kit (Biosharp). The bands were visualized
via an electrochemiluminescence detection system (Thermo Fisher Sci-
entific, MA, USA) and analyzed using Image Lab 5.0 software (Bio-Rad,
CA, USA).

2.10. Statistical analysis

SPSS (version 19.0; IBM Corp., NY, USA) was used for data analysis.
All values are expressed as means � standard deviation (SD). Statistical
analysis was performed using either one-way analysis of variance
(ANOVA) (equal variance) or Welch's (unequal variance). The least sig-
nificant difference (LSD) or Dunnett test (2-sided) was used for multiple
comparisons. Differences were considered statistically significant at p <

0.05.

3. Results

3.1. Primary tenocytes express tenocyte markers

The immunocytochemistry results revealed COL1, COL3, vimentin,
and SCX immunoreactivity (Figure 2A-1‒A-4), but limited immuno-
positive responses were observed for the stemness marker OCT4 and
endothelial marker CD34 (Figure 2A-5, A-6).

3.2. Effects of rESWT on cell viability

The data revealed that 0.09 mJ/mm2 (400, 800, and 1200 impulses)
and 0.29 mJ/mm2 (400, 800, and 1200 impulses) resulted in normal cell
viability; however, 0.49 mJ/mm2 (400, 800, and 1200 impulses)
significantly suppressed cell viability in a dose-dependent manner
(Figure 2C-1). In combination with clinical practice, 0.29 mJ/mm2 (400,
800, and 1200 impulses) was initially selected for subsequent
experiments.

3.3. TNF-α decreases cell proliferation and increases IL-1β

Results revealed a significant decrease in optical density (OD) values
at 450 nm at different concentrations of TNF-α (10, 50, and 100 ng/mL)
compared to control values after 24, 72, and 120 h (Figure 2B-1).
However, this decrease did not exhibit a time dependence, and tenocytes
incubated with different concentrations of TNF-α demonstrated a normal
rate of proliferation. Therefore, 10 ng/mL of TNF-α was selected for
subsequent experiments.

With regard to IL-1β levels, results revealed a significant increase in
culture medium treated with 10, 50, and 100 ng/mL of TNF-α compared
with controls after 24, 72, and 120 h of exposure (Figure 2B-2). The level
of IL-1β released from tenocytes peaked 72 h after intervention with TNF-
α.

3.4. Effects of rESWT on cell proliferation and IL-1β levels in the culture
medium in a TNF-α-induced model of acute inflammation

The rESWT regimen with an EFD of 0.29 mJ/mm2 (400, 800, and
1200 impulses) was selected to explore the effect of rESWT on the cell
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proliferation and IL-1β levels in the culture medium in an acute inflam-
mation model of tenocytes induced by TNF-α.

As shown in Figure 2C-2, a significant decrease in cell proliferation
(presented as OD values), was observed in cells treated with 10 ng/mL
TNF-α when compared with the control after 24, 72, and 120 h of rESWT
intervention. Cell proliferation was significantly suppressed by an EFD of
0.29 mJ/mm2 (400, 800, and 1200 impulses) compared to that in cells
treated with 10 ng/mL of TNF-α alone after 24 h of shockwave exposure,
however this effect was not dose-dependent, while an EFD of 0.29 mJ/
mm2 (1200 impulses) significantly reversed the decline in cell prolifer-
ation after 72 and 120 h of shockwave exposure. Moreover, 0.29 mJ/
mm2 with 400, 800, and 1200 impulses exerted positive stimulatory ef-
fects in a dose-dependent manner after 120 h of shockwave exposure.

IL-1β levels were significantly increased in the culture medium of
cells treated with 10 ng/mL TNF-α compared with the control after 24,
72, and 120 h of exposure (Figure 2C-3). No significant changes were
observed in IL-1β levels of cells treated with rESWT (0.29 mJ/mm2 with
400, 800, and 1200 impulses) compared with the control after 24, 72,
and 120 h of exposure (Figure 2C-3). An EFD of 0.29 mJ/mm2 with 400
and 800 impulses significantly increased IL-1β levels compared to that in
cells treated with 10 ng/mL TNF-α alone after 24 h of shockwave expo-
sure, whereas application of 0.29 mJ/mm2 with 1200 impulses signifi-
cantly reversed the TNF-α-induced increase in IL-1β level. Moreover,
treatment with 0.29 mJ/mm2 with 400 and 1200 impulses significantly
reversed the TNF-α-induced increase in IL-1β levels compared to that in
cells treated with 10 ng/mL TNF-α alone after 72 h of shockwave expo-
sure, whereas application of 0.29 mJ/mm2 with 800 impulses did not
significantly affect IL-1β levels. After 120 h of shockwave exposure,
application of 0.29 mJ/mm2 with 400, 800, and 1200 shockwaves
significantly reversed the TNF-α-induced increase in IL-1β comparedwith
that in cells treated with 10 ng/mL TNF-α alone, but this effect was not in
a dose-dependent manner (Figure 2C-3). Levels of IL-1β released from
tenocytes peaked at 72 h after treatment with TNF-α. Therefore,
combining the results mentioned above, 0.29 mJ/mm2 with 1200
shockwaves was initially selected for quantitative proteomics.

3.5. Identification of DEPs

To screen for significant DEPs, strict criteria were applied as follows:
1) proteins must be observed in all three biological replicates; 2) at least
one unique peptide must be contained in the protein; 3) a fold change
>1.20 or <0.83 was used as the meaningful cutoff representing signifi-
cant differences [14, 15]. In this study, the fold-change cutoff value in-
dicates the ratio of the protein expression level of rESWT þ TNF-α group
to TNF-α group; 4) statistical analysis was conducted between the two
groups with relative quantification p-values <0.05.

Based on the above criteria, 1028 proteins displayed significant dif-
ferences between the TNF-α and control groups, of which 650 proteins
were upregulated and 378 proteins were downregulated (Table S1).
Compared with those in the TNF-α group, 40 proteins were significantly
altered in the rESWT þ TNF-α group, of which 17 proteins were upre-
gulated and 23 proteins were downregulated (Table S2). Among the 40
dysregulated proteins, 3 related to cell inflammation were significantly
enriched (Table S3, Figure 3A).

3.6. Bioinformatics analysis of DEPs

Gene ontology categories were assigned to further elucidate the
functions of DEPs between the TNF-α and control groups and between the
rESWT þ TNF-α and TNF-α groups. In the comparison of TNF-α and
control groups, the cellular component (CC) of GO analysis revealed that
the highest proportion of DEPs was located in the cell, followed by the
intracellular component (Figure 3B-1). In terms of molecular function
(MF), GO enrichment revealed that most DEPs in the TNF-α and control
groups were associated with two principal functions: binding and cata-
lytic activity (Figure 3B-2). Regarding biological process (BP), GO



Figure 2. Immunofluorescence staining and rESWT effects on cell proliferation and pro-inflammatory cytokines. (A) Primary tenocytes immunostained for COL1 (A-
1), COL3 (A-2), vimentin (A-3), SCX (A-4), OCT4 (A-5), and CD34 (A-6). (B) Changes in OD values (B-1) and IL-1β levels (B-2) at different time points after inter-
vention with different concentrations of TNF-α. Data are expressed as means � SD and were analyzed using one-way ANOVA (n ¼ 3). *p < 0.05, **p < 0.01, ***p <

0.001 versus the control. #p < 0.05, ##p < 0.01, ###p < 0.001 indicate intragroup comparisons at different time points. (C) Effects of rESWT on tenocyte viability and
reversal of TNF-α-induced decline in tenocyte proliferation and increase in IL-1β levels. (C-1) Effects of rESWT waves on tenocyte viability. (C-2) rESWT reversal of
TNF-α-induced decline in tenocyte proliferation. (C-3) rESWT reversal of TNF-α-induced increase in IL-1β. Data are expressed as means � SD and were analyzed using
one-way ANOVA (n ¼ 3). *p < 0.05, **p < 0.01, ***p < 0.001 versus the control. ▴ p < 0.05, ▴▴ p < 0.01, ▴▴▴ p < 0.001 indicate intergroup comparisons (except the
control). #p < 0.05, ##p < 0.01, ###p < 0.001 indicate intragroup comparisons at different time points.
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Figure 3. Proteomics outcomes and identification. (A) Heatmap of DEPs identified in the rESWT þ TNF-α group versus the TNF-α group. The pink and gray clusters
represent upregulated and downregulated proteins, respectively. The target proteins are marked in red. (B) Histogram plots of GO analysis of DEPs identified in the
rESWT þ TNF-α versus TNF-α groups (red) and TNF-α versus control groups (gray). (B-1) Cellular component; (B-2) Molecular function; (B-3) Biological process. (C)
Western blotting for three selected DEPs including (C-1) ITGA2, (C-2) SELS, and (C-3) NLRC4 among the control, rESWT, TNF-α, and rESWT þ TNF-α groups. Data are
expressed as means � SD and were analyzed using one-way ANOVA (n ¼ 3). □ p < 0.05, □□ p < 0.01 indicate intergroup comparisons. The uncropped images of (C)
were referred to in Figure S2.
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analysis revealed that the DEPs between the TNF-α and control groups
were predominantly involved in cellular processes, biological regulation,
responses to stimuli, metabolic processes, and multicellular organismal
processes (Figure 3B-3). Gene ontology categories of DEPs in the rESWT
þ TNF-α and TNF-α groups were similar to those in the TNF-α and control
groups in terms of CC, MF, and BP (Figure 3B).

3.7. Validation of selected DEPs using western blot

Western blotting was performed on three DEPs: ITGA2, SELS, and
NLRC4. The levels of ITGA2 and SELS in tenocytes were significantly
higher but NLRC4 levels were significantly lower in the rESWT þ TNF-α
group than in the TNF-α group (Figure 3C).

4. Discussion

Tendinopathy is a disabling musculoskeletal disorder related to the
inflammatory response, which may serve as an early initiation factor.
Tumor necrosis factor-α and IL-1β are classic pro-inflammatory cytokines
and play pivotal roles in extracellular matrix remodeling and reduction of
type I collagen production in tendinopathy [5]. In this study, TNF-α
treatment significantly decreased proliferation and increased IL-1β levels
in the culture medium, indicating a successful model of acute inflam-
mation in primary human tenocytes in tendinopathy.

In this study, low-to moderate-energy rESWT resulted in fewer im-
mediate cytodestructive effects and greater stimulation of cell prolifer-
ation, which are in agreement with previous findings [16]. We observed
that rESWT reversed the TNF-α-induced decline in primary human
6

tenocyte proliferation and increase in IL-1β levels. Notably, no change in
IL-1β levels was observed in normal tenocytes after rESWT exposure,
which is in disagreement with findings from a previous study [13]. These
differences may be due to the different protocols used. By referring to the
relevant guideline [17], the above-mentioned three rESWT energy regi-
mens represent the three levels of low energy, moderate energy and high
energy used in clinical practice. In fact, the high-energy regimen of
rESWT may result in adverse reactions such as exacerbation of pain,
ecchymosis, and swelling at the affected site. Therefore, the high energy
regimen of rESWT is rarely used in clinical practice for tendinopathy. In
clinical practice, rESWT with a moderate energy regimen is the most
commonly-used regimen for the treatment of tendinopathy. This is an
important reason why we finally selected the moderate energy regimen
of rESWT for the proteomics test.

Integrins serve as mediators of ESWT effects and ITGA2 is a member
of the integrin family; ESWT increases the expression of α2, α6, and β1
integrin subunits [18]. However, no biological effects of rESWT regu-
lating integrins have been reported. Moreover, few studies have further
explored the downstream molecular pathways of fESWT in regulating
integrins [19]. Integrins bind to focal adhesion kinase (FAK) and recruit
kinases to activate pathways that ultimately result in mitogen-activated
protein kinase (MAPK) pathway phosphorylation [20]. The MAPK
signal transduction pathway is involved in the inflammatory mechanisms
of tendinopathy [21]. In the present study, ITGA2 expression was
significantly upregulated in the tenocytes of the rESWT þ TNF-α group
versus the TNF-α group, suggesting that ITGA2 may be a potential
anti-inflammatory protein target of rESWT in a TNF-α-induced model of
acute inflammation in primary human tenocytes. Due to the lack of



Figure 4. Potential molecular mechanisms underscoring the anti-inflammatory effects of rESWT in tenocytes. Solid lines indicate potential targets have been validated
in previous studies, while dashed lines represent the speculated targets. “X?” refers to a substance that mediates rESWT's inhibitory effect on NLRC4.
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catalytic activity in integrins, FAK/protein-tyrosine kinase (PTK) acti-
vation may play a major role in integrin-mediated signal transduction
[22]. Phosphorylation is the main pathway for FAK andMAPK activation,
which could underlie the failure of quantitative proteomics to detect
changes in the expression of phosphorylated FAK and MAPK.

A key transmembrane selenoprotein, SELS, is closely associated with
inflammation and can relieve inflammatory damage to tissues or cells
induced by IL-1β or TNF-α [23]. Previous experimental results demon-
strated that SELS forms a regulatory loop between pro-inflammatory
cytokines, nuclear factor-kappa B (NF-κB), and regulation of inflamma-
tory responses [24]. SELS expression was significantly upregulated in the
tenocytes of the ESWT þ TNF-α group versus the TNF-α group.

A major type of inflammasome, NLRC4, which comprises a family of
cytosolic multiprotein complexes that modulate the activation of cysteine-
aspartate-specific protease 1 (caspase-1) and promotes the maturation and
secretion of IL-1β and IL-18, leads to an inflammatory response [25]. The
inflammasome plays a key role in infectious diseases as well as
auto-inflammatory diseases. However, there is a paucity of evidence of the
existence and activation of inflammasome-mediated inflammation in ten-
dinopathy. A limited number of studies have indicated that the degrada-
tion fragments of the tendon matrix may act as damage-associated
molecular patterns to trigger the inflammasome pathway [26]. NLRC4
expression can be upregulated by TNF-α stimulation [27]. In this study,
NLRC4 expression in the tenocytes of the TNF-α group was upregulated
1.326-fold compared to that in the control group, although this did not
reach statistical significance (p ¼ 0.053) (Table S1 in red font). Compared
to that of the TNF-α group, NLRC4 expression in the tenocytes of the
rESWT þ TNF-α group was significantly downregulated.

In summary, we speculate that ITGA2, SELS, and NLRC4 are potential
anti-inflammatory protein targets of rESWT in a TNF-α-induced model of
acute inflammation in primary human tenocytes.

Radial extracorporeal shock wave therapy is generally employed for
chronic conditions. However, in vivo and in vitro studies have demon-
strated that rESWT may be beneficial in the treatment of acute muscle
injuries [28, 29]. Therefore, we hypothesize that rESWT can prevent
tendinopathy from progressing to the chronic stage by regulating the
7

inflammatory response in the acute or subacute stages, which may open
new opportunities for clinical treatment.

There are some limitations in this study. First, it is more convincing if
tendinopathic tenocytes from tendinopathy samples were used in this
study. However, the number of patients with acute tendon injuries
requiring surgery in clinic is seldom, therefore it's quite difficult to obtain
tendon tissue samples in acute tendon injuries. Second, whether rESWT
exerts biological effects via different molecular pathways remains un-
clear, and this should be considered as important research for future
study as it is of great significance to understanding the role of rESWT at
the molecular level.

The present study demonstrated that rESWT reversed the TNF-
α-induced decline in primary human tenocyte proliferation and increase
in IL-1β levels. Quantitative proteomics identified ITGA2, SELS, and
NLRC4 as crucial proteins serving as molecular targets for the anti-
inflammatory effects of rESWT (Figure 4). However, the effectiveness
of rESWT for the treatment of acute tendon injury and its underlying
molecular mechanisms warrant further investigation in in vivo studies.
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