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The link between osteoporosis and frozen @

shoulder: exploring the therapeutic effect

of TAK715 on reversing fibrosis and protecting
against osteoporosis via the p38 MAPK
signaling pathway

Xinhao Li'f, Yan Yan'?", Zhuo Wang'", Jingyi Hou', Yuhan Meng', Dedong Cui', Yi Long'’, Ming Li'" and
Rui Yang'”

Abstract

Background The global incidence of frozen shoulder (FS) (2% ~ 5%) and osteoporosis (OP) is high (9.19%-12.1%).
Clinically, postmenopausal women are particularly at risk for both diseases. The main objective of this current research
is to investigate the pathogenesis mechanism of FS and explore the connection between FS and OP.

Methods We obtained FS and OP datasets from GEO and identified crosstalk genes. Following KEGG and GO enrich
analysis, the p38 MAPK signaling pathway was focused and the specific p38a inhibitor TAK715 was screened out. We
conducted flow cytometry, western blot, and PCR analyses to assess the treatment effect of TAK715 on FS synovium
fibroblasts at different concentrations. Additionally, we employed SD rats to validate the treatment effects of TAK715
in vivo.

Results TAK715 was useful in reversing fibrosis at the concentration of 1 uM, 5 uM and 10 uM. The unbalanced
apoptosis process in frozen shoulder cell and the activation of osteoclast were inhibited at the concentration of 5 uM
by TAK715.Then we successfully established a FS and OP rat model, with the FS with OP rat displaying less range

of motion (ROM) and thicker shoulder capsule. In FS rat that was treated with TAK715, the frozen shoulder side

was corrected in ROM and bone loss.

Conclusions The frozen shoulder with osteoporosis may exhibit more severe symptoms, and TAK715 is effec-
tive in protecting fibrosis and osteoporosis both in vitro and vivo. The therapy to correct FS and OP simultaneously
by TAK715 provides novel approach in FS treatment and study.
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Introduction

Frozen shoulder, or idiopathic adhesive capsulitis, is
a prevalent condition affecting 2%—5% of the general
population [1-3]. Individuals with this ailment endure
increasing shoulder pain and a reduction in both active
and passive range of motion (ROM) [4—6]. Several risk
factors have been linked to the development of frozen
shoulder, including diabetes mellitus, thyroid disorders,
stroke, hyperlipidemia, and advancing age. The condition
typically progresses through three distinct phases: the
inflammatory and freezing stage, the frozen stage, and
the thawing stage [4]. The average duration of symptoms
before diagnosis is between 1 to 2.5 years [7-9]. While
many patients may experience a full recovery, approxi-
mately 40% continue to suffer from significant pain and
limited ROM [7, 8].

Current researches primarily focused on understanding
the interplay between inflammation and the pathological
fibrotic process [10—12]. However, the intrinsic charac-
teristics of the synovial fibroblasts in frozen shoulder are
less frequently discussed. The transition from the frozen
to the thawing stage remains poorly understood, and
there is no universally accepted mechanism [4]. Notably,
studies have shown that the affected shoulder in frozen
shoulder patients is more prone to osteoporosis com-
pared to the healthy side [13, 14], yet this aspect is often
overlooked. It’s important to highlight that patients with
osteoporosis often overlap in age with those with frozen
shoulder, and there is evidence suggesting that frozen
shoulder patients may be at risk for shoulder osteoporo-
sis based on previous researches [15, 16].

Current studies have established that shifts in the
shoulder joint environment towards a pro-inflammatory
and pro-fibrotic state are pivotal [4]. Both intrinsic fac-
tors, such as changes in metabolic status [17, 18], and
extrinsic factors, like trauma or surgery [19, 20], con-
tribute to these environmental changes. For instance,
patients with diabetes mellitus (DM) have a notably
higher incidence of frozen shoulder, and matrix metallo-
proteinase (MMP) activity is suppressed in these patients
[21, 22]. Extrinsic factors like trauma or surgery can trig-
ger the release of cytokines such as IL-1p, IL-6, HMGBI,
TNF-a, and TGF-B [12, 23, 24], which activate synovial
fibroblasts (SFs) and lead to increased production of the
extracellular matrix, including collagen I (Col I), collagen
III (Col III), and fibronectin, thereby promoting fibrosis
[24]. In this process, macrophages are drawn to the syn-
ovium by inflammatory signals and produce additional
cytokines [25, 26]. Moreover, the persistent infiltration of
macrophages and inflammatory cytokines can also stim-
ulate osteoclast activation, potentially leading to local
osteoporosis in the frozen shoulder [27-29].
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The p38 MAPKs are activated by upstream MKK3 and
MKK®6 kinases and stimulate downstream targets such as
p53, activating transcription factor 2 (ATF2), and myo-
cyte-specific enhancer factor 2 (MEF2) [30, 31]. The p38
MAPK signaling pathway is implicated in various fibrotic
diseases, including pulmonary, renal, bladder, and car-
diac fibrosis. Inflammatory cytokines also activate p38,
triggering subsequent responses [32, 33]. Active p38 has
a pro-apoptotic role [34], and cell apoptosis is associated
with fibrosis, as seen in liver fibrosis. Furthermore, osteo-
clast maturation is dependent on active p38 function [35,
36]. Given the cellular changes observed in the patho-
genesis of frozen shoulder, we hypothesize that the p38
MAPK signaling pathway plays a critical role in this pro-
cess. TAK715, an oral and potent p38 MAPK inhibitor
with IC50s of 7.1 nM for p38a [37, 38], has been shown
to ameliorate arthritis in rats [39] and may be an effective
treatment to reverse fibrosis and protect against osteopo-
rosis in frozen shoulder patients.

In this study, we initially analyzed clinical data to iden-
tify commonalities between frozen shoulder (FS) and
osteoporosis (OP). We then explored the detailed mecha-
nisms of FS and the link to osteoporosis by downloading
ES and OP datasets from the GEO functional genom-
ics database. Bioinformatic analysis revealed the MAPK
signaling pathway as a key player in this interaction. Our
experimental results corroborated these findings. Syno-
vial fibroblast (SF) apoptosis was identified as a critical
factor in fibrosis, and TAK715 was found to be effective
in correcting apoptosis and fibrosis. In animal studies,
we first confirmed that the affected side in FS patients
was more osteoporotic than the healthy side. TAK715
was able to prevent FS and protect against osteoporosis
in Sprague—Dawley rats. This study is the first to propose
the simultaneous correction of fibrosis and osteoporo-
sis in the treatment of FS patients, offering new insights
into the pathogenesis of FS and its relationship with
osteoporosis.

Materials and methods

Steps of experiments

First, bioinformatic analysis was performed to con-
firm different gene expression. KEGG and GO enrich-
ment were then conducted based on the differentially
expressed genes. After confirming previous studies and
the drug’s bioactivity, TAK715 was chosen as the thera-
peutic drug. Once the therapeutic effect of TAK715 had
been confirmed on synovial fibroblasts (SFs) and osteo-
clasts maturation, the rats (rattus norvegicus, Sprague—
Dawley) were selected as experimental animals due to
their anatomical similarities and laboratory conditions.
The schematic diagram of this study is shown in Fig. 1.
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Fig. 1 The schematic diagrams of this study. A, B In the clinical setting, it was observed that the majority of frozen shoulder (FS) patients were
women who had reached post-menopause (Post-M). Additionally, further investigation, including VAS (Visual Analog Scale) and ASES (American
Shoulder and Elbow Surgeon) scores revealed that post-menopausal women tended to experience more severe symptoms. Considering

the existing research, there is a strong association between post-menopausal women and osteoporosis (OP). The detailed patient baseline
information was listed in Supplementary Table 1. Based on this observation, it was hypothesized that FS and OP might share common underlying
mechanisms. C At first, the frozen shoulder (FS) dataset (GSE238053) that we uploaded before and osteoporosis (OP) dataset (GSE56815) were
chosen to screen the crosstalk genes linking FS and OP. The p38 MAPK signaling pathway was screening out and the therapeutic effect was verified
in vivo. In vitro, totally 36 SD rats were used in this study. First, 6 SD rats were sacrificed to harvest BMDMs. 15 SD rats received bilateral ovariectomy
(OVX) and the other 15 SD rats received shame surgery (CON) simultaneously, Secondly, 3 OVX SD rats and 3 CON SD rats were sacrificed

at 12 weeks after surgery to get the micro-CT scanning of femurs. The osteoporosis model was constructed successfully. Finally, we euthanized all
residual SD rats to complete the ROM, micro-CT, X-ray test and the histological analysis
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Data processing and bioinformatic analysis

GEO (https://www.ncbi.nlm.nih.gov/geo/) is a public
genomics database that we obtained FS and OP dataset.
The FS dataset (GSE238053) was performed in previ-
ous study [40]. The GSE56815 dataset was chosen as OP
dataset to analysis, which was available and used in previ-
ous studies [41-43]. The detail information about above
datasets was in Supplement Table 2. Considering the FS
dataset, the original data was processed using the current
method, and DEGs were selected using DESeq2 pack-
age with |log,(fold change) |>log,1.5 and p value<0.05
by R package edgeR. In OP dataset, limma package
was used and DEGs were selected with P-values<0.05
and|log,(fold change) |>log,1.1 GO and KEGG enrich-
ment analyses were then performed on the DEGs. Then
the intersection DEGs were defined as crosstalk genes
(Supplementary Table 3).

Synovial fibroblasts (SFs) isolation and culture

from patients and controls

The FS patients were diagnosed based on physical exami-
nation, MRI imaging and medical history. The patients
diagnosed with SLAP or dislocation were selected as the
control group. The discard tissues were obtained through
3.5 mm grasping biopsy forceps during arthroscopy
surgery.

The tissues isolated during arthroscopy were infil-
trating in 0.9% saline solution immediately after being
isolated in asepsis centrifuge tubes buried in ice. The tis-
sues were then rinsed three times with Phosphate Buft-
ered Saline (PBS) and cut into pieces. Next, the tissues
were digested with 0.2 type 1 collagenase (MP) dissolved
in high-glucose Dulbecco’s modified Eagle’s medium
(high-glucose DMEM; Gibco, Thermofisher Scientific,
Waltham, Massachusetts, USA). After being incubated
at 37°C for 6 h, the SFs were collected through centrif-
ugation at 1500 rpm/min for 5 min. The SFs were then
resuspended in high-glucose DMEM containing 10%
FBS and 1% Penicillin—-Streptomycin Solution (complete
DMEM) and transferred to a T25 culture flask for 7 days.
The complete DMEM was changed every 3 days. The SFs
were passaged when they reached 80-90% confluence,
and the SFs from passages 4—6 were used for the follow-
ing experiments.

Cell viability

The SFs were seeded in 96-well plate with 5x10° each
well and incubated at 37°C with 5% CO2. The TAK715
was tested at the final concentration of 1 pM, 5 uM
and 10 uM. When the cells were adhered, the primary
medium was moved and the medium containing 10%
CCK8(APeXBIO, Houston, USA) was added and incu-
bated for 60 min. Finally, the 96-well plate was detected
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at the 450-nm absorbance using a microplate reader
(Biotek Synergy H1M, Vermont, USA).

Synovial fibroblasts (SFs) identifications

The SFs were plated into a 6-well plate with 1x10° cells
per well. Once the SFs had adhered, they were digested
with trypsin and resuspended in PBS with 200 pl per well
in a centrifuge tube. The experimental group was incu-
bated with CD68(R&D Systems, Minnesota, USA) and
Vimentin (R&D Systems, Minnesota, USA), while the
negative control was incubated with only PBS for 20 min.
Finally, the SFs were analyzed using flow cytometry with
a Biosciences Influx cell sorter (BD, USA).

Quantitative real time polymerase chain reaction
(qRT-PCR)

Total RNA from the SFs was isolated using the RNA-
Quick Columnar Purification Kit (EZBioscience, Califor-
nia, USA) and transcribed reversely into complementary
DNAs using a reverse transcription master mix (EZBio-
science, California, USA) according to the manufacturer’s
instructions. Quantitative real-time PCR was performed
using SYBG Green Premix ((EZBioscience, Califor-
nia, USA). The data were normalized based on GADPH
expression and the 274" method was used to analyze
the relative expression of targeted genes. The forward
and reverse primers for each interested gene are listed in
Supplementary Table 5.

Western blot analysis

SFs were lysed using RIPA with proteinase inhibitor (1%)
and phosphotransferase inhibitor (1%) (Cwbio, Jiangsu,
China) and the protein concentrations were quantified
with a protein assay kit (Cwbio, Jiangsu, China). Finally,
samples were electrophoresed on 10% or 12% gels and
then transferred to PVDF membranes (Millipore, MIT,
USA).

The PVDF membranes were blocked with 5% BSA
and incubated with primary antibodies overnight at
4°C. The following antibodies were used: Abcam (MA,
USA): anti-Collagen I (1:1000), anti-Collagen III (1:1000),
anti-Fibronectin (1:1000), anti-GADPH (1:3000), anti-
caspase3 (1:1000). Huabio(Hangzhou, China): anti-p-
p38(1:1000), anti-p38(1:1000), anti-Bax (1:1000). The
membranes were then incubated with specific secondary
antibodies for 1 h after washing 3 times by TBST. Finally,
the analysis was performed using an ECL imager to get
and analyze the signals.

Flow Cytometric Analysis of FITC Annexin V staining

The FITC Annexin V (BD Pharmingen™ FITC Annexin
V Apoptosis Detection Kit I) was used to quantitatively
determine the undergoing apoptosis according to the


https://www.ncbi.nlm.nih.gov/geo/

Li et al. BMC Musculoskeletal Disorders (2024) 25:942

BD protocol. The digested cells were washed twice with
could PBS and then resuspend cells in Binding Buffer at
a concentration of 1*1076 cells/ml. The FITC Annexin V
and PI were added to incubate for 15 min at 25°C in the
dark. Then the flow cytometry analysis was performed
within 30 min.

Enzyme-linked immunosorbent assays (ELISAs)

The concentrations of glenohumeral joint fluid samples
were detected using vitamin B12 as an internal standard.
A volume of 0.9 ml vitamin B12 was mixed with 4.1 ml
0.9% saline immediately before injection in darkness.
Then, the mixtures were injected into the glenohumeral
joint with a push-and-pull technique. The absorbances
of samples were detected at A=490 nm and the dilution
factors were calculated by comparing the absorbances.
Finally, the concentrations of IL-1f, IL-6 and TNF-a were
detected in both joint fluid and SFs culture supernatant
using quantikine ELISA kits for human IL-1f, IL-6 and
TNF-a (R&D Systems, Minnesota, USA) according to the
guideline protocol.

Transwell migration assay

Cell migration assay was performed in Costar™ 24-well
plates (Corning, NY, USA) using Transwell™(Corning,
NY, USA) inserts with polycarbonate membranes of
8.0 pm. Initially, the SFs culture medium were changed
to culture medium without FBS for 24 h. Then 1x10° cells
of SFs were transferred to the inserts with 300 pl culture
medium without FBS and 700 ul culture medium with
20% medium was added to the bottom of the 24-well
plates well with treatment. After 24 h of incubation, the
culture medium was moved carefully and the inserts
were filtrated with 4% paraformaldehyde for 15 min and
washed by PBS for 3 times. Then the inserts were stained
with violet crystal (Byotime, Shanghai, China) for 5 min
and washed by PBS for 3 times. Finally, the polycarbon-
ate membranes were removed from the inserts to object
slides and the visualizations analysis of the migratory
cells were performed under the optical microscope using
ImageJ.

RNA sequencing and bioinformatic analysis

Total RNA was isolated and purified using TRIzol rea-
gent (Invitrogen, Carlsbad, CA, USA) following the man-
ufacturer’s procedure. The cDNA library was constructed
and the average insert size for the final cDNA library was
300+ 50 bp. At last, we performed the 2x 150 bp paired-
end sequencing (PE150) on an Illumina Novaseq " 6000
(LC-Bio Technology CO., Ltd., Hangzhou, China) fol-
lowing the vendor’s recommended protocol.Then the
original data was processed using the current method,
and DEGs were selected using DESeq2 package with
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|log2(fold change) |>1 and p value<0.05 by R package
edgeR. GO, KEGG and GSEA enrichment analyses were
then performed on the DEGs. The detailed information
and method were listed in Supporting information.

Osteoclasts culture and Macrophage polarization

The bone marrow derived macrophages (BMDMs) were
cultured according to previous studies and seeded in a
six-well plate with 5x 105 per well and stimulated with
rat macrophage colony stimulating factor (M-CSE, MCE,
NJ, USA) at 30 ng/ml. Half of the medium was replaced
by fresh complete medium with M-CSF every 48 h.

For osteoclasts inducements, the RANKL (MCE, NJ,
USA) was added additionally at the final concentration of
50 ng/ml. Half of the medium was replaced by fresh com-
plete medium with M-CSF and RANKL every 48 h.

For macrophage polarization, the BMDMs were treated
into 3 groups. The negative control (NC) group was
treated with PBS. To polarize M1 group. Lipopolysaccha-
ride (LPS) and IFN-y were dissolved in culture medium
at a final concentration of 100 ng/ml and 20 ng/ml. The
TAK715 treating group was set TAK715 at 5 uM while
M1 polarization. Finally, the flow cytometry analysis was
used to measure the typical markers of different group.
The F4/80-APC (BD Bioscience, CA, USA) and CD86-
FITC (BD Bioscience, CA, USA) were chosen as the typi-
cal index. The results were analyzed by Flow]Jo software.

Animal experiments
All animal procedures were approved by the Institutional
Animal Care and Use Committee, Sun Yat-sen Univer-
sity according to ARRIVE guidelines [44]. Briefly, Frozen
shoulder (FS), TAK715 treatment and osteoporosis were
considered in the current study. All animals were ran-
domly distributed into each group and the sample size
were decided according to current researches [40, 45]. 6
groups, including osteoporotic confirming group (OC,
N=3), control confirming group (CC, N=3), TAK715
treating FS osteoporotic group (T-FSOVX, N=6), FS
osteoporotic group (FSOVX, N=6), TAK715 treat-
ing FS control group (T-FSCON, N=6) and FS con-
trol group (FSCON, N=6) were designed. The TAK715
treating was set as 10 mg/kg/day according to the previ-
ous studies and the control group was treated with PBS
intraperitoneally. The SD rats was anesthetized with
pentobarbital at the dose of 40 mg/kg before both sur-
gery and sacrificed. After animals have been anesthe-
tized and rendered unconscious, the method of cervical
dislocation is employed to euthanize them. The detailed
information about animal experiments was in Supporting
information.

For the osteoporotic group, 15 SD rats were performed
bilateral ovariectomy (Ovariectomize, OVX), which was
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described previously. the rat was fasted from food and
water for 12 h before surgery. The 15 mm median inci-
sion at the level of inguinal region at the abdomen was
performed and bilateral ovaries were removed. Similarly,
15 SD rats received sham surgeries as control. The OC
and CC group were sacrificed to identify the osteoporo-
tic model using micro-CT scanning based on previous
research 12 weeks after surgery.

For frozen shoulder (FS) group model, 24 SD rats
received the left forelimb fixation under anesthesia.
Briefly, plasters were cut into 5 cm-wide strips and made
incisions to expose the right forelimb maintaining the
normal movement. A total of 8-layer plasters were used
to fixed the left forelimb. The TAK715 and PBS treating
were performed as soon as the FS model initiation for
continuous 3 weeks.

X-Ray examination

To verify the FS model and the treatment effect of
TAK715, X-Rays were performed using Simens system
under general anesthesia. First, the SD rats were placed
on the scanning table in a prone position to obtain the
neutral position images. Then, two 10 g weights were tied
to the left and right forelimb of the rat using 5-0 nylon to
acquire the abduction position images. The digital images
were processed using photoshop software to measure the
angle between the lateral scapular and the humerus.

Measurement of Glenohumeral range of motion (ROM)

The entire shoulder joints, including the forelimb and
scapula were dissected from the rats after they were euth-
anized. First, the scapula was fixed using a 26G injection
needle by penetrating the inferior and superior angle and
a 26G injection needle was used to mark the humerus
corresponding point. Similarly, the Glenohumeral ROM
in neutral position was first measured and then the 10 g
weight was tied to the forelimb to measure the Gleno-
humeral ROM in abduction position. The whole measur-
ing procedure was performed within 10 min to maintain
the biological activity of specimen. This method was
based on previous literatures [45].

(See figure on next page.)
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Micro-CT examination

Both 3 OVX and CON samples in 6 samples in each
group harvested at each time point were scanned by
micro-CT (Inveon, German) after fixation in 4% polyoxy-
methylene for 48 h. Images were acquired at an effective
pixel size of 8.82 Im, a voltage of 80 kV, a current of 500
IA and an exposure time of 1500 ms in each of the 360
rotational steps to analyze the trabecular bone. The bone
volume/total volume (BV/TV), bone surface area/bone
volume (BSA/BV), trabecular thickness (Tb.Th, mm),
trabecular number (Tb.N, 1/mm) and trabecular spac-
ing (Tb.S, mm) were analyzed according to the guideline.
Two-dimensional and three-dimensional trabecular bone
structure image slices were reconstructed.

Statistical analysis

Data was expressed by mean tstandard deviation. The
Student’s t-test were performed to evaluate the differ-
ences between group. A statically significant difference
was determined when one-tail P value<0.05. The SPSS
23.0 software (Chicago, IL, United States) was used dur-
ing statistical analysis.

Results

p38 MAPK signaling pathway linked FS and OP as key
crosstalk genes

Differential gene expression (DEG) analysis was con-
ducted using the limma and DEseq2 packages to iden-
tify DEGs in frozen shoulder (FS) and osteoporosis (OP).
Volcano plots and heatmaps were utilized to visualize
these DEGs (Fig. 2). Additionally, Gene Ontology (GO)
enrichment analysis and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis were performed
on the FS and OP datasets separately.

In the KEGG pathway analysis for FS, the top 5 path-
ways identified were the PI3K-Akt signaling pathway,
MAPK signaling pathway, cGMP-PKG signaling path-
way, cell adhesion molecules (CAMS), and Rapl signal-
ing pathway (Fig. 3D), which is partially consistent with
a previous study [12]. Notably, the gene ratio analysis
confirmed the significance of the MAPK signaling path-
way in the fibrotic process of synovial fibroblasts from
FS patients. The GO biological process (BP) analysis also

Fig. 2 Gene expression change during the pathological process of FS and OP. A, B The volcano plot of different expression genes in frozen
shoulder (FS) group compared with control group (NC) and osteoporosis (OP) compared with control group (NC). The volcano plot was constructed
with fold-change values (log2 scale) and p values (-log10 scale). The vertical lines were corresponding with the log, fold change of log,1.5 in A and
log,1.1 in B.The horizontal line represents with a p value of 0.05 in both A and B. C, D The heatmap of the top 1000 DEGs in FS and OP dataset. E
Top 20 GO BP terms of DEGs in FS dataset. The positive regulation of MAPK cascade was involved. F Top 20 GO BP terms of DEGs in OPdataset. G Top
20 KEGG pathways of DEGs in FS dataset. H Top 20 KEGG pathways of DEGs in OP dataset. | The Venn diagram of intersection of FS and OP DEGs. J
Top 20 KEGG pathways of intersection DEGs. K Top 20 GO BP terms of intersection DEGs. L The PPI network analysis of intersection DEGs. The shade
of color represented the MCODE betweeness score and the MAPK singaling pathway took over the core regulation in crosstalk genes
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supported the role of positive regulation of the MAPK
cascade, aligning with the KEGG analysis. In the OP
KEGG analysis, the MAPK signaling pathway was among
the top 50 pathways with a p-value of 0.0256 and a gene
count of 25 (Supplementary Table 4).

To explore the link between FS and OP, we screened the
intersection of DEGs from both conditions and identified
crosstalk genes. The intersection KEGG pathway analysis
revealed significant enrichment of the MAPK signaling
pathway with the highest gene ratio (Fig. 2K). The pro-
tein—protein interaction (PPI) network analysis suggested
that the MAPK cascade may play a central regulatory
role among the crosstalk genes (Fig. 2L). For example,
the MAPK cascade could regulate MMP3 expression [46]
and activate POSTN [47]. Our bioinformatic analysis
confirmed the vital role of the MAPK signaling pathway
in the pathogenesis of both FS and OP, as well as its sig-
nificant involvement in the crosstalk genes.

Identification of frozen shoulder (FS) tissue and synovial
fibroblasts (SFs)

During arthroscopic surgery, the synovium in frozen
shoulder (FS) patients exhibited hyperemia and inflam-
mation, with a distinctly thickened joint capsule observ-
able under arthroscopy (Fig. 3A). The pathological
hallmark of FS is characterized by pathological fibrosis.
To assess the tissue and molecular level pathological
processes, synovial samples from FS patients and con-
trol patients (with SLAP lesions or dislocations) were
collected arthroscopically. Collagen I and Collagen III,
known markers of fibrosis, were selected to evaluate
the degree of fibrosis in the synovium of FS patients.
Immunohistochemical analyses revealed significantly
higher expression of these proteins in the synovium of FS
patients compared to control patients, indicating a higher
degree of fibrosis in the FS synovium (Fig. 3B, C).

Having identified the tissue, primary synovial fibro-
blasts (SFs) isolated from FS and control patients were
further characterized. The SFs utilized in this study
were derived from the synovium and passaged to 4-6

(See figure on next page.)
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generations. Phenotypic analysis of FS by flow cytom-
etry demonstrated that SFs from both FS and control
patients predominantly expressed vimentin and were
negative for CD68, consistent with previous studies [12,
40, 48] (Fig. 3D).

p38 MAPK signaling pathway exhibits important effect

in pathological fibrosis of FS patients

The MAPK signal pathway, which mainly consists of
ERK, Jun, and p38 MAPK, has been shown to be sig-
nificantly important in fibrotic diseases such as renal
fibrosis and pulmonary fibrosis. Previous studies have
confirmed that the active form of p38 MAPK is mainly
the phosphorylation of p38 MAPK (p-p38), and that
TAK715 is a specific effective p38a inhibitor that is
orally active, indicating its potential clinical value. The
IHC results showed that p-p38 was expressed at higher
levels in FS synovium than in the control group at the
tissue level (Fig. 3G, H). Moreover, western-blot analy-
sis suggested that the phosphorylation level of p38 in
ES fibroblasts was significantly higher than that in con-
trol fibroblasts (Fig. 3E, F).

Based on previous studies [34], the overactivation
of p38 MAPK is positively linked to the imbalance of
cell apoptosis, which could trigger pathologic diseases
such as liver fibrosis. To explain the detailed mecha-
nism of pathological fibrosis in FS, we compared the
cell apoptosis process in FS and control groups. First,
the caspase-3 and Bax were selected as primary indices
to respond to the apoptosis level. The IHC and west-
ern-blot results showed that caspase-3 and Bax were all
expressed at higher levels in FS than in control group
(Fig. 3E-H). The tunnel staining and flowcytometry
analysis also confirmed that the apoptosis process was
more dynamic in FS than in the control group (F ig. 31-
K). The above results confirmed that cell apoptosis
played a key role in the FS fibrosis process from the
molecular to the tissue level.

Fig. 3 The FS tissue was successfully collected and digested into FS synovium fibroblasts. Besides phosphorylation level of p38 was higher

and cell apoptosis was more active in the FS group. A The arthroscope view of Control (a,b) and FS(c,d) patient: the capsular was more thicken

and the synovium was hyperemia and inflammation infiltrated. B Representative Collagen | and Collagen Il immuno-stained tissue sections

in control and FS tissue. Scale Bar: 50 uM. C The statistics analysis of (B): the mean optical density (mean OD) of Collagen I and Collagen Ill

in the control and FS tissues (n=3). D The representative flow cytometry results of synovial fibroblasts and the statistic results (n=3). E, F The
western blot analysis of Collagen |, Collagen Ill, p-p38, Caspase-3 and Bax. The statistic results (n=3) confirmed that the above proteins were higher
expressed in the FS group, which were corresponding with the IHC results. *P < 0.05; **P<0.01; *** P<0.001; **** P<0.0001. G Representative
p-p38, Caspase-3 and Bax immuno-stained tissue sections in control and FS tissue. Scale Bar: 50 uM. H The statistics analysis of (A): the mean optical
density (mean OD) of p-p38, Caspase-3 and Bax in the control and FS tissues (n=3). *P<0.05; **P < 0.01; *** P<0.001; **** P<0.0001.1, J, KThe cell
apoptosis was more active in FS group based on the Tunel staining (I) and flow cytometry analysis (G). Scale Bar: 200 uM. *P < 0.05; **P < 0.01; ***

P<0.001; **** P<0.0001
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TAK715 is safe and effective in reversing the fibrosis
process of FS fibroblasts through protecting imbalanced
cell apoptosis

Since p38 MAPK signaling pathway was unusually active,
the specific p38 inhibitor TAK715 was chosen as treat-
ment. First, we used CCK-8 reagent to test the TAK715
on the viability of synovial fibroblasts (SFs). The results
indicated that there was no significant change in the SFs
viability after the addition of TAK715 at the final concen-
tration of 1 uM,5 uM or 10 pM (Fig. 4A). We then inter-
fered the synovial fibroblasts that were digested from
ES patients with TAK715 at the final concentration of
1 pM,5 pM and10pM for 24 h. First, the qRT-PCR and
western-blot analysis suggested that the TAK715 could
significantly inhibit the phosphorylation of p38 in SFs
with TAK715 at 1 uM,5 pM and 10 uM. Especially, the
inhibition rate was higher at the concentration of 5 uM
and 10 uM than 1 pM (Fig. 4B-D).

Furthermore, the expression levels of Fibronectin, Col-
lagen I and Collagen III decreased significantly after the
interference of TAK715 at the above conditions, as con-
firmed by both western-blot and qRT-PCR analysis. The
TAK715 was more effective in reversing the fibrosis pro-
cess at the concentration of 5 uM and 10 pM than 1 pM.
Additionally, since the degree of fibrosis is positively
linked to cell migration ability, we performed scratch
tests and transwell migration assays. In transwell migra-
tion assay, the migrated SFs through the polycarbonate
membrane with the interference of TAK715 at the above
conditions were all significantly decreased compared
with the FS group. Both the scratch test and transwell
migration assay were consistent with the western-blot
and qRT-PCR analysis (Fig. 4E).

To further explore the mechanism behind TAK715’s
ability to reverse the fibrosis process in FS synovium
fibroblasts, we also checked the cell apoptosis indexes.
The western-blot analysis indicated that the caspase-3
expression level was lower in the TAK715 group than

(See figure on next page.)
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in the FS group at the above conditions. However, the
TAK?715 showed no significant inhibition effect on Bax at
the concentration of 1 uM (Fig. 4F and H). Based on the
western-blot analysis, we chose a TAK715 concentration
of 5 uM to perform the cell flowmetry analysis, and the
results confirmed that TAK715 could significantly pro-
tect the imbalanced apoptosis in FS synovium fibroblasts
(Fig. 4G and I).

These results confirmed that TAK715 was safe at con-
centrations of 1 pM, 5 uM, and 10 uM, and at these con-
centrations, TAK715 could effectively reverse the fibrosis
process of FS fibroblasts. In particular, TAK715 was more
effective at concentrations of 5 pM and 10 pM than at
1 pM. Furthermore, TAK715 could protect the imbal-
anced apoptosis in FS synovium fibroblasts at concentra-
tions of 5 uM and 10 pM.

The TAK715 could prevent the macrophage polarization
and interfere the SF fibrosis during TNF-a stimulation
During arthroscopic surgery, we observed inflammation
infiltration in the synovial tissue of frozen shoulder (FS)
patients, prompting us to investigate the pro-inflamma-
tory role of M1 macrophages. Using CD86 as a charac-
teristic marker for M1 macrophages, we discovered a
higher prevalence of CD86-positive macrophages in FS
synovial tissue compared to the control group (Supple-
mentary Fig. 1B). Additionally, we quantified the levels
of cytokines IL-1p, IL-6, IL-10, and TNF-a in the gle-
nohumeral joint of patients using ELISA. The concen-
trations of these cytokines were significantly elevated
in the joints of FS patients, with TNF-a exhibiting the
most pronounced difference (Supplementary Fig. 1.C).
Furthermore, we explored the impact of TAK715 on
macrophage polarization and found that TAK715 could
inhibit M1 macrophage polarization at a concentration of
5 uM under LPS and IFN-y stimulation, as shown by flow
cytometry results, thereby reinforcing its anti-inflam-
matory effect (Fig. 4J). These findings suggested that

Fig. 4 The TAK715 was safe and could reverse the fibrotic process of FS synovium fibroblasts and the inappropriate SFs apoptosis was inhibited
during this process. Moreover, the TAK715 showed remarkable anti-inflammatory effects. A The flowchart of the fibrosis and inflammation
experiments. B The CCK 8 analysis confirmed the TAK715 was safe for synovium fibroblasts at the concentration of 1 uM, 5 uM and 10 uM. C, D

The western blot analysis of the TAK715 effect on reversing the fibrotic process of FS synovium fibroblasts. The statistic results (n=3) confirmed

that the TAK715 could reverse the fibrotic process of FS synovium fibroblasts at the final concentration of 1 uM, 5 uM and 10 uM. *P<0.05; **P<0.01;
% P<0,001; **** P<0.0001. E The transwell analysis confirmed the TAK715 could decrease the migration ability of FS synovium fibroblasts, which
was consistent with the western-blot analysis. Scale bar: 1000 uM. *P <0.05; **P<0.01; *** P<0.001; **** P<0.0001. F, G, H, I the TAK715 could inhibit
the FS synovium fibroblasts apoptosis at the effective concentration of 5 pM and 10 uM in western-blot (F)(H) and flow cytometry analysis(G)(1). J
the flow cytometry of the TAK715 effect on inhibit the M1 polarization. K, L The western blot analysis of the TNF-a stimulating the control synovium
fibroblasts into the fibrotic process and the TAK715 could inhibit this stimulation on synovium fibroblasts. The statistic results (n=3) confirmed

that the TNF-a could stimulate the control synovium fibroblasts into the fibrotic process at the final concentration of 100 ng/mL significantly

and the TAK715 could inhibit this process at 5 uM effectively. M, N the confocal image showed that under the stimulation of TNF-a at 100 ng/mL
the p65 enter the cell nuclear to perform the subsequent process and the TAK715 could interpose this process at 5 uM. Scale Bar: 50 um. *P < 0.05;

**P<0.01;***P<0.001; ****P<0.0001
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pro-inflammatory cytokines could initiate the fibrotic
process in FS, and that TAK715 effectively counters
inflammatory responses.

Building on these results and prior research, we
selected TNF-a to stimulate synovial fibroblasts from
control patients at a concentration of 100 ng/ml [49-51].
We then applied TAK715 at a concentration of 5 puM to
verify its anti-inflammatory properties. qRT-PCR and
western-blot analysis revealed significant upregulation
of fibronectin, collagen I, and collagen III when these
cells were stimulated by TNF-a (Supplementary Fig. 1.D,
Fig. 4K-L). Moreover, apoptosis indices were also signifi-
cantly elevated under this stimulation (Fig. 4K-F), indi-
cating that pro-inflammatory cytokines might enhance
SFs apoptosis, thereby initiating the fibrosis process.

To delve deeper into the mechanism behind TAK715’s
anti-inflammatory effect, we assessed its capacity to pre-
vent p65 from translocating into the cell nucleus and
initiating downstream effects under the LSM 5 Exciter
confocal imaging system. The confocal imaging con-
firmed that TAK715 could indeed impede the subsequent
functional role of p65 (Fig. 4M, N). These results pro-
vided valuable insights into the molecular mechanisms
of TAK715’s anti-inflammatory action and its potential
therapeutic utility in mitigating the inflammatory pro-
cesses associated with FS.

The bioinformatic analysis confirmed the reverse-fibrosis
and anti-inflammation effect of TAK715 through specific
signaling pathways

To investigate the gene expression under TAK715 stim-
ulation in FS synovial fibroblasts and further clarify the
therapeutic effect of TAK715 on FS synovial fibroblasts,
we consequently performing the RNA-seq technol-
ogy to examine the synovial fibroblast transcriptome
from 6 individuals with FS (The FS group was set as
negative control group, NC group) and 3 of these were
stimulated with TAK715 at 5 uM (TAK5 group). We
identified 2068 differentially expressed genes (DEGs)
(1153 significantly up and 915 significantly down) with
|log,fold change|>log,2 and adjusted p-value<0.05

(See figure on next page.)
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between the NC and TAKS5 group (Fig. 5A). The enrich-
ment analysis, including GO, KEGG and GSEA analysis
were performed to investigate the functional implica-
tions of TAK715 in FS synovial fibroblast. In GO analy-
sis, the extracellular region (GO:0005576), extracellular
space (GO:0005615) and cell junction (GO:0030054)
in Cellular Component showed that the TAK715 could
adjust the extracellular component, as the FS synovial
fibroblasts synthesize and secret more extracellular
matrix. In GO biological process, the apoptosis pro-
cess (GO:0006915) in top20 enriched gene number and
apoptosis pathway in KEGG (pathway ID: hsa04210)
exhibited that the TAK715 could interfere the apop-
tosis process in FS synovial fibroblasts. Considering
the inflammation effect on synovial fibroblasts, the
TNF (pathway ID: hsa04668) and IL-17 (pathway ID:
hsa04657) signaling pathways in KEGG analysis are sig-
nificantly enriched, which indicated that the TAK715
interposed the inflammation response in FS synovial
fibroblasts. The bioinformatic analysis in both extracel-
lular and inflammation response is corresponding with
previous part of this study (Figs. 5 and 6).

Subsequently, the GSEA analysis further discuss the
relationship between certain pathways. The interested
pathways were focused within the p value<0.05, FDR
(false discovery rate)<0.25 and |NES|>1. In KEGG
enrichment analysis, considering the previous part in
this study, we analysis the MAPK signaling pathway and
apoptosis. The GSEA results verified that the TAK715
could lessen the MAPK cascade activity and remit
the FS synovial fibroblasts apoptosis. Considering the
inflammation and fibrosis aspect, the IL-17, TNF and
TGEF-Bsignaling pathways GSEA results exhibited the
anti-inflammation and anti-fibrosis effects of TAK715,
corresponding with previous part in this study. Addi-
tionally, in GO term GSEA analysis, we emphasized on
collagen-related terms. The collagen binding, collagen-
containing extracellular matrix, collagen fiber organi-
zation, growth factor activity and collagen trimer term
results showed the TAK715 effect on reversing fibrosis,
which is also consistent with previous part.

Fig.5 Gene expression after the treatment of TAK715. A The volcano plot of different expression genes after the TAK715 treatment at 5 uM in FS
synovial fibroblasts. The untreated FS synovial fibroblast was set as control group (NC) and the FS synovial fibroblasts that were treated with 5 pM
TAK715 (TAK5) was set as compared group. The volcano plot was constructed with fold-change values (log2 scale) and p values (-log10 scale).
The vertical lines were corresponding with the |log, fold change |of log,2 and the horizontal line represents with a p value of 0.05. B The heatmap
of the top 1000 DEGs in this gene set. C The GO Enrichment BarPlot of DEGs (ranked by enriched gene numbers). The terms that we focused
were highlight. In top20 biological process, the apoptotic process (GO:0006915) was included. In top10 Cellular Component, the extracellular
region (GO:0005576), extracellular space (GO:0005615) and cell junction (GO:0030054) were included. In Molecular Function, the protein binding
(GO:0005515) was included. D The top20 KEGG pathways (ranked by p.value). The terms that we focused were highlight. The IL-17 signaling
pathway (hsa04657), TNF signaling pathway (hsa04668) and apoptosis (hsa04210) were included. E, F The top 30 P Value of GSEA Enrichment
analysis in KEGG and GO. The pathways or terms that we focused were highlighted. NES: normalized enrichment score
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Finally, considering the macrophage infiltration in
ES tissue, we used CIBRTSORT algorithm to conduct
immune infiltration analysis after the TAK715 inter-
vention. We found M1 macrophage distributed less in
TAK?715 intervention compared with FS group.

Overall, our bioinformatic results of TAK715 inter-
vention vs FS are corresponding with previous part. The
anti-fibrosis, anti-inflammation and modulating polari-
zation effects of TAK715 were verified at bioinformatic
level.

Effects of TAK715 on Glenohumeral ROM and histological
appearance

At first, the micro-CT scans of the OVX and CON group
femurs were performed and the results confirmed that
the osteoporosis rats were successfully constructed (Sup-
plementary Fig. 2, A-C). Then none of the SD rats exhib-
ited glenohumeral joint dislocations or fractures at the
examination point. The shoulder X-rays and ROM meas-
urements showed that the angles between the lateral
border of scapula and medial border of humerus were
significantly lower in the frozen shoulder model side
(left shoulder) than the control side (right shoulder) both
at neutral and abduction position in the FSCON and
FSOVX groups (Fig. 7A-D). The FSOVX group exhibited
significantly lower angles in the FS side, confirming that
the frozen shoulder models were successfully established
and the FSOVX group was more serious in the limitation
of glenohumeral joint.

The study examined the effects of TAK715 on the limi-
tation of glenohumeral joint in different groups. In the
T-FSCON group, there were no significant differences
in angles between the FS side and control side in abduc-
tion position, but in neutral position, the angles in the FS
side were still significantly lower than the control side.
Additionally, the mean difference between FS and control
side in neutral position was lower in the T-FSCON group
than in the FSCON group. In the T-FSOVX group, there
were still significant differences between FS and control
side both at neutral and abduction position. Compared

(See figure on next page.)
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with the FSOVX group, the mean difference between FS
and control side was not significantly different at neu-
tral position, but at abduction position, the mean differ-
ence was significantly lower. The results showed that in
the NOVX group, TAK715 had a significant treatment
effect in almost completely correcting the limitation of
glenohumeral joint at abduction position. However, in
the OVX group, TAK715 could not completely correct
the limitation of glenohumeral joint but also exhibited a
treatment effect to some extent (Fig. 7A-D).

After the SD rats were sacrificed, the shoulder joints
were separated, which is composed of the synovium
and the fibrous layer. We found that TAK715 had a sig-
nificant treatment effect in reversing fibrosis and reduc-
ing inflammation in both T-FSCON and T-FSOVX
groups. H&E-stained and IHC images showed a signifi-
cant decrease in inflammation cells that infiltrated the
capsular and a thinner fibrous layer after TAK715 treat-
ment. Moreover, we found that the inflammation cells
were more infiltrated in FSOVX group (Fig. 7E-G; Sup-
plementary Fig. 4.A, B). Additionally, the pro-inflamma-
tion cytokines (IL-1f, IL-6 and TNF-a) were also more
secreted in OVX-FS capsule than in NOVX-FS capsule
by ELISA (Supplementary Fig. 4.C). Masson-stained
images confirmed that collagen was less dense (Fig. 7F).

Above all, these results confirmed that TAK715 was
effective in reversing FS fibrosis and resisting inflamma-
tion infiltration, which was consistent with in vivo exper-
iments. Additionally, the FSOVX group exhibited more
severe symptoms in limitation of ROM and histology
compared to the FSCON group, and the FSOVS group
was more difficult to correct.

TAK715 could protect the shoulder osteoporosis to some
extent

The study aimed to investigate the anti-osteoporosis
effect of TAK715 in vitro and vivo. First, BMDMs were
harvested and analyzed using flow cytometry, which were
both F4/80 and CD11b positive, confirming success-
ful macrophage induction (Fig. 8A). The TRAP-stained

Fig. 6 GSEA and immune infiltration analysis after TAK715 treatment. A The selected KEGG GSEA analysis ES diagram: apoptosis (pathway ID:
hsa04210), TNF (pathway ID: hsa04668), IL-17 (pathway ID: hsa04657), MAPK signaling pathway (pathway ID: hsa04010) and TGF-beta signaling
pathway (pathway ID: hsa04010). The combined ES diagram was at last. B The combined heatmap of selected pathways in KEGG GSEA analysis. C
The selected GO GSEA analysis ES diagram: The collagen binding (GO:0005518), collagen-containing extracellular matrix (GO:0062023), collagen
fiber organization (GO:0030199), growth factor activity (GO:0008083) and collagen trimer (GO:0005581). The combined ES diagram was at last. D
The combined heatmap of selected pathways in KEGG GO analysis. E The inflammation-collagen interaction chord gram showed that the collagen
terms and inflammation pathways are tightly linked. The value between term and pathway was calculated according to the log, fold change

of common genes. F The heatmap of different immune-cell gene expression in this gene set. The M1 macrophage related genes were more
expressed in untreated FS synovial fibroblasts (NC group) compared with TAK715 treated (TAK5 group). G The correlation and p value of immune
infiltration result. The M1 macrophage cluster exhibited the correlation of 0.18 and p value of 0.32, which indicated that the M1 macrophage

infiltration was positive linked with the FS synovial fibroblasts
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results showed that TAK715 (5 uM) could inhibit oste-
oclast activation after 5 days of RANKL induction at
30 ng/ml (Fig. 8B, C). Simultaneously, the TAK715 effect
on osteoblast function was also tested by Alizarin red
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S(ARS) staining. The TAK715 at 5 uM didn’t influence
the osteoblast function (Fig. 8B, C).
In micro-CT examination,
FSCON groups showed lower BMD on the FS side

both the FSOVX and
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compared to the control side, indicating local osteopo-
rosis in FS patients. Furthermore, the study found that
TAK715 could partially correct the local osteoporosis
in both CON and OVX group (Fig. 8D-G). In the TRAP
(tartrate-resistant acid phosphatase) staining, the more
osteoclasts were accumulated in the epiphysis of FS side.
Compared with the NOVX group, the OVX group also
showed more accumulated osteoclasts. TAK715 could
inhibit the osteoclast activation in vivo (Fig. 8D-G).

Discussion

The susceptibility to frozen shoulder aligns with that of
osteoporosis, particularly affecting post-menopausal
women. However, current research tends to view frozen
shoulder (FS) and osteoporosis (OP) as distinct condi-
tions due to insufficient evidence to suggest otherwise.
Despite this, FS patients are at risk of developing local
osteoporosis, as confirmed by previous studies [13, 14].
In our clinical observations, post-menopausal women
constitute the majority of FS patients and often pre-
sent with more severe symptoms. Additionally, during
arthroscopic surgery, we noted that rotator cuff tears in
ES patients were more amenable to anchoring, a finding
consistent with existing literature.

Based on these clinical phenomena, this study sought to
explore the nexus between FS and OP. By analyzing data-
sets from the Gene Expression Omnibus (GEO) database,
we identified significant enrichment of the MAPK sign-
aling pathway in both conditions. Our findings indicated
heightened activity of the p38 MAPK pathway in FS at
both tissue and cellular levels. Treatment with TAK715, a
p38 inhibitor, mitigated fibrosis in FS synovial fibroblasts
and hindered osteoclast activation. FS tissues showed
increased rates of cellular apoptosis, with the presence
of M1 macrophages and pro-inflammatory cytokines.
TAK?715 also modulated macrophage polarization. Ani-
mal studies confirmed the presence of local osteoporosis
in FS and demonstrated TAK715’s efficacy in alleviating
shoulder osteoporosis. Collectively, the study under-
scores the significance of the p38 MAPK pathway and the
therapeutic potential of TAK715 in FS. Notably, this is
the first study to emphasize the connection between OP
and FS.

(See figure on next page.)
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Frozen shoulder (FS) can be categorized as primary
or secondary, with primary FS occurring spontaneously
without a clear cause and secondary FS linked to sur-
gery or trauma [4, 8]. Various mechanisms of secondary
ES pathogenesis have been proposed, including trauma,
inflammation, and homeostatic imbalance [4, 52]. Pri-
mary FS lacks a specific etiology, with its initial phase
associated with risk factors common to secondary FS.
Although the pathogenesis of primary and secondary FS
differs slightly, their clinical manifestations are largely
indistinguishable [4]. The condition typically evolves
through three overlapping phases: inflammation, stiff-
ness, and resolution. Inflammation and fibrosis are cen-
tral to FS pathogenesis. Our previous work confirmed
that IL-6 promotes FS fibrosis via the PI3K-Akt signaling
pathway [12], and Salvianolic acid B mitigates inflam-
mation and pathological fibrosis by inhibiting CD36-
mediated activation of the PI3K-Akt pathway in FS. The
MAPK signaling pathway, crucial in cellular adhesion
and inflammation response, was significantly enriched in
previous studies [53], and our bioinformatic analysis cor-
roborated these findings. Regarding osteoporosis, it is a
systemic skeletal disease characterized by compromised
bone microarchitecture and increased fragility. Despite
identifying several risk factors (such as estrogen defi-
ciency or aging), osteoporosis remains prevalent.

In this study, we concentrated on the p38 MAPK
signaling pathway’s role in FS pathogenesis. Given p38
MAPK’s link to cellular apoptosis, we investigated its
role in FS pathogenesis. The apoptosis process was simi-
larly active as observed in liver fibrosis [54, 55]. We also
collected glenohumeral joint fluid from FS and control
patients to measure pro-inflammatory cytokines. Since
TNEF-a showed the most significant difference, its role
as a fibrogenic stimulus was confirmed. Under TNF-a
stimulation, apoptosis indices increased, indicating that
pro-inflammatory cytokine stimulation could trigger
apoptosis and fibrosis in synovial fibroblasts via the p38
MAPK pathway.

TAK715, an oral and specific p38 MAPK inhibitor with
an IC50 of 7.1 nM for p38a, has been shown to amelio-
rate rat arthritis in vivo [39]. Moreover, TAK715 reduced
intervertebral disc degeneration in vitro and in vivo

Fig. 7 the X-ray images (A, B), ROM measurement (C, D) and histology analysis of FS rat models. A, B The X-rays of FS rats in neutral and abduction
position and the statistics analysis of angle measurement in (A). (n=6) *P<0.05; **P<0.01; *** P<0.001; **** P<0.0001. C, D The ROM measurement
of FS rats in neutral and abduction position and the statistics analysis of ROM measurement in (A). (1=6) *P<0.05; **P<0.01; *** P<0.001; ****
P<0.0001. E Representative hematoxylin and eosin-stained (H&E) tissue sections of the shoulder joint. The capsule regions were encircled in dotted
rectangle. Scale Bar: 100 uM. F Representative masson-stained tissue sections of the shoulder joint. The capsule regions were encircled in dotted
rectangle. Scale Bar: 100 uM. G The statistics analysis of capsular thickness(mm) and macrophage relative counts in (E). (n=3) *P<0.05; **P<0.01; ***

P<0.001; **** P<0.0001
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in Fig. 8 (D, E)

through anti-inflammatory mechanisms. In this study,
TAK715 demonstrated remarkable efficacy in correcting
fibrosis and osteoporosis both in vitro and in vivo. Based
on TAK715’s treatment effects, we found that p38 MAPK
activation was associated with fibrosis progression in
synovial fibroblasts, independent of inflammation. Thus,
we propose that FS fibrosis comprises two components:
inflammation-induced fibrosis and intrinsic fibrosis not
triggered by inflammation.

Frozen shoulder (FS) is characterized by revers-
ible fibrosis, particularly during the resolution phase.
ES fibrosis intensifies between the inflammation and

stiffness phases. Interestingly, FS patients may experi-
ence spontaneous relief during the resolution phase,
unlike other fibrotic diseases such as pulmonary, renal,
and liver fibrosis. Based on our results, we hypothesize
that fibrogenic stimuli, such as TNF-a, are released in the
glenohumeral joint due to intrinsic or extrinsic factors
like trauma, hormonal imbalance, or metabolic diseases.
This triggers p38 MAPK, leading to imbalanced cellular
apoptosis. Local cellular apoptosis or trauma attracts
macrophages, prompting inflammation and fibrosis pro-
gression. The patient then enters the inflammatory phase.
As fibrotic proteins accumulate, the stiffness phase
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occurs. Ultimately, with the cessation of fibrogenic stim-
uli and consistent cellular apoptosis, synovial fibroblasts
cease secretion, and fibrotic proteins are degraded by M1
macrophages [55, 56]. This could explain the resolution
phase in FS patients.

Current research primarily focuses on this revers-
ible fibrosis, but osteoporosis in FS is often overlooked.
Previous studies have reported local osteoporosis in
the humeral head of FS shoulders. We speculate that
this osteoporosis results from partial immobilization
of the glenohumeral joint and inflammation infiltra-
tion, leading to overactive osteoclasts and increased
bone resorption. Shoulder osteoporosis raises the risk
of pathological fractures, especially in postmenopausal
women, who have a higher incidence of FS. Our results
first confirmed that the FS side exhibited more osteo-
porosis than the control side, aligning with clinical find-
ings. Moreover, ovariectomized (OVX) rats displayed
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more severe FS symptoms, suggesting that osteoporo-
sis might be a risk factor for FS or exacerbate its symp-
toms. The p38 MAPK pathway is crucial for osteoclast
maturation, and our results verified that TAK715 effec-
tively inhibits osteoclast maturation in vitro. In animal
experiments, rats treated with TAK715 showed less
osteoporosis. We believe TAK715 is potent in protect-
ing against osteoporosis by preventing osteoclast matu-
ration (as shown in Fig. 9).

Overall, this study aimed to investigate the relationship
between frozen shoulder and osteoporosis and to find a
method to correct fibrosis and protect against osteopo-
rosis simultaneously, marking a novel approach in FS
research. We propose that the p38 MAPK signaling path-
way may be the intersection between fibrosis and osteo-
porosis. The specific p38 inhibitor TAK715 was effective
in correcting fibrosis and protecting against osteoporosis
(as shown in Fig. 9).

osteoclast
inactivation

ECM

degradation

stiffness

Fig. 9 The pathogenesis mechanism based on the activation of p38 MAPK signal pathway and the therapeutic effect of TAK715. Briefly, the extrinsic
or intrinsic reasons produced fibrogenic stimuli and the stimuli triggered synovium fibroblast apoptosis and recruited macrophage infiltration.

At the initial pathogenesis phase, the osteoclast was also activated. In this stage, the patients suffered from pain, stiffness and bone loss. Under

the cessation of fibrogenic stimuli and consistent cell apoptosis, the ECM secreting is stopped and degraded. The FS comes into thawing phase.
Holistically, the TAK715 could correct the fibrosis and local osteoporosis to accelerate the rehabilitation. (Created from https://www.biorender.com)
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However, this study has limitations. First, although we
confirmed the crosstalk genes and the role of the p38
MAPK signaling pathway linking FS and OP, the deeper
correlation between them requires further investigation.
Despite examining clinical phenomena and developing
animal models, there are inherent differences between
humans and rats. Additionally, while our hypothesis
about FS pathogenesis during the resolution phase is
theoretically sound, practical validation is needed. Due
to the difficulty of obtaining tissue samples during the
resolution phase, our results only partially confirm the
hypothesis. Furthermore, whether bone mineral density
changes after OVX significantly influence the FS pro-
cess requires further research. The mechanism by which
TAK?715 protects against osteoporosis is unclear; it may
primarily inhibit osteoclast activation directly or correct
ES to indirectly affect osteoclasts. For future research,
potential targets or functions associated with p38 MAPK
should be explored, and the long-term therapeutic effects
of TAK715 or other drugs targeting p38 MAPK in vitro
or in vivo need clarification. Finally, conducting rand-
omized clinical controlled trials or clinical translational
research would be highly valuable.

Conclusion

Overall, this study explores the connection FS and OP
and provides a new and available theory about the patho-
genesis process of frozen shoulder based on the p38
MAPK signal pathway. The frozen shoulder with osteo-
porosis may exhibit more severe symptoms in animal
experiments, and TAK715 is effective in protecting fibro-
sis and osteoporosis both in vitro and vivo.
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