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Abstract

Background: Post-traumatic joint contracture (PTJC) exhibits distinctive features such as excessive collagen deposition, which is the
primary cause of joint capsule fibrosis. This work aimed to examine the therapeutic impacts and the fundamental mechanisms of low-
intensity pulsed ultrasound (LIPUS) on PTJC-induced fibrosis, focusing on ferroptosis-related pathways. Methods: RNA sequencing
(RNA-seq) data from the Gene Expression Omnibus (GEO) database were analyzed to identify differentially expressed genes (DEGs),
followed by enrichment and correlation analyses. 40 Sprague-Dawley rats were separated into 5 groups: Sham, PTJC, Natural, LI-
PUS, and Combined. Rats in the LIPUS and Combined groups received LIPUS stimulation, while the Combined group also received
erastin injections. Hematoxylin and Eosin (H&E) staining quantified inflammatory cell infiltration; Masson’s trichrome staining mea-
sured collagen deposition. Immunofluorescence detected Cyclin D1 (fibroblast proliferation), phosphorylated nuclear factor kappa B
(p-NF-£B) p65 (inflammation), solute carrier family 7 member 11 (SLC7A411)/glutathione peroxidase 4 (GPX4) (ferroptosis markers).
Western blotting analyzed Collagen I/III, transforming growth factor beta 1 (TGF-/31)/Smad (fibrosis pathway). Range of motion (ROM)
and joint diameter measurements evaluated contracture severity. Results: Bioinformatics analysis identified 17 ferroptosis-related and
fibrosis-related target genes, with SLC7411 and GPX4 selected for validation. ROM results indicated that LIPUS improved joint con-
tracture more than the PTJC group, but the Combined group had less improvement than the LIPUS group alone. H&E and Masson’s
Trichrome staining partially reversing PTJC-induced inflammation and collagen deposition. Mechanistically, immunofluorescence and
Western blot indicated that LIPUS reduced fibrosis by decreasing the proliferation-related (Cyclin D1) and inflammation-related protein
(p-NF-£B p65), and LIPUS inhibited PTJC-mediated initiation of TGF-/31/Smad signalling pathway and prevented inactivation of the
SLC7A411/GPX4 axis. Erastin counteracted LIPUS effects, confirming ferroptosis involvement. Conclusions: These findings demon-
strate that LIPUS significantly mitigates PTJC-induced joint capsule fibrosis by dual mechanisms: (1) activating the SLC7411/GPX4
axis to inhibit ferroptosis and (2) suppressing TGF-31/Smad signaling. Ferroptosis-related factors were critical as their inhibition (via
erastin) exacerbated fibrosis, highlighting their role in PTJC pathogenesis.
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Introduction

Post-traumatic joint contracture (PTJC)—a highly
prevalent and challenging musculoskeletal sequela follow-
ing articulation trauma as well as immobilisation—results
in significant range of motion (ROM) loss, severely impair-
ing mobility and quality of life. Approximately 3—18 %
of patients suffer functional impairment post-tibial plateau
fracture due to PTJC [1]. The pathogenesis of PTJC is gen-
erally attributed to two primary aetiologies: myogenic and
arthrogenic contractures, with the latter being particularly
critical in joint rehabilitation [2]. Arthrogenic contracture,
characterised by joint capsule fibrosis, severely restricts
joint function. Joint capsule fibrosis, which is marked by fi-
broblast proliferation, inflammatory infiltration, and exces-
sive collagen deposition, is recognised as the primary bar-
rier to joint mobility [3]. Animal studies support these ob-
servations, demonstrating progressive joint capsule fibro-
sis with extended immobilisation. This phenomenon has
also been extensively documented in rabbit and rat models
of knee extension contracture in our previous studies [4,5].
Therefore, alleviating joint capsule fibrosis and developing
effective therapeutic interventions are crucial for the clini-
cal treatment of PTJC.

Low-intensity pulsed ultrasound (LIPUS) is a biome-
chanical intervention that leverages acoustic cavitation and
mechanotransduction mechanisms. LIPUS has emerged as
a widely used non-invasive therapeutic modality in tissue
regeneration and functional restoration in complex trauma
cases [6]. Notably, LIPUS helps mitigate ROM restric-
tion and reduces stiffness-related factors such as adhe-
sions, decreased joint capsule elasticity, fibrosis, inflam-
mation, and hypoxia after joint immobilisation [7]. Its ef-
fects on various cell types, including periodontal ligament
cells, synoviocytes, and chondrocytes, have been well-
documented, with benefits such as lowering inflammatory
responses and improving hypoxic conditions [8—10]. Naka-
mura et al. [11] proposed that LIPUS exposure down-
regulates cyclooxygenase-2 (COX-2) and prostaglandin E2
(PGE2) while upregulating hyaluronan synthase (HAS) 2
and HAS3 in interleukin-1 beta (IL-1/)-activated synovial
membrane cells, thereby promoting an anti-inflammatory
response. Our studies showed that LIPUS reduces knee
joint capsule fibrosis by decreasing reactive oxygen species
(ROS) and inhibiting the transforming growth factor beta
1 (TGF-B1)/Smad pathway, while Liao et al. [9] demon-
strated its anti-fibrotic effects in osteoarthritis (OA) via the
Wnt/S-catenin pathway [12]. Other studies have indicated
that LIPUS alleviates renal fibrosis in experimental hyper-
tensive and diabetic nephropathy models and lessens the ar-
diac fibrosis burden in cardiomyopathy [13,14]. However,
the precise mechanisms underlying the effects of LIPUS on
PTJC-related fibrosis have yet to be fully elucidated.

Ferroptosis, a specific type of programmed cell death,
is supported by the weakening of antioxidant systems
that rely on glutathione (GSH). This metabolic vulnerabil-
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ity elicits a cascade of pathophysiological events, includ-
ing iron-dependent lipid peroxidation (LPO), mitochon-
drial membrane potential collapse, and excessive reactive
oxygen species (ROS) accumulation, collectively defin-
ing its unique morphological and biochemical signatures
[15]. Emerging mechanistic insights reveal that ferropto-
sis is a pivotal modulator of fibrotic progression across di-
verse organ systems, including those affecting the lung,
liver, heart, and kidneys [16—19]. The overproduction of
lipid hydroperoxides initiates an inflammatory response,
promoting fibroblast differentiation into myofibroblasts,
which results in increased extracellular matrix (ECM) de-
position and fibrogenesis [15,19]. The solute carrier fam-
ily 7 member 11 (SLC7A11), acting as the catalytic com-
ponent of the system Xc~, mediates cystine/glutamate an-
tiport across the plasma membrane, a process critical for
the progression of ferroptosis [20]. Once inside the cell,
cystine is reduced to cysteine, which is utilised to synthe-
sise the antioxidant GSH, thereby preventing ferroptosis in-
duced by the accumulation of LPO. An emerging mech-
anistic study reveals that erastin, a prototypical ferropto-
sis inducer, drives fibroblast-to-myofibroblast transdiffer-
entiation via glutathione peroxidase 4 (GPX4)-dependent
lipid peroxidation amplification. Conversely, ferrostatin-1
(Fer-1) exhibits anti-fibrotic efficacy by enhancing GPX4
and suppressing lipid peroxidation [21]. Another recent
study has demonstrated that LIPUS effectively alleviates
adriamycin-induced renal inflammation and fibrosis, ame-
liorates chronic kidney disease linked to oxidative stress
and ferroptosis, and regulates the TGF-51/Smad and nu-
clear factor erythroid 2—related factor 2 (Nrf2)/Kelch-like
ECH-associated protein 1 (Keap1)/heme oxygenase-1 (HO-
1) signalling pathways [22]. PTIJC is a proliferative fi-
brotic condition induced by joint trauma and immobilisa-
tion, where fibroblast activation leads to excessive ECM
production and deposition, contributing to joint capsule fi-
brosis. The TGF-51/Smad pathway is a core driver of fi-
brosis in the PTJC joint capsule, promoting fibroblast ac-
tivation, collagen deposition, and ECM remodeling. This
pathway enhances lipid peroxidation by Smad3-dependent
inhibition of SLC7A11 transcription and upregulation of
ACSL4 expression, thereby exacerbating ferroptosis; fer-
roptotic products (such as 4-hydroxynonenal (4-HNE)) can
feedback activate TGF-31, forming a pro-fibrotic vicious
cycle. However, the role of ferroptosis in PTJC-induced
joint capsule fibrosis and the potential impact of LIPUS on
this process are not well understood.

Although our previous study in rabbits demonstrated
that LIPUS alleviates immobilization-induced fibrosis via
TGF-£1/Smad inhibition [12], the present work advances
this field by: (1) establishing a traumatic PTJC model
in rats with distinct ferroptosis-related pathology, and (2)
revealing that LIPUS exerts dual anti-fibrotic effects via
SLC7A411/GPX4 activation alongside TGF-£1/Smad sup-
pression. These findings provide novel insights into PTJC-

Com
CELDR maczziaLy


https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v054a04

European Cells and Materials Vol.54 2025 (pages 48—64) DOI: 10.22203/eCM.v054a04

A Heatmap of DEGs (Up and Down) B C
Group
//\\
12 el
1 Group 100 / ‘
o RTKA-A /
-1 RTKA-NA / | 40J
2 (n=4) _ / | Group
g /[ |
8 [ | RTKA-A & DE_genes
8 7 / | RTKA-NA B
~ [ / I: T" « not significant
o [ | (=1 Tp
| / 204
|
=100~ r‘/
| /
| /
\
4 04
= -200- . . . i ! T
— -100  -50 0 50 100 -10 -5 1) 5 10
— PC1 (43.1%) log2FoldChange
D Group B3 RTKA-A E3 RTKA-NA
E *%
= Ferroptosis
\ 15
\ c
\\ - EiR
8915 812 - .
3 _ =
/ w E
/ *
'
= - DEGs B
FAFS FFSS
S P f S
& & & § & & & 5 " N N
$ & & (;“Q § & & & & g Q’{—‘b &
& s e v/@/ﬂ?,/&:w%,/ K & & &

Fig. 1. DEGs between RTKA-A (fibrosis) and RTKA-NA (non-fibrosis) samples in the GEO dataset. (A) Heatmap of DEGs for
GSE135854. (B) Principal component analysis (PCA) plot comparing gene expression profiles between RTKA-A and RTKA-NA samples
(n=4). (C) Volcano plot of DEGs for GSE135854. Blue color represents down-regulated genes, red color represents up-regulated genes,
and black color represents genes that are not differentially expressed. (D) Venn diagram indicating overlap between ferroptosis-related
as well as fibrosis-related DEGs. (E) Box plots depicting the expression levels of target genes (SLC7411, GPX4, NF-xB1, Smad3). Data
are expressed as mean &+ SD. *p < 0.05, **p < 0.01 between two specified groups. In the box-and-whisker plot, the black dot (¢) in
sub-figure E represents an outlier. Outliers are data points that deviate noticeably from the rest of the dataset. This dot indicates a value
that is higher than the other observations within that group. Images were conducted in R (version 4.3.0) and GraphPad Prism 9 (version
9.2.0). GEO, Gene Expression Omnibus; DEGs, differentially expressed genes; SLC7A411, solute carrier family 7 member 11; GPX4,

glutathione peroxidase 4; RTKA, Revision Total Knee Arthroplasty; SD, standard deviation.

specific therapeutic targets. Our study aimed to identify the
key components and targets of PTJC, explore the therapeu-
tic potential of LIPUS in PTJC-associated fibrosis, and in-
vestigate its underlying signalling pathways via bioinfor-
matics analyses. Preliminary validation through animal ex-
periments provided insights into the precise therapeutic tar-
gets of LIPUS and its multi-target effects in PTJC treatment.

Materials and Methods

Data Collection and Differentially Expressed Genes
(DEGs) Analysis

We searched the Gene Expression Omnibus (GEO,
http://www.ncbi.nlm.nih.gov/geo) database using the key-
words “joint contracture” or “arthrofibrosis” with the fol-
lowing filters: “Homo sapiens” (biological) and “all arrays”
(arrays). We selected the GSE135854 dataset, which con-
tains four Revision Total Knee Arthroplasty (RTKA)-A (fi-
brotic), four RTKA-NA (non-fibrotic), and four Primary
Total Knee Arthroplasty (PTKA) (non-post-traumatic fi-
brosis) samples. Since our study focused on post-traumatic
fibrosis, PTKA samples were not included. The compar-
ison between RTKA-A and RTKA-NA parallels our ex-
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perimental study design of Sham vs. PTJC: RTKA-A—
PTJC group: representing trauma-induced fibrosis; RTKA-
NA—Sham group: serving as a control with minimal fibro-
sis. To investigate the differences between RTKA-A and
RTKA-NA, we first performed principal component anal-
ysis (PCA) on the eight samples to detect outliers. Dif-
ference analysis was performed using the R 4.4.1 pack-
age (R Foundation for Statistical Computing, Vienna, Aus-
tria) “limma” for data normalization and differential ex-
pressed genes (DEGs). DEGs were screened according
to the threshold [log2FC| >0.585, p value < 0.05, and
DEGs were visualized using the package “ggplot2” (4.3.2,
R Foundation for Statistical Computing, Vienna, Austria)
to generate volcano plot and heat map. Based on a previous
study to obtain 30 ferroptosis genes intersected with differ-
ential gene fetching, Venn diagrams (http://bioinformatics.p
sb.ugent.be/webtools/Venn/) wereutilized to identify over-
laps iron mutation-related genes and fibrosis-related DEGs,
highlighting potential therapeutic targets [23]. In addition,
box plots were generated to illustrate the expression levels
of target genes.
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Fig. 2. Enrichment and correlation analyses of ferroptosis-related and fibrosis-related DEGs between RTKA-A (fibrosis) and
RTKA-NA (non-fibrosis) samples in the GEO dataset. (A) KEGG enrichment analysis of fibrosis-related genes. The x-axis indicates
the rich factor, while the y-axis denotes KEGG pathway names. (B) GO enrichment analysis of fibrosis-related genes. The x-axis

represents the number of genes enriched in each term. (C) Correlation analysis between ferroptosis-related and fibrosis-related genes.
(D) Scatter plot analysis between GPX4 and Smad3. (E) Scatter plot analysis between SLC7411 and NF-xB1. Data are expressed as
mean £ SD. *p < 0.05, between two specified groups. Images were conducted in R (version 4.3.0) and GraphPad Prism 9 (version 9.2.0).
GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genomes; TGF-/3, transforming growth factor-beta; PI3K-Akt, phosphoinositide 3-
kinase-protein kinase B; Ras, rat sarcoma viral oncogene; Rap1, Ras-associated protein 1; cGMP-PKG, cyclic guanosine monophosphate-

protein kinase G.

Enrichment and Correlation Analyses

To delve deeper into the biological roles of crossover
genes. We performed Gene Ontology (GO) and Kyoto En-
cyclopedia of Genomes (KEGG) enrichment analysis using
the clusterProfiler package in R (3.6.3, R Foundation for
Statistical Computing, Vienna, Austria), the ggplot2 pack-
age, and the significance threshold was set at p < 0.05. Bar
plots were generated to illustrate the functional enrichment
of the differential genes between RTKA-A and RTKA-NA
in the GSE135854 dataset. The Spearman algorithm was
applied to analyze the correlation of DEGs with genes as-
sociated with arthrocystic fibrosis, and the results were vi-
sualized using the ggplot2 software package in R.

Animals and PTJC Model

Forty male Sprague-Dawley rats, aged 3 months,
weighing 250-300 g, were purchased from the Experimen-
tal Animal Center of Anhui Medical University (Hefei,
China). The rats were housed under controlled conditions
at 24-25 °C with a 12-hour light/dark cycle, and were al-
lowed unrestricted access to standard food and water. Then,
we assigned them randomly to five groups with equal num-
bers of animals per group: (1) sham surgery (Sham), (2)
post-traumatic joint contracture (PTJC) model, (3) natu-
rally recovering for 4 weeks after PTJC induction (Natu-
ral), (4) low-intensity pulsed ultrasound (LIPUS) therapy,
and (5) combined LIPUS and erastin intervention (Com-
bined). Anesthesia was administered via intraperitoneal in-
jection (2 % sodium pentobarbital, 40 mg/kg) across PTJC,
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Natural, LIPUS, and Combined groups. PTJC surgery was
conducted following our previously established protocol
[24]: A 1.5 cm cut was created in the outer side of the
left knee joint, and the kneecap was revealed by pressing
it inward through the lateral parapatellar technique. The
knee was bent to bring the femoral condyle into view, and
a 1.2 x 4 mm bone passage was drilled on both the outer
and inner femoral condyles using a 1.2-mm bit. Ultimately,
the kneecap was repositioned, and the wound was stitched
up. The left knee joint was immobilized using an alu-
minum clamp, and the immobilization was maintained for
4 weeks with a full-extension fixation device (Patent No.
202120470158.0), as previously described [5]. In the sham
group, only a skin incision was made following anesthesia,
with no treatment to the joint capsule or joint immobiliza-
tion.

Intervention Methods

The safety and well-being of the immobilized rats
were monitored daily. In the sham group, rats were al-
lowed unrestricted movement in their cages for 8 weeks
before euthanasia. Rats in the PTJC group were eutha-
nized post-brace removal. Natural group rats underwent
4 weeks of cage activity post-removal before euthanasia.
Euthanasia was induced by intraperitoneal sodium pen-
tobarbital overdose (120 mg/kg), followed by hip joint
disarticulation. LIPUS group rats received 4-week LI-
PUS intervention following brace removal. Combined
group rats first received peritoneal administration of erastin
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Fig. 3. LIPUS ameliorates arthrogenic contracture. (A) Schematic flowchart of experimental groups and intervention methods. (B)
Changes in the degree of arthrogenic contracture. (C) Changes in the diameter of the knee. Data are expressed as mean & SD (n=38). *p
< 0.05, **p < 0.01, ns: no significant difference between two specified groups. Images were conducted in GraphPad Prism 9 (version
9.2.0). PTJC, post-traumatic joint contracture; LIPUS, low-intensity pulsed ultrasound.

(20 mg/kg/day for 3 days; dissolved in dimethyl sulfox-
ide (DMSO), with a final DMSO concentration of 10 %
(v/v) in phosphate-buffered saline (PBS); KKL Med, Inc.,
KM9100, Guangzhou, China) and subsequently underwent
4-week LIPUS treatment [25]. LIPUS was administered
using a device (2776, DJO, Chattanooga, TN, USA) (fre-
quency: 1 MHz, intensity: 0.1 W/cm?) [12]. To mini-
mize ultrasound energy loss, the left knee was shaved to
remove fur, and ultrasound coupling gel was applied to
both sides of the knee joint to ensure optimal acoustic trans-
mission. Treatments consisted of daily 20-minute sessions,
conducted 5 times weekly for a total duration of 4 weeks.
After each treatment, the gel was wiped off, and the rats
were placed back in their cages.

Knee Joint Diameter and ROM Measurement

Pre-euthanasia knee joint diameters were assessed via
vernier caliper measurement in rats across groups, quanti-
fying the horizontal distance between bilateral knee joint
peaks at 90° flexion and full extension. Knee joint ROM
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was assessed via a custom joint mobility meter developed
by our research team (Patent No. Z1.202120996643.1, knee
measurement tool patent holder, Hefei, China). In this pro-
cedure, a longitudinal Kirschner wire insertion into the fe-
mur was followed by femur and lower limb fixation to a dial
mechanism via adjustable clamping. During measurement,
the electromagnet’s mobile base and clamp height were ad-
justed to ensure that the femur was positioned correctly for
optimal measurement. The device was then activated by ro-
tating a handwheel, which caused the scale to move, and the
dial to rotate accordingly. The rotation angle of the dial was
tracked by a pointer, while the associated rotational force
was recorded with a dynamometer calibrated to a standard
torque of 0.053 N-m. The arthrogenic contracture was cal-
culated using the following formula: Arthrogenic contrac-
ture angle = post-myotomy ROM of the right knee — post-
myotomy ROM of the contracted knee.
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Fig. 4. LIPUS alleviates pathological changes and reduces collagen deposition in the PTJC model joint capsule. (A) H&E staining

results. (B) Masson staining results. (C,D) Quantitative analysis of total cell count and collagen area percentage, with collagen stained

blue, in each group (n = 8). (E-G) Western blot analysis and quantification of collagen I and III protein expression levels in the joint
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and GraphPad Prism 9 (version 9.2.0). H&E, Hematoxylin and Eosin.

Transmission Electron Mcroscopy

Joint capsule tissues were immobilized in 2.5 % glu-
taraldehyde (0.1 M phosphate buffer, P885738, Macklin,
Shanghai, China) at 4 °C overnight. After incubation at 4
°C for 6-8 hours, the samples were sectioned into 1-mm?3
coronal slices. The samples were then fixed in phosphate
buffer containing 1 % OsO, at 4 °C for 2 hours and thor-
oughly rinsed with double-distilled water (ddH2O). For en
bloc staining, the samples were treated with 2 % aqueous
uranyl acetate for 2 hours. Following staining, the sam-
ples were serially dehydrated through 50 %, 70 %, 90 %,
and 100 % ethanol, followed by 100 % acetone, and then
embedded in epoxy resin for block preparation. Silver sec-
tions were cut to a thickness of 70-90 nm using an ultrami-
crotome (EM UC7, Leica Microsystems, Wetzlar, Hesse,
Germany) and stained with lead citrate and uranyl acetate.
Finally, the sections were examined under an electron mi-
croscope (Talos L120C G2, Thermo Scientific, Waltham,
MA, USA).

H&E and Masson Staining

Following ROM measurement, the anterior joint cap-
sule of the left knee was excised and divided into uni-
form samples. A portion of the tissue was fixed in 4 %
paraformaldehyde at 4 °C for 24 hours, then sectioned
into 6 pm slices using a microtome, deparaffinized, and
stained with Hematoxylin and Eosin (H&E) and Masson’s
Trichrome (G1346, Beijing SolarBio Technology Co., Ltd,
Beijing, China) to evaluate pathological alterations (cell
counts, collagen deposition). H&E procedure includes: (1)
Deparaftinization and hydration: Immerse slides in xylene
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(2 x 5min) (10023418, Sinopharm Chemical Reagent Co.,
Ltd., Zhuhai, China), 100 % ethanol (2 x 3 min) to 95 % to
70 % ethanol (1 min each) (10009218, Sinopharm Chemical
Reagent Co., Ltd., Zhuhai, China), and distilled water. (2)
Stained with hematoxylin (nuclei, 3 min) (BA-4041, Baso
Biotechnology Co., Ltd., Zhuhai, China) and eosin (cyto-
plasm, 1 min) (BA-4022, Baso Biotechnology Co., Ltd.,
Zhuhai, China). (3) Differentiation, dehydration, clearing,
and mounting. Masson staining procedure is: (1) Deparaf-
finization and hydration: Same as H&E steps. (2) Stain-
ing: Hematoxylin (1 min), Biebrich Scarlet/Acid Fuchsin
(5 min), Phosphomolybdic/Phosphotungstic Acid (5 min,
decolorizes cytoplasm), and Aniline Blue (5 min, stains col-
lagen blue). (3) Differentiation, dehydration, clearing, and
mounting.

Stained sections were analyzed using a microscope
(BX43F, Olympus, Tokyo, Japan) at 200 x magnification.
Six random fields per section were photographed and ana-
lyzed to quantify cell numbers and collagen deposition. The
joint capsule’s cellular components mainly consisted of fi-
broblasts and inflammatory cells, identified by their mor-
phology. Collagen deposition was evaluated by measuring
the percentage of blue-stained areas within the tissue.

Immunofluorescence Staining

Paraffin-embedded joint capsule sections were de-
paraffinized by sequentially passing through three changes
of xylene, each for 15 min, followed by rehydration in
graded ethanol solutions. After rehydration, the sections
were washed with running tap water to remove residual al-
cohol. Antigen retrieval was performed by incubating the
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Fig. 5. LIPUS inhibits proliferation and inflammation in the joint capsule in the PTJC model. (A,B) Immunofluorescence staining
showing fluorescence intensity changes of Cyclin D1 and p-NF-xB p65 in each group. (C,D) Fluorescence intensities of Cyclin D1 and

p-NF-£B p65 were quantified using ImageJ software (U.S. National

Institutes of Health, Bethesda, MD, USA) (n = 8). (E-G) Western

blot analysis and quantification of Cyclin D1 and p-NF-xB p65 protein expression levels in the joint capsule in each group (n = 3). Data
are expressed as mean + SD. *p < 0.05, **p < 0.01, ns: no significant difference between two specified groups. Scale bars: upper
panel, 100 pum; lower panel, 50 pm. Images were conducted in Adobe Illustrator (version 2020) and GraphPad Prism 9 (version 9.2.0).
p-NF-£B, phosphorylated nuclear factor kappa B; DAPI, 4',6-diamidino-2-phenylindole.

sections in ethylenediaminetetraacetic acid (EDTA) buffer
(pH 8.0) in a pressure cooker, where they were heated for
2 min after the buffer reached a boil. Endogenous per-
oxidase activity was blocked by incubating the sections
with 3 % hydrogen peroxide at room temperature for 20
min. The sections were incubated with primary antibod-
ies as follows: anti-Cyclin D1 (1:500, AF0931, Affin-
ity Biosciences, Jiangsu Qinke Biological Research Cen-
ter Co., Ltd., Changzhou, China), anti-phosphorylated nu-
clear factor kappa B (p-NF-xB) p65 (1:200, AF2006, Affin-
ity Biosciences, Jiangsu Qinke Biological Research Cen-
ter Co., Ltd., Changzhou, China), anti-SLC7411 (1:500,
DF12509, Affinity Biosciences, Jiangsu Qinke Biological
Research Center Co., Ltd., Changzhou, China) and anti-
TGF-41 (1:500, BF8012, Affinity Biosciences, Jiangsu
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Qinke Biological Research Center Co., Ltd., Changzhou,
China) for 1 hour at 37 °C. After washing with PBS, the
sections were incubated with a mixture of secondary anti-
bodies: FITC Goat Anti-Rabbit IgG (H+L) (1:100, ASO11,
ABclonal Biotechnology Co., Ltd., Wuhan, China) and Cy3
Goat Anti-Mouse IgG (H+L) (1:100, AS008, ABclonal
Biotechnology Co., Ltd., Wuhan, China) at 37 °C for 1
hour. 4',6-diamidino-2-phenylindole (DAPI) (C1002, Be-
yotime, Shanghai, China) staining was performed at room
temperature for 5 min, followed by mounting with anti-fade
medium. Images were captured using an automatic posi-
tive fluorescence microscope (DM6B; Leica, Wetzlar, Ger-
many) at 400x magnification, with subsequent quantifica-
tion via ImagelJ version 1.53c (U.S. National Institutes of
Health, Bethesda, MD, USA).

www.ecmjournal.org


https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v054a04

European Cells and Materials Vol.54 2025 (pages 48—64) DOI: 10.22203/eCM.v054a04

SLC7A11 P>

DAPI

Merge 400x  Merge 200x

(n=8) D

o
TGF-B1 fluorescence intensity

SLC7A11 fluorescence intensity ©
(of sham)

0.0

(n=3)
E Sham PTJC Natural LIPUS Combined

- 4

SLC7A11 [ | 551D

GPX4 “ ’ — — 22KD

Combined

TGF-1

p-Smad3

B-Actin

F 1.0

.50.8—
3] 4
3o

Combined

© Sham
o PTIC
x o Natural
_ns- o LIPUS
Combined

o
L

[=}
o
I

Fig. 6. LIPUS inhibits the SLC7411/GPX4 axis and the TGF-31/Smad pathway in the joint capsule in the PTJC model. (A,B)
Immunofluorescence staining showing fluorescence intensity changes of SLC7411 and TGF-81 in each group. (C,D) Fluorescence
intensities of SLC7A411 and TGF-S1 were quantified using ImageJ software (U.S. National Institutes of Health, Bethesda, MD, USA) (n
= 8). (E-I) Western blot analysis and quantification of SLC7411, GPX4, TGF-£1, and p-Smad3 protein expression levels in the joint
capsule in each group (n = 3). Data are expressed as mean + SD. *p < 0.05, **p < 0.01, ns: no significant difference between two

specified groups. Scale bars: upper panel, 100 pm; lower panel, 50 um. Images were conducted in Adobe Illustrator (version 2020) and

GraphPad Prism 9 (version 9.2.0).

Protein Extraction and Western Blotting

Tissue samples were homogenized into a fine pow-
der using a liquid nitrogen grinder and lysed in radioim-
munoprecipitation assay (RIPA) buffer (P0013B, Bey-
otime, Shanghai, China) supplemented with phenylmethyl-
sulfonyl fluoride (PMSF) (ST505, Beyotime, Shanghai,
China). The lysates were incubated on ice for 30 min
to ensure complete lysis, followed by centrifugation to
collect the supernatant. Protein concentration in the su-
pernatant was performed via bicinchoninic acid (BCA)
method (P0009 , Beyotime, Shanghai, China). Equal
amounts of protein (20 pg per sample) were mixed with 5x
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) loading buffer (PO012A, Beyotime, Shang-
hai, China) and subjected to boiling for 10 min to in-
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duce protein denaturation. Protein separation was con-
ducted via SDS-PAGE, with subsequent electrotransfer of
resolved proteins onto a polyvinylidene fluoride (PVDF)
membrane (ISEQ00010, Millipore, Burlington, MA, USA)
under constant current. The membrane underwent 2-
hour incubation at room temperature in 5 % skim milk
to minimize non-specific binding. After blocking, the
membrane was washed with tris-buffered saline contain-
ing polysorbate 20 (TBST) and followed by overnight pri-
mary antibody incubation at 4 °C with the following tar-
gets: rabbit anti-collagen I (1:1000, AF7001, Affinity Bio-
sciences, Jiangsu Qinke Biological Research Center Co.,
Ltd., Changzhou, China), rabbit anti-collagen III (1:1000,
AF5457, Affinity Biosciences, Jiangsu Qinke Biological
Research Center Co., Ltd., Changzhou, China), rabbit anti-
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Fig. 7. PTJC-induced ferroptosis of fibroblasts in the joint capsule. (A) Representative transmission electron microscopy (TEM)
image of a Sham rat. (B) Representative TEM image of a PTJC rat. (C) Representative TEM image of a LIPUS rat. (D) Representative
TEM image of a Combined rat. Blue arrow: ruptured mitochondria; Red arrow: recovered mitochondria; white arrow: contracted cell
nucleus. Scale bars: left panel, 2 pm; right panel, 500 nm. Images were conducted in Adobe Illustrator (version 2020).

Cyclin D1 (1:2000, AF0931, Affinity Biosciences, Jiangsu
Qinke Biological Research Center Co., Ltd., Changzhou,
China), rabbit anti-p-NF-xB p65 (1:2000, AF2006, Affin-
ity Biosciences, Jiangsu Qinke Biological Research Cen-
ter Co., Ltd., Changzhou, China), anti-TGF-£1 (1:2000,
AF1027, Affinity Biosciences, Jiangsu Qinke Biological
Research Center Co., Ltd., Changzhou, China), anti-p-
Smad3 (1:2000, AF3362, Affinity Biosciences, Jiangsu
Qinke Biological Research Center Co., Ltd., Changzhou,
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China), anti-SLC7411 (1:2000, DF12509, Affinity Bio-
sciences, Jiangsu Qinke Biological Research Center Co.,
Ltd., Changzhou, China), anti-GPX4 (1:2000, DF6701,
Affinity Biosciences, Jiangsu Qinke Biological Research
Center Co., Ltd., Changzhou, China) and rabbit anti-3-
Actin (1:20000, AF7018, Affinity Biosciences, Jiangsu
Qinke Biological Research Center Co., Ltd., Changzhou,
China). The membrane underwent re-washing with TBST
followed by 2-hour incubation at room temperature using
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horseradish peroxidase (HRP)-conjugated secondary anti-
bodies. Protein signals were detected via enhanced chemi-
luminescence (ECL) reagents (35050, Thermo Scientific,
Waltham, MA, USA) and quantified using ImageJ version
1.53¢ (U.S. National Institutes of Health, Bethesda, MD,
USA). Protein extraction was optimized for high-priority
targets based on bioinformatics predictions.

Statistical Analysis

All statistical analyses were performed using Graph-
Pad Prism 9 (GraphPad Software, Inc., San Diego, CA,
USA). Data are expressed as mean + standard deviation
(SD) for each group. Prior to analysis, assumptions of nor-
mality and homogeneity of variances were assessed using
the Shapiro-Wilk test and Levene’s test (based on median),
respectively. Differences between groups were evaluated
using one-way analysis of variance (ANOVA), followed by
post hoc comparisons with the Dunnett test for multiple
comparisons. Statistical significance was defined as mean
=+ SD; *p < 0.05, **p < 0.01.

Results

Identification of DEGs in Patients with Arthrogenic
Fibrosis

From the GEO dabaset, we identified 8933 DEGs, in-
cluding 4517 upregulated and 4416 downregulated genes,
as potential arthrogenic fibrosis targets and plotted heat
maps and volcano maps (Fig. 1A,C). Fig. 1B shows
the results of principal component analysis (PCA) com-
paring the gene expression profiles of RTKA-A (fibrotic)
and RTKA-NA (non-fibrotic) samples. The results demon-
strated that there were significant differences in gene ex-
pression patterns between the two groups of samples. Venn
diagrams were generated by inputting the targets of iron
metaplasia and fibrosis into the Venn diagram tool (Fig.
1D). We identified overlapping genes including 7F, FTMT,
GPX4, SLC342, SATI, MAPILC3B, ATG7, SLC7All,
ACSL4, TFRC, VDAC2, GCLC, FTL, VDAC3, GSS, FTH1,
HMOXI1, and MAPILC3A4. Of these, we chose genes of the
classical iron-mutated pathway SLC7411/GPX4 axis as the
target genes. Box plot results showed significant differ-
ences in the expression of target genes between RTKA-A
and RTKA-NA samples (Fig. 1E).

Enrichment and Correlation Analysis of
Ferroptosis-Related and Fibrosis-Related DEGs

KEGG pathway analysis revealed significant enrich-
ment of various pathways, such as phosphoinositide 3-
kinase-protein kinase B (PI3K-Akt), rat sarcoma viral onco-
gene (Ras), Ras-associated protein 1 (Rapl), cyclic guano-
sine monophosphate-protein kinase G (¢cGMP-PKG), and
TGF-f signalling pathways (Fig. 2A). In addition, GO
enrichment analysis using clusterProfiler identified seven
pathways for epithelial cell proliferation, endothelial cell
proliferation, and muscle cell proliferation, which were pre-

www.ecmjournal.org

dominantly associated with fibrosis (Fig. 2B). Correlation
analysis using the Spearman algorithm showed significant
associations between the four target iron death-related and
fibrosis-related DEGs (Fig. 2C). Specifically, scatter plot
analysis demonstrated a moderate inverse correlation be-
tween GPX4 and Smad3, as well as between SLC7A411 and
NF-kB1, in the GEO dataset (Fig. 2D,E).

LIPUS Ameliorates Arthrogenic Contracture

The efficacy of LIPUS in mitigating PTJC-induced
joint capsule fibrosis was evaluated via 4-week LIPUS in-
tervention following model induction (Fig. 3A). ROM and
knee diameter were measured as key indicators of joint con-
tracture. Rats in the PTJC group exhibited significantly
greater knee arthrogenic contracture (PTJC: 42.38 + 4.44
vs. Sham: 0.00 £ 0.00°; p < 0.01) (Fig. 3B) and markedly
larger knee diameters (PTJC: 12.17 4+ 0.87 mm vs. Sham:
10.74 £ 0.49 mm; p < 0.01) than those in the Sham group
(Fig. 3C), indicating severe joint stiffness and swelling.
To assess the impact of fixation removal, rats in the Nat-
ural group were allowed 4 weeks of recovery after external
fixation. These rats showed no significant improvement in
arthrogenic contracture (Natural: 44.04 + 6.24 vs. PTIC:
42.38 £ 4.44°; p= 0.92) and demonstrated no significant
recovery in knee diameter (Natural: 12.64 4+ 0.76 mm vs.
PTJC: 12.17 £ 0.87 mm; p = 0.68). In contrast, rats treated
with LIPUS after fixation removal showed improved knee
arthrogenic contracture (LIPUS: 29.69 + 3.19 vs. Natu-
ral: 44.04 £ 6.24°; p < 0.01) and significant improvement
in knee diameter (LTPUS: 10.84 + 0.74 mm vs. Natu-
ral: 12.64 £ 0.76 mm; p < 0.01). The Combined group,
however, exhibited poorer recovery in knee ROM than the
LIPUS-only group (Combined: 36.26 + 3.52 vs. LIPUS:
29.69 + 3.19°; p < 0.05), with no significant differences in
knee diameter between the two groups (Combined: 10.97
4 0.67 mm vs. LIPUS: 10.84 4 0.74 mm; p = 0.99).

LIPUS Alleviates Pathology and Reduces Collagen
Deposition

The results of H&E staining are shown in Fig. 4A. The
quantitative analysis (Fig. 4C) indicated that there was no
statistically significant difference in the cell count between
in the PTJC and Natural groups, however, the cell counts of
PTJC group was significantly higher than in the Sham group
(» < 0.01). Qualitative evaluation of H&E-stained images
revealed a notable increase in spindle-shaped fibroblasts
and inflammatory cell infiltration in both the PTJC and Nat-
ural groups. Remarkably, the total cell count and inflamma-
tory cell infiltration in the LIPUS group were significantly
lower than in the Natural (p < 0.01) and Combined groups
(» < 0.05), highlighting the efficacy of LIPUS in reduc-
ing cellular activity associated with inflammation and fibro-
sis in the PTJC model. Furthermore, the LIPUS group ex-
hibited a significantly reduced cell count and inflammatory
cell infiltration compared with the Combined group (p <
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0.05). The results of Masson staining are presented in Fig.
4B. Quantitative evaluation (Fig. 4D) revealed a signifi-
cant increase in collagen deposition in the PTJC and Nat-
ural groups vs. the Sham group, there was no statistically
significant difference in the collagen deposition between in
the PTJC and Natural groups, however, the collagen depo-
sition in the PTJC group was significantly higher than in
the Sham group (p < 0.01). Notably, the collagen deposi-
tion was significantly reduced in the LIPUS group relative
to the Natural group (p < 0.01). However, the Combined
group exhibited significantly higher collagen levels than the
LIPUS group (p < 0.05). Western blot analysis of fibrosis-
related proteins (collagen I/IIT) yielded consistent results,
further corroborating these findings (Fig. 4E-G).

LIPUS Inhibits Proliferation and Inflammation

To investigate whether LIPUS inhibits fibroblast ac-
tivation and proliferation, we assessed the expression lev-
els of Cyclin D1, a proliferation-related protein, using im-
munofluorescence staining and Western blotting. As shown
in Fig. SA, PTJC induced significant fibroblast prolifera-
tion in the joint capsule, while LIPUS stimulation exerted
a marked anti-proliferative effect. Quantitative analysis of
the immunofluorescence staining revealed a significant in-
crease in the fluorescence intensity of Cyclin D1 in both
the PTJC and Natural groups relative to the Sham group,
there was no statistically significant difference between in
the PTJC and Natural groups, the fluorescence intensity of
Cyclin D1 in the PTJC group was significantly higher than
in the Sham group (p < 0.01) (Fig. 5C). Furthermore, LI-
PUS treatment resulted in a significant reduction in Cyclin
D1 fluorescence intensity relative to the Natural group (p <
0.01). Notably, the fluorescence intensity of Cyclin D1 in
the Combined group was significantly higher than in the
LIPUS group (p < 0.05). Similar results were observed
for Western blot analysis of Cyclin D1 protein levels (Fig.
SE,F).

To investigate whether LIPUS inhibits inflammation
in the joint capsule, we assessed the expression levels of
the inflammation-related protein p-NF-xB p65 using im-
munofluorescence staining and Western blotting. As shown
in Fig. 5B, PTJC induced a pronounced inflammatory re-
sponse in the joint capsule, while LIPUS treatment exhib-
ited a significant anti-inflammatory effect. Quantitative
analysis of the immunofluorescence staining revealed a sig-
nificant increase in p-NF-«xB p65 fluorescence intensity in
PTJC and Natural groups relative to the Sham group, there
was no statistically significant difference between in the
PTJC and Natural groups, the p-NF-«B p65 fluorescence
intensity in the PTJC group was significantly higher than in
the Sham group (p < 0.01) (Fig. 5SD). LIPUS intervention
led to notable attenuation of p-NF-xB p65 fluorescence in-
tensity relative to the Natural group (p < 0.01). However,
the Combined group exhibited elevated p-NF-xB p65 levels
relative to LIPUS group (p < 0.05). Western blot analysis
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of p-NF-xB p65 protein levels yielded findings consistent
with the above results (Fig. SE,G).

LIPUS Inhibits TGF-£1/Smad Pathway via the
SLC7A411/GPX4 Axis

To investigate whether LIPUS enhances the activa-
tion of the SLC7411/GPX4 axis in the joint capsule, we
evaluated SLC7411 and GPX4 expression levels using im-
munofluorescence staining and Western blotting. Addition-
ally, the Combined group was stimulated with erastin, a se-
lective inhibitor of SLC7A411. The results indicated that the
SLC7A411 fluorescence intensity was significantly reduced
in the joint capsule of both the PTJC and Natural groups rel-
ative to the Sham group (p < 0.01) (Fig. 6A,C). In contrast,
the fluorescence intensity of SLC7A411 in the LIPUS group
was significantly increased compared to the Natural group,
suggesting that LIPUS promotes SLC7A4 11 expression in the
joint capsule of PTJC rats. Western blot analysis demon-
strated that PTJC suppressed the SLC7411/GPX4 axis, as
evidenced by a significant downregulation of SLC74 11 and
GPX4 expression relative to the Sham group (p < 0.01).
However, LIPUS treatment resulted in increased expres-
sion of both SLC7A411 and GPX4 (Fig. 6E-G). In the Com-
bined group, erastin treatment led to a further reduction in
SLC7A411 and GPX4 levels relative to the LIPUS group (p
< 0.01), partially counteracting the protective effects of LI-
PUS against PTJC.

To investigate whether LIPUS inhibits the TGF-
B1/Smad pathway in the joint capsule and its potential
crosstalk with the SLC7A411/GPX4 axis, we assessed the ex-
pression of TGF-/31 and p-Smad3 proteins via immunoflu-
orescence and Western blotting. Immunofluorescence anal-
ysis (Fig. 6B,D) revealed markedly elevated TGF-/1 fluo-
rescence intensity in PTJC and Natural groups vs. the Sham
controls (p < 0.01). LIPUS intervention led to notable
attenuation of TGF-$1 fluorescence relative to the Natu-
ral group (p < 0.01). However, Combined group exhib-
ited higher TGF-51 fluorescence than the LIPUS group (p
< 0.05). Western blot profiling confirmed elevated TGF-
B1/p-Smad3 expression in the PTIC/Natural groups vs. the
Sham group (p < 0.01), while the LIPUS group showed
significant reduction in these markers compared with the
Natural group (p < 0.01) (Fig. 6E,H,I). In contrast, TGF-
B1/Smad pathway protein expression levels remained ele-
vated in the Combined group.

PTJC-Induced Ferroptosis of Fibroblasts in the Joint
Capsule

Transmission electron microscopy results are pre-
sented in Fig. 7. In the Sham group, joint capsule tissue
cells nuclei displayed regular morphology with uniformly
distributed chromatin; mitochondria appeared intact with
well-defined cristae, and the cell membrane remained un-
broken (Fig. 7A). In contrast, fibroblasts from the PTJC
group exhibited marked mitochondrial swelling, disrupted
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cristae structure, and the formation of vacuoles. Nuclear
condensation and chromatin marginalization were evident,
along with compromised cell membrane integrity. Addi-
tionally, the accumulation of electron-dense granules was
observed, indicative of ferroptosis-related pathological al-
terations (Fig. 7B). The transmission electron microscopy
(TEM) results of the LIPUS group suggest that the cell nu-
clei have regular morphology, chromatin is more evenly
distributed compared to the PTJC group, and there is a
certain degree of recovery in mitochondrial integrity and
cristae structure, with a significant reduction in the num-
ber of vacuolated mitochondria (Fig. 7C). In the combined
group, the cell nuclei morphology appears regular with no
significant changes compared to the LIPUS group; how-
ever, the number of swollen and vacuolated mitochondria
has increased compared to the LIPUS group (Fig. 7D).

Discussion

Following fractures or ligament injuries, joint immo-
bilisation is typically required for a month or longer [26].
In this context, PTJC may be influenced by arthrogenic and
myogenic components around the joint. Arthrogenic com-
ponents include injuries to the bone, cartilage, capsule, and
synovial membrane, while myogenic components involve
lesions of the muscle, tendon, and fascia [4,27]. Arthro-
genic components, particularly those related to the joint
capsule, are critical contributors to PTJC-induced joint con-
tracture [28]. The present results demonstrated that fol-
lowing 4 weeks of immobilisation, the left knee joint di-
ameter in the PTJC group exhibited a statistically signifi-
cant increase relative to the Sham group. However, after 4
weeks of unrestricted movement, the increased knee joint
diameter did not return to baseline levels. As observed in
our previous study, low activity levels of immobilised mus-
cles lead to muscle atrophy [29]. However, in this study,
the swollen joint capsule contributes to an increase in joint
diameter. Similarly, post-fixation arthrogenic contracture
angles were markedly elevated in PTJC group vs. Sham
group. Notably, natural recovery for 4 weeks failed to al-
ter the arthrogenic contracture angle in Natural group rel-
ative to PTJC group, indicating that unregulated mobility
does not mitigate contracture severity—a conclusion cor-
roborated by another prior study [30]. In this study, we ap-
plied LIPUS and observed its beneficial effects in reducing
arthrogenic contracture induced by PTJC.

A previous study has shown that fibroblasts undergo
excessive proliferation and migrate to the injury site, lead-
ing to excessive collagen deposition and, ultimately, to the
formation of arthrofibrosis following TKA [31]. The results
of GO enrichment analysis indicated a predominant associ-
ation with biological processes related to cell proliferation.
Fibroblasts and myofibroblasts are key effector cells in the
pathogenesis of joint capsule fibrosis during contracture
progression. During pathological fibrogenesis, activated fi-
broblasts drive ECM synthesis and collagen deposition, cul-
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minating in dense fibrotic tissue formation. Pathological
staining analysis of the anterior joint capsule revealed sig-
nificantly elevated cellularity and collagen deposition in the
PTIC group vs. the Sham group. Notably, natural recov-
ery failed to alter fibrotic parameters, whereas LIPUS inter-
vention significantly reduced both cellularity and collagen
deposition, suggesting its therapeutic potential through fi-
brotic cell modulation and ECM remodelling. PTJC model
rats exhibited pronounced fibroblast hyperplasia and upreg-
ulated expression of Cyclin D1, a key cell cycle regulator,
underscoring fibroblast overactivation as a therapeutic tar-
get. LIPUS, a non-invasive modality that delivers precise
mechanical stimuli, is widely adopted in clinical rehabilita-
tion owing to its cost-effectiveness and targeted therapeu-
tic potential [6,32]. However, the effects of LIPUS on cell
proliferation have been inconsistent. Xu et al. [33] demon-
strated LIPUS-mediated inhibition of preadipocyte prolif-
eration via extracellular signal-regulated kinase (ERK)/p38
mitogen-activated protein kinase (MAPK) pathway mod-
ulation. In contrast, Duan et al. [34] demonstrated that
LIPUS stimulates satellite cell proliferation and myogenic
differentiation shortly after muscle injury, promoting the
formation of new myotubes to replace damaged fibers and
enhancing therapeutic efficacy over various durations. An-
other study, however, indicates that LIPUS has little effect
on epithelial cell proliferation [35]. In our study, LIPUS
suppressed fibroblast proliferation and Cyclin D1 expres-
sion.

TGF-f1 has emerged as a central mediator in fibroge-
nesis, orchestrating the activation of fibroblasts—the pri-
mary cellular component of the joint capsule. In a mouse
skin fibrosis model, subcutaneous injection of TGF-31 has
been shown to sustain skin fibrosis [36]. A previous study
has reported that platelet-rich plasma significantly reduces
TGF-S1-induced activation of joint capsule fibroblasts and
the expression of key fibrosis-related factors, such as TGF-
B1, alpha-smooth muscle actin (a-SMA), collagen type 1
(COL-I), and matrix metalloproteinase-9 (MMP-9), likely
through inhibition of the TGF-/31/Smad signalling pathway
[37]. TGF-f1 is a versatile cytokine that regulates the ex-
pression of ECM-related genes during early injury [38].
This leads to the activation of collagen synthesis and secre-
tion, particularly o-SMA and collagen I/II genes and pro-
teins, leading to renal and pulmonary fibrosis. Lei et al.
[39] emphasised the regulatory role of LIPUS in modulat-
ing gene expression related to fibrosis. LIPUS has been
documented to mitigate fibrotic remodeling via suppres-
sion of the TGF-1/Smad/connective tissue growth factor
(CTGF) axis in penile tissue. In this study, KEGG path-
way analysis identified the enrichment of multiple signal-
ing pathways, including the TGF-$ pathway. Additionally,
prior investigation from our group has further established
that LIPUS inhibits the TGF-/51/Smad signaling pathway
and suppresses joint capsule fibrosis induced by immobili-
sation, notably reducing collagen I/III expression [12]. The
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observed increase in collagen and fibrosis-related proteins
in connective tissues is consistent with previous studies,
which show elevated levels of collagen types I and 111, as
well as TGF-81 and p-Smad3, after 4 weeks of immobili-
sation in the PTJC model. In contrast, both fibrosis-related
proteins and collagen deposition were significantly reduced
in the LIPUS group, suggesting that LIPUS mitigates joint
capsule fibrosis by decreasing the levels of fibrosis-related
proteins and collagen accumulation. These findings cor-
roborate those of prior studies highlighting the anti-fibrotic
properties of LIPUS in other musculoskeletal injury mod-
els, including osteoarthritis and renal fibrosis [13,40].

Joint trauma triggers oedema, bleeding, and an inflam-
matory response, during which resident and infiltrating im-
mune and stromal cells are rapidly activated to secrete di-
verse cytokines and chemokines. Simultaneously, immo-
bilisation induces joint capsule inflammation [41]. Inflam-
matory and proinflammatory signaling cascades triggered
by trauma and immobilisation are pivotal factors in the de-
velopment of joint contracture. Macrophages play a cen-
tral role in these processes and exist in two primary pheno-
typic states: M1 and M2. The M1 phenotype is associated
with proinflammatory effects, while M2 macrophages ex-
hibit anti-inflammatory properties. LIPUS has been shown
to accelerate tendon-bone interface repair by promoting a
higher proportion of M2 macrophages and upregulating the
messenger ribonucleic acid (mRNA) expression of anti-
inflammatory genes [42]. Macrophages respond to a wide
range of signals by secreting cytokines and chemokines and
are closely associated with myofibroblasts [43]. TGF-31
may enhance expression of profibrotic cytokines by acti-
vated macrophages, thus indirectly stimulating tissue fi-
broblast activation [44]. In this study, we observed that
the number of inflammatory cells was significantly higher
in the PTJC and Natural groups compared to the Sham
group. Notably, LIPUS markedly reduced the inflamma-
tory cell count in the PTJC group, suggesting its potential
anti-inflammatory effects. Chronic inflammation perpetu-
ates fibroblast activation and facilitates the recruitment of
inflammatory cells, which release cytokines that amplify fi-
brotic signaling cascades [45]. The NF-xB family of tran-
scription factors serves as pivotal regulators in inflamma-
tory diseases. Elevated levels of p-NF-xB p65, a mas-
ter regulator of inflammatory responses, were observed in
PTJC animals, indicating persistent inflammatory activity.
Overactivation of NF-xB contributes to fibrosis by induc-
ing the expression of inflammatory cytokines and enhanc-
ing fibroblast survival [46]. By attenuating NF-«<B activity,
LIPUS likely disrupts the positive feedback loop between
inflammation and fibrosis, thereby mitigating joint stiffness
and alleviating pain.

Emerging research has revealed excessive iron accu-
mulation as a hallmark of various fibrotic disorders. For in-
stance, a significant accumulation of iron in lung tissue and
altered expression of intracellular iron metabolism genes
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promote pulmonary fibrosis by contributing to ferroptosis,
mitochondrial dysfunction, and collagen deposition [47].
Similarly, another study has demonstrated that iron over-
load triggers ferroptosis in cardiac microvascular endothe-
lial cells, contributing to heart dysfunction, cellular prolif-
eration, migration, oxidative stress, myocardial hypertro-
phy, and fibrosis [19]. Furthermore, targeting ferroptosis
has been identified as an effective strategy to mitigate re-
nal fibrosis [48]. These findings underscore the critical role
of ferroptosis as a pathological mechanism in fibrotic dis-
eases. In our study, TEM revealed characteristic features of
ferroptosis in rat joint capsule fibroblasts following 4 weeks
of immobilization in the PTJC group. Observed changes in-
cluded mitochondrial swelling, disruption of cristae struc-
ture, and vacuole formation, providing further evidence for
the activation of ferroptosis in the context of joint capsule
fibrosis.

The use of bioinformatics-driven high-throughput se-
quencing has become indispensable in biomedical research,
facilitating advancements in disease diagnostics and pre-
cision medicine [49]. The identification of molecular
biomarkers associated with joint capsule fibrosis is criti-
cal for enhancing early detection and diagnostic accuracy in
PTIC. In this study, we leveraged transcriptomic profiling
of joint capsule tissues from the GEO database to identify
key regulatory genes implicated in fibrosis through differ-
ential expression analysis, enrichment, and gene correlation
analyses. Eighteen differentially expressed genes (DEGs)
related to both ferroptosis and fibrosis were identified, in-
cluding TF, FTMT, GPX4, SLC3A42, SATI1, MAPILC3B,
ATG7, SLC7A11, ACSL4, TFRC, VDAC2, GCLC, FTL,
VDAC3, GSS, FTH1, HMOXI, and MAPILC3A4. Among
these are genes encoding proteins of the SLC7A411/GPX4
axis, which is recognised as a classical regulator of ferrop-
tosis and exhibits a negative correlation with inflammation
and the TGF-31/Smad signal pathway. In subsequent ex-
periments, we further validated the expression of these tar-
get genes.

The SLC7A411/GPX4 axis is a critical regulator within
ferroptosis-related pathways. A previous study by Zhu et
al. [50] demonstrated that enhancing SLC7A11 expression
alleviated ferroptosis, which otherwise triggers tubular at-
rophy and fibrosis. GPX4, with its unique anti-lipid per-
oxidation capacity, decomposes toxic LPO, thus preventing
ferroptosis. Research by He et al. [51] indicated that silenc-
ing GPX4 inhibits the protective effect of Fer-1 on vascular
smooth muscle cell ferroptosis, while in vivo studies have
demonstrated that Fer-1 alleviates Ang II-induced ferropto-
sis and vascular structural abnormalities in abdominal aortic
aneurysm mice. Conversely, inhibition of SLC74 11 dimin-
ishes GSH levels, reducing GPX4 activity, increasing lipid
peroxidation, and inducing ferroptosis [52]. Given the crit-
ical role of the SLC7A411/GPX4 axis and our prior bioinfor-
matics analysis, we assessed the expression levels of these
molecules using Western blotting and immunofluorescence.
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In the present study, protein levels of SLC7A411 and GPX4
were significantly lower in the PTJC group than the Sham
group, indicating inactivation of the SLC7411/GPX4 axis
following immobilisation and trauma. Notably, SLC7A411
and GPX4 levels were markedly elevated in the LIPUS
group relative to the Natural and PTJC groups, suggesting
that LIPUS may reactivate the SLC7411/GPX4 axis.

To further investigate whether LIPUS exerts its an-
tifibrotic effects through the SLC7411/GPX4 axis, we con-
ducted additional experiments. Erastin, first identified in
2003, is a compound known to induce ferroptosis and was
initially used to screen for cancer drugs selectively targeting
oncogenic Ras-mutant cell lines [53]. Erastin acts as a se-
lective inhibitor of SLC7A411, blocking cystine uptake and
consequently reducing intracellular cysteine levels. Sali-
cylsulphonylpyrimidines and glutamate have similarly been
shown to inhibit SLC7A411, leading to GSH depletion within
cells [54]. In this study, although LIPUS treatment showed
some inhibition of the TGF-51/Smad signaling pathway,
the inhibitory effect was much weaker when combined with
erastin. In the LIPUS group, we observed significant reduc-
tions in fibrosis-related indicators, such as collagen deposi-
tion, fibroblast proliferation, and inflammation. However,
following erastin treatment, these effects were reversed to
varying degrees. Owing to experimental limitations, we
were unable to perform gene expression level assays at the
cellular level to further elucidate the underlying mecha-
nisms.

It is necessary to acknowledge the limitations of this
study. First, the use of a rat model may not fully cap-
ture the complexity of PTJC in humans, including the con-
tributions of comorbidities and variability in patient re-
sponses. Second, the study’s four-week duration limits the
assessment of long-term therapeutic effects and the poten-
tial for fibrosis recurrence. Finally, while this study fo-
cused on the SLC7411/GPX4 axis, other pathways likely
contribute to LIPUS-mediated fibrosis reduction and should
be explored in future research. Considering the complex-
ity of simulating the fibrotic microenvironment of the joint
capsule in vitro, the next steps will involve: (a) using
three-dimensional (3D) bioprinted joint capsule tissue mod-
els; (b) employing SLC7A411 conditional knockout mice to
further validate the hierarchical relationship between the
SLC7A411/GPX4 axis and the TGF-51/Smad pathway. Be-
sides, Further detection of lipid peroxidation products or
iron ion levels directly demonstrates the role of ferropto-
sis in PTJC fibrosis is needed. Future studies should also
investigate the optimal parameters for LIPUS therapy, in-
cluding intensity, frequency, and duration, to maximize its
therapeutic efficacy. Additionally, combining LIPUS with
pharmacological inhibitors of fibrosis, such as TGF-3 or
NF-«B antagonists, may further enhance its anti-fibrotic ef-
fects and improve functional outcomes. In summary, our
findings demonstrate that LIPUS mitigates PTJC severity
at morphological, histological, and molecular levels. This
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therapeutic effect is likely mediated by the activation of
the SLC7A411/GPX4 axis and the regulation of the TGF-
£1/Smad signaling pathway, potentially mitigating joint fi-
brosis by suppressing inflammation and fibroblast prolif-
eration while inhibiting ferroptosis within the fibrotic joint
capsule.

Conclusions

In conclusion, this study provides novel mechanistic
insights into the therapeutic effects of LIPUS on joint cap-
sule fibrosis in PTJC. LIPUS effectively mitigates fibro-
sis by suppressing fibroblast proliferation and inflammation
while modulating the SLC7411/GPX4 axis, thereby down-
regulating the TGF-51/Smad pathway. These findings
highlight ferroptosis-related pathways as potential thera-
peutic targets for alleviating arthrogenic fibrosis.
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