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Abstract

Background: Joint immobilization frequently causes joint contracture, which may significantly impact an individual’s quality of life.
Consequently, extracorporeal shock wave (ESW) has been increasingly adopted to manage various bone and joint diseases. Our study
investigated whether ESW therapy relieves knee contracture and if it mitigates the underlying hypoxia-induced pyroptosis of joint-
capsule fibroblasts. Methods: A rat model of knee contracture was established through prolonged unilateral knee joint immobilization.
Following the application of ESW, the levels of joint capsule fibrosis and cell pyroptosis were evaluated. During the immobilization phase,
the NOD-like receptor protein 3 (NLRP3) specific inhibitor MCC950 was administered to assess its impact on pyroptosis levels. In vitro,
hypoxia-induced rat knee joint synovial fibroblasts were exposed to hypoxia to induce myofibroblast differentiation. Hypoxia-inducible
factor 1 alpha (HIF-1α) small interfering RNAwas then used to inhibit HIF-1α expression, followed by themeasurement of cell pyroptosis
and fibrosis levels. Results: ESW intervention successfully mitigated knee contracture while decreasing pyroptosis and fibrosis in the
joint capsule. Similarly, MCC950 treatment effectively inhibited both pyroptotic cell death and fibrotic tissue development within the
capsule. Hypoxia induced the differentiation of synovial fibroblasts into myofibroblasts and increased pyroptosis. However, inhibiting
HIF-1α expression mitigates these effects, leading to reduced pyroptosis and fibrosis in rat knee synovial fibroblasts. Conclusions:
Hypoxic conditions promote pyroptosis in rat knee synovial fibroblasts and drive their differentiation into myofibroblasts, contributing
to joint contracture. ESW therapy may alleviate joint contractures by partially inhibiting structural and cellular changes.
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1. Introduction
Knee joint contracture often develops following

trauma as a result of prolonged immobilization [1,2]. Be-
cause it frequently impacts laborers in sectors like trans-
portation and construction, the condition poses a severe bur-
den on public health systems, the medical economy, and the
quality of life of patients. Therefore, exploring timely and
effective treatments for knee contracture is of substantial
academic and practical significance.

In rats, fixing the unilateral knee joint in extension re-
stricts blood supply to articular tissues, inducing a hypoxic
state within the joint capsule. This local hypoxia is recog-
nized as a significant initiating mechanism for joint con-
tracture [3]. Building upon this premise, mitigating joint
capsular hypoxia through appropriate rehabilitation inter-
ventions could emerge as a viable therapeutic approach for
joint contracture. Extracorporeal shock wave (ESW) is a

widely used, non-invasive rehabilitation treatment. It is fa-
vored by both patients and medical professionals because
it is safe, effective, and has minimal side effects [4,5,6].
ESW utilizes tensile and compressive stress to induce inter-
tissue release, enhance capillary microcirculation, and pro-
mote cellular oxygen intake, effectively reversing local tis-
sue hypoxia [7,8]. Our team previously demonstrated that
ESW successfully treats joint contracture [9], though the
specific mechanism requires further research.

Under hypoxic conditions, the expression of hypoxia-
inducible factor 1 alpha (HIF-1α) is significantly upregu-
lated [10,11]. Previous study have demonstrated that HIF-
1α overexpression promotes NOD-like receptor protein 3
(NLRP3) activation [3]. Upon sensing relevant stimuli,
NLRP3 and other inflammasomes utilize the adapter pro-
tein apoptosis-associated Speck-like protein (ASC) to acti-
vate caspase-1, which then cleaves gasderminD (GSDMD),
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separating its N-terminal domain from its C-terminal do-
main. This cleavage generates membrane pores that allow
the release of intracellular contents and inflammatory cy-
tokines, such as interleukin 1β (IL-1β) and IL-18. Previous
studies have established that pyroptosis accelerates fibro-
sis in organs like the liver and kidney [12,13,14]. Because
fibrotic remodeling shares fundamental pathological char-
acteristics across different anatomical sites, pyroptosis may
also promote joint capsule fibrosis during immobilization,
thereby contributing to the development of joint contrac-
ture. Suppressing hypoxia-induced pyroptosis may serve
as an additional mechanism by which ESW relieves joint
contracture.

Considering the therapeutic mechanisms of ESW and
the pathological alterations in the joint capsule, we propose
that ESW mitigates joint contracture by alleviating local
hypoxia and reducing fibrosis in the joint capsule. Build-
ing on previous research, this study evaluated the effect of
ESW on knee contracture in vivo. Additionally, hypoxia-
mediated pyroptosis in myofibroblasts was further investi-
gated in vitro. Ultimately, these findings provide a theoreti-
cal framework for the clinical management of joint contrac-
ture. The experimental design is presented in Fig. 1.

2. Materials and Methods
2.1 Animals and Cells

Healthy, male Sprague–Dawley rats (3 months old,
250–300 g) from a closed-colony breeding source were pro-
vided by the Experimental Animal Center of Anhui Medi-
cal University. Additionally, rat knee joint synovial fibrob-
lasts were purchased from iCell Bioscience Inc. (Shanghai,
China) under the catalog number iCell-0135a. The cells
were validated by short tandem repeat (STR) profiling and
tested negative for mycoplasma. The current research was
approved by the Institutional Animal Care and Use Com-
mittee of Anhui Medical University (No. LLSC20221126).

2.2 Induction of Joint Contracture
To induce knee contracture in rats, a molded alu-

minum splint was used to immobilize the unilateral
hindlimb, extending from the groin to the base of the toes
(Fig. 2A,B) [3].

2.3 Experimental Design
This study included both animal and cell experiments.

Rats were randomly assigned to experimental groups using
a computer-generated random number sequence.

In the first animal experiment, 24 Sprague–Dawley
rats were divided into four equal groups of 6 rats to eval-
uate the effects of immobilization, natural recovery, and
ESW intervention over an 8-week period. The rats were as-
signed to the following groups: Group M (immobilization)
was immobilized for 4 weeks; Group NR (natural recov-
ery) was immobilized for 4 weeks, followed by 4 weeks of
natural recovery; Group E (ESW intervention) was immo-

bilized for 4 weeks, followed by 4weeks of ESW treatment;
and Group C (control) was allowed free movement for the
entire 8-week period.

ESW therapy was applied to the anterior joint capsule
at twice-weekly intervals. Each session consisted of 2000
pulses delivered at a pressure of 1.5 bar and a frequency of 6
Hz (Fig. 2C,D). The ESW parameters were primarily based
on our previous study [15], which confirmed the efficacy
and safety.

In the second animal experiment, 18 Sprague–Dawley
rats were equally distributed into three groups of 6 rats:
Group C (control) moved freely for 4 weeks; Group M (im-
mobilized model) was immobilized for 4 weeks; and Group
MCC950 (intervention) was immobilized for 4 weeks with
concurrent MCC950 treatment. Starting on the day of im-
mobilization, the MCC950 group received 10 mg/kg in-
traperitoneal injections every 3 days. The MCC950 dosage
was determined based on a previously reported regimen in
rats [16].

A sample size of six animals per group was selected
according to the 3R principle, guided by prior in vivo rat
knee contracture research [15] and arthrogenic contracture
power calculations. In the ESW experiment, Groups M and
E demonstrated a mean difference of 9.42° with a pooled
standard deviation (SD) of 3.10° (Cohen’s d = 3.03). Power
analysis showed that four animals per group yielded 80%
power at a two-sided alpha level of 0.05, and increasing the
sample size to six animals per group increased the power
to 0.997. For the MCC950 experiment, the difference be-
tween the M and MCC950 groups was 7.45° with a pooled
SD of 3.16° (Cohen’s d = 2.36). While five animals per
group were required for 80% power, using six animals per
group achieved a statistical power of 0.957. Thus, 6 animals
per group were considered sufficient to detect biologically
meaningful changes while minimizing animal use.

In the first cell experiment, to confirm that hypoxia
induces the differentiation of rat knee joint synovial fibrob-
lasts into myofibroblasts, the knee joint synovial fibroblasts
were cultured under either normoxic conditions or a 2% hy-
poxic atmosphere. The hypoxic treatments were sustained
for 6, 12, and 24 h. Cells were divided into four groups:
a normoxia group (cultured in normal oxygen environment
for 24 h) and three hypoxia groups cultured for 6, 12, or 24
h. Following this, cell viability and alpha-smooth muscle
actin (α-SMA) expression were evaluated.

In the second cell experiment, we investigated
whether a hypoxic environment could promote pyroptosis
and fibrosis. HIF-1α was silenced using small interfering
RNA (siRNA) to evaluate its regulatory impact under hy-
poxic conditions. Pyroptosis and fibrosis-related protein
levels were subsequently assessed to elucidate the involve-
ment of HIF-1α in fibroblast responses to hypoxia. Cells
were divided into four groups: Normoxia group (cultured
in a standard oxygen environment for 24 h); Hypoxia group
(cultured in hypoxic environment for 24 h); Hypoxia + siC-
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Fig. 1. Study design to assess the effect of NLRP3 inhibition on knee contracture that develops following joint immobilization in
rats, focusing on hypoxia-induced pyroptosis and fibrosis. ESW, extracorporeal shock wave; CCK-8, Cell Counting Kit-8; ELISA,
Enzyme-linked immunosorbent assay.

trl group (cultured in hypoxia for 24 h and simultaneously
transfected with a negative control siRNA [Ctrl-siRNA]);
and Hypoxia + siHIF-1α group (cultured in hypoxia for 24
h and simultaneously transfected with HIF-1α-siRNA). The
investigators responsible for range of motion (ROM) mea-
surements, histological analyses, and image quantifications
were blinded to group allocation.

2.4 Evaluation of Joint Mobility Limitations

After each experiment, the rats were humanely euth-
anized with sodium pentobarbital overdose. The dose of
sodium pentobarbital used for euthanasia was 120 mg/kg.
Subsequently, the ROM of the rat knee joints was mea-
sured using a mechanical device developed by our research
team (Patent No. ZL202120996643.1; Fig. 2E). Total and
arthrogenic contractures were calculated as the difference
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Fig. 2. ESW treatment led to a decrease in both cell count and collagen deposition within the anterior joint capsule. (A) Molded
aluminum splint. (B) Establishment of a rat knee contracture model. (C) ESW therapy probe. (D) The rat received ESW intervention.
(E) Measurement of joint ROM. (F) Quantitative analysis of the degree of total contracture. (G) Quantitative analysis of the degree
of arthrogenic contracture. (H) Representative images of H&E staining. (I) Quantitative analysis of H&E staining. (J) Representative
images ofMasson staining. (K) Quantitative analysis ofMasson staining. C, normal control group; M, model group; NR, natural recovery
group; E, extracorporeal shock wave intervention group. Scale bar = 50 μm. Data are presented as mean ± SD (n = 6 rats per group).
One-way ANOVA was used to assess the differences across multiple groups. *p < 0.05 vs. Group C; #p < 0.05 vs. Group M; &p < 0.05
vs. group NR. ROM, range of motion; H&E, hematoxylin and eosin; ANOVA, analysis of variance.
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in ROM between the control and experimental knees, eval-
uated immediately before and after myotomy, respectively.

2.5 Sample Preparation
Following removal of the anterior knee joint capsules

and measurement of the ROM, the tissue samples were pre-
pared for pathological and molecular analyses. During this
process, a portion of the specimens was fixed overnight
in 4% paraformaldehyde. The remaining specimens were
flash-frozen in liquid nitrogen and stored at –80 °C.

2.6 Hematoxylin and Eosin Staining
Some specimens were subjected to hematoxylin and

eosin (H&E) staining and examined under a microscope at
a magnification of 400×. For each group, tissue sections
from six different rats served as biological replicates. Three
non-serial sections were prepared from each rat as techni-
cal replicates. For each section, six random fields of view
magnification were captured and analyzed with Image Pro-
Plus software (Image Pro-Plus 6.0, Media Cybernetics, Sil-
ver Spring, MD, USA). The average number of cells per
square millimeter was then calculated in each group.

2.7 Masson Staining
Some specimens fixed in 4% paraformaldehyde were

subjected to Masson staining and examined under 200×
magnification. Six random regions per section were pho-
tographed and analyzed using Image ProPlus software (Me-
dia Cybernetics) to calculate the mean proportion of the
blue area for each group. For each group, tissue sections
from six different rats were used as biological replicates.
Three non-serial sections were generated from each rat as
technical replicates. For each section, six random fields of
view at 200× magnification were photographed and quanti-
fied with Image ProPlus software (Image Pro-Plus 6.0, Me-
dia Cybernetics, Silver Spring,MD,USA) to evaluate colla-
gen deposition. The mean collagen positive area ratio from
the three sections was calculated for each biological repli-
cate (n = 6 per group) and applied for statistical analysis.

2.8 Western Blotting
Western blotting was employed to assess protein ex-

pression levels. Total proteins were extracted using chilled
Radio-Immunoprecipitation Assay (RIPA) lysis buffer con-
taining Phenylmethylsulfonyl Fluoride (PMSF) (Beyotime,
Beijing, China). Protein concentrations were subse-
quently quantified with a Bicinchoninic Acid (BCA) as-
say kit (Beyotime). Equal amounts from each sample pair
were resolved using 10% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis and electrotransferred to
Polyvinylidene Difluoride (PVDF) membranes (Millipore,
Bedford, MA, USA). The membrane was blocked in 5%
skim milk in Tris-buffered saline containing Tween 20
(TBST) for 2 h at room temperature, followed by incu-
bation overnight at 4 °C with rabbit anti-HIF-1α antibody

(WL01607, Wanleibio; 1:1000), rabbit anti-NLRP3 anti-
body (bsm-61254R, Bioss; 1:2000), rabbit anti-GSDMD-
N antibody (ab215203, Abcam; 1:1000), rabbit anti-
GSDMD antibody (AF4012, Affinity; 1:1000), rabbit anti-
caspase-1 antibody (AF5418, Affinity; 1:1000), rabbit anti-
ASC antibody (DF6304, Affinity; 1:1000), rabbit anti-
transforming growth factor beta 1 (TGF-β1) antibody (bsm-
61027R, Bioss; 1:1000), rabbit anti-p-Smad3 antibody
(bsm-52205R, Bioss; 1:1000), rabbit anti-Smad3 antibody
(bsm-52224R, Bioss; 1:1000), rabbit anti-α-SMA antibody
(bsm-52396R, Bioss; 1:500), and rabbit Glyceraldehyde-
3-Phosphate Dehydrogenase (GAPDH) antibody (AF7021,
Affinity; 1:5000). The next day, membranes were washed
three times with TBST (10 min per wash) and incu-
bated for 2 h at room temperature with horseradish per-
oxidase (HRP)-conjugated goat anti-rabbit Immunoglobu-
lin G (IgG) (ab205718, Abcam; 1:5000). Following three
additional 10-min washes, protein bands were visualized
via enhanced chemiluminescence and quantified with Im-
ageJ software (National Institutes of Health, Bethesda, MD,
USA). Considering the limited volume of joint capsule tis-
sue, lysates from six rats per group were pooled for west-
ern blotting analysis, with three independent technical repli-
cates performed for densitometry. Three independent tech-
nical replicates were also applied in cell experiments. All
representative bands were selected from these replicates.

2.9 Immunohistochemistry

In this study, immunohistochemistry (IHC) was per-
formed to detect caspase-1, α-SMA and CD31 expres-
sion in positive cells. Joint capsule paraffin specimens
were sectioned at a thickness of 5 μm. The slices were
dewaxed in xylene I and xylene II solution for 20 min
each, followed by rehydration in anhydrous alcohol I and
anhydrous alcohol II for 10 min each. Then the slices
were sequentially immersed in 95% and 90% ethanol so-
lution for 5 min each, followed by antigen retrieval. En-
dogenous peroxidase activity was then quenched with hy-
drogen peroxide, and serum was applied to block non-
specific antibody binding. Then the sections were incu-
bated overnight at 4 °C with rabbit anti-caspase-1 anti-
body (AF5418, Affinity; 1:1000), rabbit anti-α-SMA anti-
body (bsm-52396R, Bioss; 1:200), or rabbit anti-CD31 an-
tibody (bsm-10825R, Bioss; 1:200). Following phosphate-
buffered saline (PBS) washes, the sections were incubated
at 37 °C for 20 min with a peroxidase-conjugated goat
anti-rabbit IgG-HRP (ab205718, Abcam; 1:1000). The di-
aminobenzidine (DAB) colorimetric method was employed
for colorimetric visualization, and the sections were coun-
terstained with hematoxylin. After dehydrating through
graded ethanol and clearing in xylene, the slides were per-
manently mounted. For each group, tissue sections from six
different rats served as biological replicates. From each rat,
three non-serial sections were prepared as technical repli-
cates. To evaluate caspase-1 and α-SMA protein expres-

5

https://www.imrpress.com


sion, six random fields of view per section at 400× magni-
fication were quantified using ImageJ, and the mean opti-
cal density from three sections was calculated for each bi-
ological replicate (n = 6 per group) for statistical analysis.
To assess microvessel density (MVD) based on CD31 im-
munohistochemistry, six random fields of view per section
at 400× magnification were captured and analyzed using
Image ProPlus software (Image Pro-Plus 6.0; Media Cy-
bernetics, Silver Spring, MD, USA), and the mean MVD
was subsequently calculated for each group.

2.10 TEM

Joint capsule tissues were minced into 1 mm3 frag-
ments, rinsed with 0.1 M PBS, and fixed in 1% osmic acid
for 1–2 h. Following graded dehydration, the specimens
were embedded in epoxy resin and cut into ultra-thin sec-
tions. These sections were collected on copper grids and
stained with lead citrate. Finally, ultrastructural images
were acquired using the JEM-1400 transmission electron
microscope (TEM) (JEOL, Tokyo, Japan). Joint capsule tis-
sues from six rats per group served as biological replicates.
To ensure representative findings, three copper grids per rat
were prepared as technical replicates, and multiple fields
were examined. Given that TEM was used for qualitative
morphological assessment, the presented images represent
one biological replicate per group.

2.11 Cell Culture and Model Differentiation

Rat knee joint synovial fibroblasts were cultured in a
dedicated medium at 37 °C in a 5% CO2 incubator. Cell
density was observed under a microscope, and cultures
were subcultured once they reached 80–90% confluency.
Trypsin was added in a volume proportional to the dish
size to completely cover the surface of the monolayer. The
culture dish was incubated for 2 min and observed under
an inverted microscope to assess cell detachment. When
70–80% of the cells were rounded and detached from each
other, the flask was gently tapped to dislodge the remaining
adherent cells. Complete growth medium containing serum
was then added to neutralize the trypsin and terminate
digestion. The cell suspension was centrifuged at 1000
rpmfor 3 min. The supernatant was discarded, and the
cell pellet was resuspended in 9 mL complete culture
medium. Then 3 mL cell suspension was transferred to
a 10 cm culture dish containing 6 mL fresh complete
medium and incubated. The hypoxia + siCtrl group and
hypoxia +siHIF-1α group needed to be transfected with
specific siRNA (General Bio Co., Ltd., China). Cells
were transfected with siRNA using Lipofectamine 2000
(11668-019; Invitrogen, Thermo Fisher Scientific, Carls-
bad, CA, USA) according to the manufacturer’s protocol.
The sequences used were as follows: HIF-1α siRNA,
5′-CCUCAAACCAGUUGAAUCUTT-3′ (forward) and
5′-AGAUUCAACUGGUUUGAGGTT-3′ (reverse); and

Ctrl siRNA, 5′-UUCUCCGAACGUGUCACGUTT-3′
(forward) and 5′-ACGUGACACGUUCGGAGAATT-3′
(reverse).

2.12 Cell Counting Kit-8 Assay
Following trypsinization, cells were resuspended in

complete medium and counted. A total of 5000 cells in
100 μL per well were seeded into 96-well plates, using
three replicate wells per group. After adding 10 μL CCK-8
reagent to each well, the plates were incubated for 2 h in
a humidified incubator. Absorbance was measured at 450
nm using a microplate reader.

2.13 Enzyme-Linked Immunosorbent Assay
Enzyme-linked immunosorbent assay (ELISA) kits

(Shanghai Yapu Biotechnology Co., Ltd., Shanghai, China)
were employed to evaluate the levels of IL-1β and IL-
18. Samples and standards were added sequentially to
microwells precoated with target-specific antibodies, fol-
lowed by incubation with an HRP-labeled detection an-
tibody. Following incubation and washing, 3,3',5,5'-
Tetramethylbenzidine (TMB) substrate was added for chro-
mogenic detection. Peroxidase catalyzed the oxidation of
TMB into a blue intermediate, which shifted to a stable yel-
low product upon acidification. The intensity of this yellow
color, which is directly proportional to the specimen’s IL-
1β or IL-18 concentration, was measured at 450 nm on a
microplate reader. Analyte levels were then determined us-
ing a standard curve.

2.14 FAM-YVAD-FMK/PI Double Staining
Cells (4 × 105 cells) were seeded into 6-well plates

containing coverslips and incubated overnight. Af-
ter washing with PBS to remove debris and residual
medium, 500 μL 5-carboxyfluorescein-Tyr-Val-Ala-Asp-
fluoromethylketone (FAM-YVAD-FMK) working solution
was gently added to the wells. Subsequently, the cells were
incubated at 37 °C in the dark for 30 min and washed 2–3
times with PBS. Subsequently, 500 μL PI working solu-
tion was added, and the cells were incubated for 15 min at
room temperature. After staining, the cells were washed
once with PBS, fixed in 4% paraformaldehyde for 15–20
min, and rinsed 2–3 times with PBS. Finally, an appropri-
ate amount of mounting medium was added to prepare a
cell smear. Pyroptosis-positive cells exhibiting dual green
and red fluorescence were visualized via fluorescence mi-
croscopy. The number of positive cells was quantified
across three randomly selected fields of view.

2.15 Statistical Analyses
Statistical analyses were performed with SPSS 22.0

software (IBM Corp., Armonk, NY, USA). The data are
presented as the mean ± SD. One-way analysis of variance
(ANOVA) was used to assess the differences across mul-
tiple groups. If significant differences were detected, the
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Bonferroni test or Tamhane T2 test was applied to perform
pairwise comparisons. p < 0.05 was considered statistically
significant.

For quantitative correlation analysis, group-level
means from both in vivo experiments yielded seven distinct
data points: C, M, NR, and E (from the ESW experiment);
and C, M, and MCC950 (from the MCC950 experiment).
Pyroptosis-related molecular status was defined using the
mean GSDMD-N/GAPDH ratio, whereas contracture and
fibrosis severity were represented by the means of arthro-
genic contracture and Masson collagen deposition, respec-
tively.

3. Results
3.1 ESW Therapy Improves Total and Arthrogenic
Contracture

The outcomes of total contracture and arthrogenic
contracture are presented in Fig. 2F,G. Compared with
Group C, Group M showed a markedly greater degree of
contracture (p < 0.05). Following 4 weeks of unrestricted
movement after a 4-week immobilization period, both total
and arthrogenic joint contractures were markedly greater in
Group NR than in Group C (p < 0.05). Group E showed a
significantly lower degree of contracture than Groups NR
andM (p < 0.05), though contractures were still higher than
in Group C (p < 0.05).

3.2 ESW Treatment Decreases Both Cell Count and
Collagen Deposition Within the Anterior Joint Capsule

The results of H&E staining are shown in Fig. 2H,I.
Following 4weeks of immobilization, cell proliferation sig-
nificantly increased (p < 0.05). While the NR group showed
a significant increase compared to Group C (p < 0.05), it
did not significantly differ from the M group (p > 0.05). By
contrast, the E group exhibited a significant decrease com-
pared to both the M and NR groups (p < 0.05), though its
cell count remained above normal baseline levels (p < 0.05).

As shown in the Masson staining results (Fig. 2J,K),
GroupM exhibited a statistically significant increase in col-
lagen deposition after 4 weeks of immobilization (p < 0.05).
Collagen deposition in the NR group remained above base-
line (p < 0.05). There was no significant difference in col-
lagen deposition between the NR and M groups (p > 0.05).
However, Group E showed a significantly lower level of
collagen deposition than both the M and NR groups (p <
0.05).

3.3 ESW Therapy Downregulates HIF-1α Protein
Expression in the Anterior Joint Capsule

As shown in Fig. 3A,B, HIF-1α protein levels signif-
icantly increased after 4 weeks of immobilization. Group
NR exhibited notably higher HIF-1α expression than Group
C (p < 0.05), but displayed no significant difference com-
pared toGroupM (p > 0.05). The levels of HIF-1α in the an-
terior joint capsule in Group E were significantly decreased

relative to GroupM andGroupNR (p < 0.05 for both). Con-
versely, Group E showed no statistical difference in protein
levels compared to Group C (p > 0.05).

3.4 ESW Therapy Downregulates Cell Pyroptosis in the
Anterior Joint Capsule

Fig. 3 illustrates the varying expression levels of
pyroptosis-associated proteins across the different groups,
with the Western blot results detailed in Fig. 3A,C–G. Pro-
tein expression of NLRP3, GSDMD-N, GSDMD, ASC,
and caspase-1 was statistically elevated in Group M rel-
ative to Group C (p < 0.05). After 4 weeks of immobi-
lization followed by 4 weeks of free activity, the protein
levels of these molecules were significantly higher than in
Group C (p < 0.05); however, they did not significantly dif-
fer from Group M (p > 0.05). Protein levels of the targeted
molecules in Group E were significantly decreased com-
pared to Groups M and NR (p < 0.05). Compared to Group
C, the expression levels of NLRP3, GSDMD-N, GSDMD,
and ASC were marginally elevated in Group E compared to
Group C (p > 0.05), while caspase-1 expression was statis-
tically higher (p < 0.05).

IHC results (Fig. 3H,I) revealed that caspase-1 ex-
pression was significantly upregulated in Group M com-
pared to Group C (p < 0.05). Following 4 weeks of im-
mobilization and an additional 4 weeks of unrestricted ac-
tivity, the protein levels of caspase-1 in Group NR were
notably higher than those in Group C (p < 0.05). caspase-1
protein levels in the anterior joint capsule showed no sig-
nificant difference between Group M and Group NR (p >
0.05); however, levels in Group E were significantly lower
than in Groups M and NR (p < 0.05 for both). Conversely,
Group E showed significantly higher caspase-1 expression
than Group C (p < 0.05).

IHC results of CD31 (Fig. 3J,K) indicated that MVD
in the anterior joint capsule was significantly increased in
Group M relative to Group C (p < 0.05). Notably, Group
NR maintained high MVD levels comparable to Group M,
showing no statistical significance (p > 0.05). After 4weeks
of ESW intervention (Group E), MVD was markedly in-
creased compared to Groups C, M and NR (p < 0.05).

TEM revealed intact fibroblast cell membranes in the
anterior joint capsule of Group C (Fig. 3L). By contrast,
Groups M and NR exhibited ruptured cells and leaked con-
tents. While Group E showed less membrane damage and
leakage than Group NR, its cell membrane integrity re-
mained inferior to that of Group C.

3.5 ESW Therapy Downregulates Activation of the
Transforming Growth Factor Beta 1/Smad3 Signaling
Pathway in the Anterior Joint Capsule

Fig. 4 shows the protein expression levels of key TGF-
β1/Smad3 pathway proteins, with the Western blotting re-
sults shown in Fig. 4A–E. Compared to Group C, Group M
showed significantly elevated levels of TGF-β1, α-SMA,
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Fig. 3. ESW alleviated the overactivation of pyroptosis in the anterior joint capsule. (A) Representative Western blot images of
HIF-1α, NLRP3, GSDMD-N, GSDMD, caspase-1, and ASC. (B) Western blot analysis and densitometric quantification of HIF-1α. (C)
Western blot analysis and densitometric quantification of NLRP3. (D)Western blot analysis and densitometric quantification of GSDMD-
N. (E) Western blot analysis and densitometric quantification of GSDMD. (F) Western blot analysis and densitometric quantification of
caspase-1. (G) Western blot analysis and densitometric quantification of ASC. (H) Representative IHC images of caspase-1. Scale bar
= 50 μm. (I) IHC quantification of caspase-1. (J) Representative IHC images of CD31. Scale bar = 50 μm. (K) IHC quantification
of CD31. (L) Representative TEM images of anterior joint capsule fibroblasts in the C, M, NR, and E groups. Scale bar = 1 μm. C,
normal control group; M, model group; NR, natural recovery group; E, extracorporeal shock wave intervention group. The yellow arrow
shows the nucleus, and the red arrow shows the broken pores in the cell membrane. Data are presented as mean ± SD (n = 6 rats per
group). One-way ANOVA was used to assess the differences across multiple groups. *p < 0.05 vs. Group C; #p < 0.05 vs. Group
M; &p < 0.05 vs. Group NR. HIF-1α, hypoxia-inducible factor 1 alpha; NLRP3, NOD-like receptor protein 3; GSDMD, gasdermin D;
ASC, apoptosis-associated Speck-like protein; IHC, immunohistochemistry; TEM, transmission electron microscope; ANOVA, analysis
of variance.
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Fig. 4. ESW alleviated activation of TGF-β1/Smad3 signaling in the anterior joint capsule. (A) Representative Western blot images
of TGF-β1, α-SMA. (B) Western blot analysis and densitometric quantification of TGF-β1. (C) Western blot analysis and densitometric
quantification of α-SMA. (D) RepresentativeWestern blot images of p-Smad3. (E)Western blot analysis and densitometric quantification
of p-Smad3. (F) Representative IHC images of α-SMA. Scale bar = 50 μm. (G) IHC quantification of α-SMA. C, normal control group;
M, model group; NR, natural recovery group; E, ESW intervention group. Data are presented as mean ± SD (n = 6 rats per group).
One-way ANOVA was used to assess the differences across multiple groups. *p < 0.05 vs. Group C; #p < 0.05 vs. Group M; &p <
0.05 vs. Group NR. TGF-β1, transforming growth factor beta 1; α-SMA, alpha-smooth muscle actin; p-Smad3, phosphorylated Smad3;
Smad3, mothers against decapentaplegic homolog 3; ANOVA, analysis of variance.

and phosphorylated Smad3 (p-Smad3) (p < 0.05). There
was no significant difference in expression of the aforemen-
tioned molecules in Group NR compared to Group M (p >
0.05). However, Group E showed significantly reduced ex-
pression of these fibrotic markers compared to both Group
M and Group NR (p < 0.05).

The IHC results, presented in Fig. 4F,G, revealed that
the expression levels of α-SMA in Group M were statisti-
cally higher than those in Group C (p < 0.05). Furthermore,
the expression of α-SMA in Group NR remained signifi-
cantly elevated compared to Group C (p < 0.05). The ex-
pression levels of α-SMA in Group NR showed no signif-
icant difference compared to Group M (p > 0.05). How-

ever, levels in Group E were significantly lower than those
in both Group M and Group NR (p < 0.05 for both). Fur-
thermore, α-SMA expression in Group E was significantly
higher than that in Group C (p < 0.05).

3.6 MCC950 Alleviates Total and Arthrogenic Contracture

The severity of joint contracture is illustrated in
Fig. 5A,B. After 4 weeks of fixation, Group M exhib-
ited a significant increase in contracture (p < 0.05). Co-
administration of MCC950 during immobilization signifi-
cantly reduced this contracture compared to Group M (p <
0.05), although levels remained higher than in Group C (p
< 0.05).

9

https://www.imrpress.com


Fig. 5. MCC950 alleviated joint contracture and joint capsule fibrosis. (A) Quantitative analysis of the degree of total contracture.
(B) Quantitative analysis of the degree of arthrogenic contracture. (C) Representative images of H&E and Masson staining. Scale bar
= 50 μm. (D) Quantitative analysis of H&E staining. (E) Quantitative analysis of Masson staining. C, normal control group; M, model
group; MCC950, MCC950 intervention group. Data are presented as mean ± SD (n = 6 rats per group). One-way ANOVA was used to
assess the differences across multiple groups.*p < 0.05 vs. Group C; #p < 0.05 vs. Group M. ANOVA, analysis of variance.

3.7 MCC950 Decreases Both Cell Count and Collagen
Deposition Within the Anterior Joint Capsule

As shown in Fig. 5C–E, cell counts and collagen de-
position were evaluated in the anterior joint capsule. Cell
numbers were significantly higher in Group M than in
Group C (p < 0.05). Treatment with MCC950 during fixa-
tion significantly attenuated the increase in cellularity (p <
0.05), but cell counts remained significantly elevated com-
pared to Group C (p < 0.05).

Four weeks of immobilization significantly increased
collagen deposition (p < 0.05). Simultaneous MCC950
treatment during this fixation period mitigated this effect (p
< 0.05). However, the MCC950 group still showed a sig-
nificantly higher degree of collagen deposition compared to
Group C (p < 0.05).

10

https://www.imrpress.com


Fig. 6. MCC950 alleviated the overactivation of pyroptosis in the anterior joint capsule. (A) Representative Western blot images of
NLRP3, GSDMD-N, GSDMD, caspase-1, and ASC. (B) Western blot analysis and densitometric quantification of NLRP3. (C) Western
blot analysis and densitometric quantification of GSDMD-N. (D) Western blot analysis and densitometric quantification of GSDMD. (E)
Western blot analysis and densitometric quantification of caspase-1. (F) Western blot analysis and densitometric quantification of ASC.
(G) Representative IHC images of caspase-1. Scale bar = 50 μm. (H) IHC quantification of caspase-1. (I) Representative TEM images
of normal rats. The yellow arrow shows the nucleus, and the red arrow shows the broken pores in the cell membrane. Scale bar = 50
μm. C, normal control group; M, model group; MCC950, MCC950 intervention group. Data are presented as mean ± SD (n = 6 rats
per group). One-way ANOVA was used to assess the differences across multiple groups. *p < 0.05 vs Group C; #p < 0.05 vs. Group M.
ANOVA, analysis of variance.

3.8 MCC950 Downregulates Cell Pyroptosis Level in the
Anterior Joint Capsule

Western blot analysis (Fig. 6A–F) demonstrates the
expression levels of pyroptosis-related proteins. In Group
M, the protein levels of NLRP3, GSDMD-N, GSDMD,
caspase-1, and ASC were markedly elevated compared to
Group C (p < 0.05). Simultaneous MCC950 treatment

during the fixation period significantly reduced expression
of the aforementioned proteins compared to Group M (p
< 0.05). However, GSDMD and caspase-1 levels in the
MCC950 group remained notably higher than in Group C
(p < 0.05). Moreover, the MCC950 group showed slight,
non-significant increases in NLRP3, GSDMD-N, and ASC
expression relative to Group C (p > 0.05).
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Immunohistochemical analysis (Fig. 6G,H) revealed
that 4 weeks of immobilization significantly elevated
caspase-1 expression (p < 0.05). Concurrent treatment
with MCC950 during this period significantly attenu-
ated caspase-1 levels compared to the immobilization-only
group (GroupM, p < 0.05). However, caspase-1 expression
in the MCC950 remained significantly higher than normal
baseline levels (p < 0.05).

Ultrastructural integrity was preserved in the anterior
joint capsule fibroblasts of Group C (Fig. 6I). Conversely,
GroupM exhibited membrane rupture and subsequent leak-
age of cytoplasmic contents. Treatment with MCC950 sub-
stantially mitigated these pathological changes compared to
Group M.

3.9 MCC950 Downregulates Activation of the
TGF-β1/Smad3 Signaling Pathway in the Anterior Joint
Capsule

Western blot analysis (Fig. 7A–D) revealed that
Group M had significantly higher levels of TGF-β1, α-
SMA, and p-Smad3 compared to Group C (p < 0.05).
When MCC950 was administered during the fixation pe-
riod, the MCC950 group showed significantly reduced lev-
els of TGF-β1, α-SMA, and p-Smad3 compared to Group
M (p < 0.05). However, these levels remained significantly
higher than those in Group C (p < 0.05).

IHC (Fig. 7E,F) showed that α-SMA levels signifi-
cantly increased in Group M compared to Group C after
4 weeks of immobilization (p < 0.05.). Co-treatment with
MCC950 during immobilization significantly suppressed
this increase, leading to lower expression levels in the
MCC950 group than in Group M (p < 0.05). However, α-
SMA expression in the MCC950 group remained signifi-
cantly higher than in Group C (p <0.05).

3.10 Hypoxic Environment Induces the Differentiation of
Rat Knee Synovial Fibroblasts Into Myofibroblasts

Fig. 8A,B demonstrate the impact of varying hypoxia
durations on α-SMA expression in rat knee synovial fibrob-
lasts. The results suggest that hypoxia conditions upregu-
late α-SMA expression, with the most pronounced increase
in the 24-h exposure group. There was no significant dif-
ference in α-SMA expression between the Hypoxia-6h and
Normoxia groups (p > 0.05), nor between the Hypoxia-12h
and Hypoxia-6h groups (p > 0.05). However, levels sig-
nificantly increased in the Hypoxia-12h group compared
to Normoxia (p < 0.05). The Hypoxia-24h group showed
the highest expression, which was significantly elevated
compared to the Normoxia, Hypoxia-6h, and Hypoxia-12h
groups (p < 0.05).

As shown in Fig. 8C, exposing synovial fibroblasts to
hypoxia for 6, 12, and 24 h significantly reduced cell viabil-
ity compared to normoxic controls (p < 0.05). Cell viability
was significantly lower after 12 and 24 h of hypoxia com-

pared to 6 h of exposure (p < 0.05). However, there was no
significant difference in viability between the 12- and 24-h
groups (p > 0.05).

3.11 HIF-1α siRNA Alleviates the Pyroptosis and Fibrosis
Levels of Synovial Fibroblasts in Rat Knee Joints

Fig. 9A–G,L–O illustrate the effects of HIF-1α siRNA
on pyroptosis and fibrosis-related proteins in rat knee syn-
ovial fibroblasts under hypoxic conditions. Compared to
the normoxic control, the hypoxia group showed a signifi-
cant increase in HIF-1α expression (p < 0.05). HIF-1α ex-
pression remained significantly elevated in the Hypoxia +
siCtrl group compared to the Normoxia group (p < 0.05).
However, HIF-1α protein levels showed no significant dif-
ference between the Hypoxia group and the Hypoxia + siC-
trl group (p > 0.05). HIF-1α protein expression was signif-
icantly lower in the Hypoxia + siHIF-1α group than in the
hypoxia-exposed groups (Hypoxia and Hypoxia + siCtrl) (p
< 0.05). Despite this increase, HIF-1α levels were not sig-
nificantly different from those in the Normoxia controls. (p
> 0.05). Relative to the normoxia group, pyroptosis-related
proteins (NLRP3, GSDMD-N, GSDMD, caspase-1, and
ASC) were significantly upregulated in both the Hypoxia
and Hypoxia + siCtrl groups (p < 0.05). Expression of the
aforementioned proteins was significantly lower in the Hy-
poxia + siHIF-1α group than in the Hypoxia and Hypoxia
+ siCtrl groups (p < 0.05). However, these levels were
still higher than those in the Normoxia group, but failed
to reach statistical difference (p > 0.05). Compared to the
Normoxia group, the Hypoxia and Hypoxia + siCtrl groups
showed significantly elevated expression of fibrosis-related
proteins TGF-β1, α-SMA, and p-Smad3 (p < 0.05). Knock-
ing down HIF-1α (Hypoxia + siHIF-1α group) significantly
reduced these protein levels compared to the Hypoxia and
Hypoxia + siCtrl groups (p < 0.05), although they remained
slightly higher than those in the Normoxia group (p > 0.05).

FAM-YVAD-FMK/PI double staining (Fig. 9H,I) re-
vealed significantly more pyroptosis-positive cells in the
Hypoxia and Hypoxia + siCtrl groups compared to the Nor-
moxia group (p < 0.05). Silencing HIF-1α (Hypoxia +
siHIF-1α) markedly reduced this hypoxia-induced pyrop-
tosis, bringing the levels down close to Normoxia controls
(p < 0.05).

ELISA (Fig. 9J,K) revealed that hypoxic conditions
(Hypoxia and Hypoxia + siCtrl groups) caused a sharp in-
crease in IL-1β and IL-18 expression levels compared to
the Normoxia group (p < 0.05). By contrast, the Hypoxia +
siHIF-1α group exhibited a marked reduction in the expres-
sion of both cytokines compared with the Hypoxia and Hy-
poxia + siCtrl groups (p < 0.05). Notably, however, these
levels remained significantly higher than those observed
under normoxic conditions (p < 0.05).
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Fig. 7. MCC950 alleviated activation of the TGF-β1/Smad3 signaling pathway in the anterior joint capsule. (A) Representative
Western blot images of TGF-β1, Smad3, p-Smad3 and α-SMA. (B) Western blot analysis and densitometric quantification of TGF-β1.
(C) Western blot analysis and densitometric quantification of α-SMA. (D) Western blot analysis and densitometric quantification of p-
Smad3. (E) Representative IHC images of α-SMA. Scale bar = 50 μm. (F) IHC quantification analysis of α-SMA. C, normal control
group; M, model group; MCC950, MCC950 intervention group. Data are presented as mean ± SD (n = 6 rats per group). One-way
ANOVA was used to assess the differences across multiple groups. *p < 0.05 vs. Group C; #p < 0.05 vs. Group M. ANOVA, analysis of
variance.
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Fig. 8. Hypoxic environment induced the differentiation of rat knee synovial fibroblasts into myofibroblasts. (A) Representative
Western blot images of α-SMA expression. (B) Quantitative analysis of α-SMA expression. (C) CCK-8 cell viability test results. Nor-
moxia, fibroblasts cultured in normal oxygen concentration environment. The y-axis label “OD450/fold” indicates that the values are
normalized fold changes derived from OD450 absorbance readings, and all raw OD450 values were normalized to the normoxia control
group (set as 1.0). Three independent experiments were performed for the Western blot and CCK-8 assays. Hypoxia-6h, fibroblasts
placed in 2% hypoxic chamber for 6 h; Hypoxia-12h, fibroblasts placed in 2% hypoxic chamber for 12 h; Hypoxia-24h, fibroblasts
placed in 2% hypoxic chamber for 24 h. *p < 0.05 vs. Normoxia group; #p < 0.05 vs. Hypoxia-6h group; &p < 0.05 vs. Hypoxia-12h
group.

3.12 Association of Pyroptosis Activation With
Contracture and Fibrosis

Using group-level mean values from the ESW and
MCC950 in vivo experiments, we examinedwhether pyrop-
tosis activation was linked to the severity of joint contrac-

ture and capsular fibrosis. Levels of GSDMD-N/GAPDH
showed a perfect correlation with arthrogenic contracture
(Spearman’s rho = 1.000, permutation p < 0.001; Fig. 10A),
and a strong positive correlation with Masson collagen de-
position (Spearman rho = 0.955, permutation p= 0.004; Fig.
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Fig. 9. HIF-1α siRNA attenuates hypoxia-induced pyroptosis and fibrotic responses in rat knee synovial fibroblasts. (A) Represen-
tative Western blot images of HIF-1α, NLRP3, GSDMD-N, GSDMD, caspase-1 and ASC. (B) Western blot analysis and densitometric
quantification of HIF-1α. (C) Western blot analysis and densitometric quantification of NLRP3. (D) Western blot analysis and densit-
ometric quantification of GSDMD-N. (E) Western blot analysis and densitometric quantification of GSDMD. (F) Western blot analysis
and densitometric quantification of caspase-1. (G) Western blot analysis and densitometric quantification of ASC. (H) FAM-YVAD-
FMK/PI double staining. Original magnification, ×100. Scale bar = 20 μm. (I) Quantitative analysis of FAM-YVAD-FMK/PI double
staining. (J) Quantitative analysis of ELISA for IL-18. (K) Quantitative analysis of ELISA for IL-1β. (L) Representative Western blot
images of TGF-β1, α-SMA and Smad3. (M) Western blot analysis and densitometric quantification of TGF-β1. (N) Western blot anal-
ysis and densitometric quantification of α-SMA. (O) Western blot analysis and densitometric quantification of p-Smad3. Normoxia,
fibroblasts cultured in normal oxygen concentration environment; Hypoxia, fibroblasts placed in 2% hypoxic chamber for 24 hours;
Hypoxia + siCtrl, fibroblasts placed in 2% hypoxic chamber for 24 hours and transfected with the negative control agent Ctrl-siRNA
simultaneously; hypoxia +siHIF-1α, fibroblasts placed in 2% hypoxic chamber for 24 hours and transfected with HIF-1α-siRNA simulta-
neously. *p < 0.05 vs. Group Normoxia; #p < 0.05 vs. Group Hypoxia; &p < 0.05 vs. Group “Hypoxia + siCtrl”. FAM-YVAD-FMK/PI,
5-carboxyfluorescein-Tyr-Val-Ala-Asp-fluoromethylketone/propidium iodide; IL-18, Interleukin-18; IL-1β, Interleukin-1 beta.
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Fig. 10. Group-mean correlation between pyroptosis activation and the severity of contracture/fibrosis in vivo. (A) Correlation
between GSDMD-N/GAPDH and arthrogenic contracture. (B) Correlation between GSDMD-N/GAPDH and Masson collagen deposi-
tion. Each point represents one experimental group mean from the ESW experiment (C, M, NR, and E) or the MCC950 experiment (C,
M, and MCC950).

10B). These results indicate that heightened pyroptosis cor-
responds to more severe joint contracture and fibrotic tissue
changes.

4. Discussion
Fibrosis of the joint capsule is a primary pathogenic

mechanism in the development of joint contractures [2,17].
Consequently, the successful clinical management of joint
contracture depends on timely and efficient targeted inter-
ventions directed at mitigating this fibrotic process. The
defining feature of tissue fibrosis is the differentiation of fi-
broblasts into myofibroblasts. Inhibiting this transition is
a promising therapeutic strategy for treating the condition
[18]. In recent years, ESW therapy has emerged as a promi-
nent physical therapy in rehabilitation medicine and sports
medicine, offering significant therapeutic benefits for var-
ious soft tissue disorders [19,20]. Additionally, current re-
search indicates that ESW effectively inhibits tissue fibro-
sis [21,22]. Recent studies demonstrate that ESW therapy
has significant anti-fibrotic effects. A study by Ujiie et
al. [21] showed that ESW effectively inhibits liver fibro-
sis in liver cirrhosis models. Similarly, Zhao et al. [22]
found that ESW inhibits scar hyperplasia in animal models
of ear thickening, indicating its potential to prevent fibro-
sis in epidermal tissues as well. In this study, we demon-
strated that ESW therapy alleviates immobilization-induced
knee joint contracture by inhibiting the HIF-1α/NLRP3-
mediated pyroptosis pathway in joint capsular fibroblasts.
These findings support and build upon existing research on
the anti-fibrotic benefits of ESW for musculoskeletal disor-
ders. For example, Sorg et al. [7] demonstrated that radial

ESW reduces muscle fibrosis and contractures in rabbits by
blocking the HIF-1α signaling pathway. Additionally, Sta-
nia et al. [6] highlighted the broad clinical application of
ESW in treating Achilles tendinopathy. Our study comple-
ments these observations by demonstrating for the first time
that ESW therapy effectively suppresses joint contracture
by inhibiting NLRP3-driven pyroptosis—amechanism pre-
viously unknown for ESW. These findings provide novel
mechanistic insights into the anti-fibrotic effects of ESW
and suggest that targeting the HIF-1α/NLRP3/pyroptosis
axis could be a promising new therapeutic strategy.

The most reliable indicator of joint contracture is a
measurable decrease in the joint’s ROM [1,23,24]. In this
study, after 4 weeks of aluminum splint fixation, the rat
knee joints exhibited a significant reduction in mobility, in-
dicating successful establishment of the joint contracture
model. Four weeks of natural recovery following 4-week
unilateral knee immobilization failed to yield significant
improvements in ROM. These results indicate that ROM re-
strictions induced by immobilization do not recover sponta-
neously without timely rehabilitation. However, introduc-
ing 4 weeks of ESW can significantly improve joint mobil-
ity, demonstrating its efficacy in treating knee joint contrac-
ture. Meanwhile, joint ROM of the rats after immobiliza-
tion and ESW was still markedly lower than that of normal
rats, suggesting that joint mobility is not fully restored after
ESW therapy. Thus, ESW should be combined with other
treatments to ensure better rehabilitation treatment effects.
Tissue fibrosis typically manifests as local chronic inflam-
mation and excessive collagen fiber deposition, accompa-
nied by an increase in inflammatory cells and active fibrob-
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lasts [25]. In this study, joint immobilization induced cell
proliferation, including inflammatory cells and fibroblasts,
which did not resolve after 4 weeks of natural recovery.
Conversely, 4 weeks of ESW significantly decreased the
total cell count in the anterior joint capsule, suggesting that
this intervention is an effective strategy for mitigating joint
capsule fibrosis. Increased collagen deposition is a hall-
mark of tissue fibrosis [26,27]. In this study, we observed
that immobilizing the rat knee joint in an extended position
for 4 weeks markedly increased collagen levels, indicating
the development of anterior joint capsule fibrosis. Notably,
after 4 weeks of unrestricted recovery, this collagen accu-
mulation showed no significant reduction. Notably, after
4 weeks of ESW intervention following 4 weeks of fixa-
tion, the level of collagen deposition was reduced, suggest-
ing that ESW intervention has a significant therapeutic ef-
fect on relieving joint capsule fibrosis. These findings in-
dicate that ESW may alleviate joint contracture, at least in
part, by attenuating collagen deposition and reversing fi-
brotic changes within the knee joint capsule.

The development of joint capsule fibrosis involves
complex molecular signaling. In our immobilization
model, the TGF-β1/Smad3 pathway—a primary driver of
tissue fibrosis—was markedly upregulated after 4 weeks.
The elevated levels of TGF-β1, p-Smad3, and α-SMA pro-
vide evidence of this pathway’s role in the fibrotic process.
Molecular analysis following 4 weeks of unilateral knee
immobilization and subsequent 4-week ESW revealed the
downregulation of TGF-β1, phosphorylated Smad3, and α-
SMA in the anterior joint capsule. ESW appears to miti-
gate joint contracture by suppressing this overactive fibrotic
pathway.

During the immobilization process of rat knee joints,
local tissues experience hypoxia, resulting in elevated HIF-
1α levels—a potential trigger for joint contracture [28].
This increase in HIF-1α drives the upregulation of NLRP3,
a key initiator of pyroptosis [29,30,31,32]. Consequently,
NLRP3-mediated pyroptosis has been increasingly iden-
tified as a driver in various joint pathologies. Notably,
Hong et al. [30] demonstrated that the ROS/GRK2/HIF-
1α/NLRP3 pathway mediates pyroptosis in fibroblast-like
synoviocytes in a model of inflammatory arthritis. Shi
et al. [33] demonstrated that DDX3X/NLRP3/GSDMD
pathway-mediated pyroptosis promotes pyroptosis and in-
flammatory injury in osteoarthritic chondrocytes. Our find-
ings extend these observations to immobilization-induced
joint contracture, a primarily mechanical fibrotic disorder,
suggesting that the HIF-1α/NLRP3/pyroptosis axis may
represent a shared pathological mechanism driving joint de-
generation from both inflammatory and mechanical insults.
Previous studies have suggested that local tissue hypoxia
contributes to the progression of diseases, including myo-
genic contracture and ischemic injury to the limb [7,32].
This study innovatively investigated the pathomolecular al-
terations in the joint capsule following hypoxia. In this re-

search, the protein levels of HIF-1α in the anterior joint
capsule were elevated following immobilization. The ab-
normally upregulated expression of HIF-1α was suppressed
by ESW, indicating that this intervention may act, at least
in part, by improving tissue oxygen availability. To fur-
ther determine whether ESW promotes angiogenesis and
thereby relieves local hypoxia in the joint capsule, we per-
formed CD31 immunohistochemistry. The results hinted
that immobilization may induce a hypoxic microenviron-
ment in the anterior joint capsule, triggering a compen-
satory angiogenic response that nevertheless failed to re-
store local oxygen homeostasis. In contrast, ESW inter-
vention markedly enhanced microvascular density, indicat-
ing a pro-angiogenic effect beyond the intrinsic compen-
satory reserve. This ESW-mediated improvement in lo-
cal perfusion likely relieves tissue hypoxia, thereby favor-
ing the subsequent downregulation of pyroptosis. Collec-
tively, these findings suggest that the therapeutic benefit of
ESW may derive, at least in part, from its capacity to re-
model the vascular niche and reestablish perfusion home-
ostasis in chronically stressed joint capsules. Consistent
with the pro-fibrotic role of pyroptosis reported in other
organs [34,35,36,37,38], our molecular analyses revealed
the marked upregulation of pyroptosis-associated proteins
in the joint capsule following immobilization. However,
applying ESW downregulated these pyroptosis-related pro-
teins in the anterior joint capsule. Meanwhile, TEM also
showed that the fibroblast membranes in the anterior joint
capsules of healthy rats remained intact. After 4 weeks of
immobilization, fibroblast membranes in the anterior joint
capsule exhibited disrupted integrity and intracellular leak-
age. While 4weeks of natural recovery yieldedminimal im-
provement in this pathological state, a subsequent 4-week
course of ESW therapy partially restored the structural in-
tegrity of these fibroblast membranes. These findings indi-
cate that ESWmaymitigate the abnormal pyroptosis caused
by fixation in the anterior joint capsule, and this suppression
likely contributes to the treatment’s anti-fibrotic effects.

MCC950 is a well-established NLRP3 inhibitor that
prevents the activation of the NLRP3 inflammasome in
diverse pathological states, thereby suppressing NLRP3-
dependent pyroptosis [39,40,41,42]. To further elucidate
the role of pyroptosis in joint contracture, we assessed
whether NLRP3 inhibition via MCC950 could ameliorate
pyroptosis, fibrosis, and subsequent contracture. The re-
sults suggest that MCC950 intervention can inhibit pyrop-
tosis, limit fibrosis, and decrease the severity of knee joint
contracture. Notably, groups with higher pyroptosis marker
expression (e.g., Groups M and NR) consistently exhib-
ited more severe joint contracture and collagen deposition,
whereas groups with lower pyroptosis levels (e.g., Groups
E and MCC950) showed milder pathological changes, sug-
gesting a close association between pyroptosis activation
and the severity of fibrosis and contracture. Group-mean
correlation analysis also showed that pyroptosis is closely
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linked to arthrogenic contracture and Masson collagen de-
position. Although this exploratory analysis is based on
group-level means rather than individual-animal molecu-
lar data, it provides quantitative support for the proposed
mechanism whereby pyroptosis activation is linked to more
severe capsular fibrosis and joint stiffness. These findings
further validate that stimulating pyroptosis in the joint cap-
sule may drive the progression of knee joint contractures in
rats.

To further investigate how a hypoxic environment in-
fluences pyroptosis and fibrosis, rat knee synovial fibrob-
lasts were used as the primary cell model in this study. The
transformation of fibroblasts into myofibroblasts represents
a crucial stage in the process of fibrosis [43]. Moreover,
α-SMA is a key molecule reflecting the differentiation of
myofibroblasts. In this study, hypoxia induced the upregu-
lation of α-SMA, an effect that was most pronounced after
24 hours. Meanwhile, exposing rat knee synovial fibrob-
lasts to hypoxia for 6, 12, or 24 h led to a time-dependent
decrease in cell viability. Since cell viability did not sig-
nificantly differ between 12 h and 24 h exposure, 24 h was
subsequently used to induce hypoxia for subsequent stud-
ies on pyroptosis and fibrosis in rat knee synovial fibrob-
lasts. These findings demonstrated that hypoxia upregu-
latedHIF-1α, leading to higher levels of both pyroptosis and
fibrotic markers. Conversely, HIF-1α siRNA suppressed
these effects, lowering the expression of proteins linked to
both pyroptosis and fibrosis. Additionally, FAM-YVAD-
FMK/PI staining was utilized to detect pyroptosis levels,
yielding results that aligned with our earlier protein exami-
nation data. These findings demonstrated that hypoxic con-
ditions markedly upregulated pyroptosis and fibrosis in my-
ofibroblasts. However, HIF-1α siRNA intervention effec-
tively mitigated pyroptosis. Together, these results confirm
that hypoxia promotes pyroptosis and accelerates fibrosis
progression in synovial fibroblasts. The research further
indicated that ESW might mitigate fibrosis by modulating
local hypoxia within the joint capsule, which leads to the
downregulation of HIF-1α expression. Subsequently, this
reduction inhibits abnormally activated pyroptosis.

Limitations

Several limitations of this study should be acknowl-
edged. First, the observation period was limited to 4 weeks
after ESW treatment; thus, long-term follow-up studies are
needed to determine the durability of the therapeutic ef-
fects and rule out potential late adverse events. Second,
all in vivo experiments were restricted to male rat models,
which overlooks potential sex-dependent differences in fi-
brotic and inflammatory mechanisms. Consequently, the
applicability of these conclusions to females remains un-
derdetermined. Therefore, future studies should incorpo-
rate female rats to establish the generalizability of these
findings, and further validations should be conducted us-
ing other species or human tissue samples. Third, al-

though our loss-of-function data (using in vivo MCC950
and in vitro HIF-1α siRNA) indicate involvement of the
HIF-1α/NLRP3/pyroptosis axis, we did not conduct in vivo
rescue experiments (e.g., overexpression of HIF-1α or ac-
tivation of NLRP3 during ESW). Such direct validation is
a crucial step for future research to confirm this causal re-
lationship. Fourth, our functional assessment was limited
to ROM measurement; additional assessments such as gait
analysis and weight-bearing tests need to be carried out to
provide a more comprehensive functional evaluation in the
future. Lastly, because of their shared fibrotic responses
in hypoxic environments, synovial fibroblasts were utilized
in our in vitro experiments as a surrogate for joint capsular
fibroblasts. To build upon these findings, further research
must validate these results using primary joint capsular fi-
broblasts. Furthermore, future research should extend the
observation periods, feature both sexes and diverse animal
models, include in vivo rescue experiments, and incorporate
additional functional assessments.

5. Conclusions
In conclusion, our findings suggest that ESW can

effectively improve immobilization-induced contracture.
The therapeutic benefits appear to be mediated by the ame-
lioration of the tissue hypoxia environment and the suppres-
sion of pyroptosis within the joint capsule tissues. While
promising in rat models, further validation in diverse ani-
mal models and human tissues is required before clinical
application.
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