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A B S T R A C T

Objective: To characterize bone morphogenetic protein (BMP) signaling in cuff tear arthropathy (CTA) using a 
modified rat model (mCTA) and determine whether inhibition of DMH1-sensitive BMP type I receptor signaling 
attenuates CTA pathology.
Design: The rat mCTA model was generated by resection of the supraspinatus and infraspinatus tendons, the 
superior joint capsule, and the long head of the biceps tendon. Single-cell RNA sequencing (scRNA-seq) was 
performed to characterize BMP ligand expression in the humeral head. BMP-2, BMP-7, and phosphorylated 
Smad1/5 (p-Smad1/5) were evaluated by immunohistochemistry, and Id1 expression was assessed by RT-qPCR. 
Synovial macrophage subsets were assessed by immunostaining. Rats received daily intraperitoneal DMH1 
(10 mg/kg) or vehicle for 4 weeks. Histological scores, bone volume, osteoclast number, inflammatory cytokines, 
catabolic enzymes, and macrophage markers were quantified.
Results: scRNA-seq revealed expression of BMP ligands. In mCTA cartilage, BMP-2 and BMP-7 expression, p-
Smad1/5 signaling, and hypertrophic markers (Runx2, Col10a1) were upregulated. DMH1 suppressed Smad1/5 
activation, reduced inflammatory and catabolic gene expression, and attenuated cartilage degeneration. In 
subchondral bone, BMP signaling was associated with increased osteoclast numbers, RANKL/OPG imbalance, 
and reduced bone volume, all of which were improved by DMH1 treatment. In the synovium, BMP signaling and 
inflammatory mediators were elevated with increased macrophage numbers; DMH1 reduced inflammatory 
mediators and M1 macrophage numbers.
Conclusions: BMP–Smad1/5 signaling is activated in multiple joint tissues in mCTA and is associated with 
cartilage degeneration, subchondral bone resorption, and synovial inflammation. These findings suggest that 
BMP–Smad1/5 signaling may contribute to the pathological changes observed in mCTA.

1. Introduction

Massive rotator cuff tears are frequently associated with lesions of 
the long head of the biceps brachii (LHB) [1] and superior part of the 
capsule [2], ultimately leading to cuff tear arthropathy (CTA), a 
unique form of shoulder osteoarthritis (OA) characterized by

progressive deformity of the humeral head accompanied by sub-
chondral bone collapse [3–5]. Unlike the subchondral bone sclerosis 
typically observed in common forms of OA such as knee OA, sub-
chondral bone collapse is a distinctive pathological feature of CTA [3, 
6], suggesting that different molecular mechanisms underlie disease 
progression. However, the signaling pathways responsible for this
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characteristic bone destruction remain poorly understood. We pre-
viously developed a modified rat model of CTA (mCTA) by resecting 
the rotator cuff, the LHB tendon, and the superior half of the joint 
capsule [7]. This model reproduces the characteristic pathological 
features of CTA, providing a useful platform for investigating the 
molecular signaling pathways responsible for CTA-specific sub-
chondral bone collapse.

Bone morphogenetic protein (BMP) signaling is a major regulator of 
bone remodeling and mechanotransduction [8]. BMPs signal through 
type I (ALK1, ALK2, ALK3, and ALK6) and type II receptors. 
Ligand–receptor engagement induces the phosphorylation of Smad1/5, 
thereby regulating target gene transcription via the canonical SMAD 
pathway [9]. In addition to its essential role in skeletal development, 
BMP signaling is activated in response to inflammatory cytokines and 
mechanical stimuli, both of which characterize the pathological micro-
environment of CTA [6,7,10]. Tumor necrosis factor-α and inter-
leukin-1β (IL-1β) induce BMP-2 expression in chondrocytes [11,12], 
whereas compressive loading stimulates BMP-4 expression in osteo-
blasts [13]. These findings suggest that the inflammatory and abnormal 
mechanical environments characteristic of CTA may promote BMP 
signaling within the affected joint.

BMP signaling has also been implicated in osteoclast-mediated bone 
remodeling. BMP ligands stimulate osteoclast differentiation directly 
and indirectly by increasing receptor activator of nuclear factor-κB 
ligand (RANKL) expression in osteoblast-lineage cells, thereby promot-
ing bone resorption [14–16]. Unlike conventional knee OA, CTA is 
characterized by excessive osteoclastogenesis, persistent subchondral 
bone loss, and progressive subchondral bone collapse rather than the 
development of subchondral sclerosis [3,6,17]. Although BMP signaling 
has been extensively studied in knee OA, where it contributes to carti-
lage degeneration, chondrocyte hypertrophy, and osteophyte formation 
[18–20], it remains unknown whether BMP signaling regulates the 
unique osteochondral phenotype of CTA, particularly the persistent 
imbalance between bone resorption and formation that leads to humeral 
head collapse. Therefore, this study was designed not simply to deter-
mine whether BMP signaling is activated in CTA, but to investigate 
whether BMP–Smad1/5 signaling contributes to the characteristic 
pathological features of CTA, including osteoclast-mediated sub-
chondral bone loss and collapse.

In this study, we first characterized the expression and activation 
of BMP signaling in the modified rat CTA (mCTA) model using 
single-cell RNA sequencing (scRNA-seq) and immunohistochemical 
analyses of BMP ligands and phosphorylated Smad1/5 (p-Smad1/5). 
For the loss-of-function experiment, we used dorsomorphin homolog 
1 (DMH1), a selective inhibitor of BMP type I receptors that blocks 
canonical BMP-Smad1/5 signaling while exhibiting greater kinase 
selectivity than LDN-193189 [21–24]. We hypothesized that aber-
rant BMP signaling contributes to the excessive osteoclastogenesis 
and the osteochondral and synovial changes characteristic of CTA 
and that pharmacological inhibition of this pathway would attenuate 
disease progression.

2. Methods

All the animal experiments were approved by the Institutional Ani-
mal Care and Use Committee of Kagoshima University (approval no. 
MD24067) and performed according to the Kagoshima University Ani-
mal Experimentation Regulations and the ARRIVE guidelines.

2.1. Rat mCTA model

Forty-four 12-week-old male Sprague–Dawley rats were anes-
thetized with isoflurane. In the right shoulder, the deltoid muscle was 
incised, and the supraspinatus (SSP) and infraspinatus (ISP) tendons 
were resected at their insertions onto the humeral head. The superior

half of the joint capsule and the LHB tendon were then resected [7]. 
Sham surgery was performed on the left shoulder through a deltoid 
incision.

2.2. Single-cell RNA sequencing

For Group 1, both the Sham and mCTA shoulders from two rats (four 
shoulder samples in total) were analyzed by scRNA-seq 4 weeks after 
mCTA surgery (Fig. 1A). Cartilage and subchondral bone from the su-
perior to middle humeral head were enzymatically dissociated, labeled 
with unique hashtag antibodies, pooled, and analyzed using the BD 
Rhapsody Single-Cell Analysis System. After quality control, 23,214 
high-quality cells were obtained from 30,991 initial cells. Candidate 
cartilage-, bone-, and immune-lineage populations were selected from 

the full dataset and reclustered as a target subset (2651 cells) for 
downstream analysis. Detailed procedures for library preparation, pre-
processing, quality control, clustering, and reclustering are provided in 
the Supplementary Information.

2.3. Analysis of mCTA tissues and DMH1 administration

For Group 2, 12 rats were assigned to immunohistochemical 
analysis or reverse transcription–quantitative polymerase chain re-
action (RT-qPCR) analysis (n = 6 animals for each analysis) 4 weeks 
after surgery (Fig. 2A). For Group 3, 24 rats were randomly assigned 
to the dimethyl sulfoxide and DMH1 groups (n = 12 animals per 
treatment group); six animals in each treatment group were used for 
histological and immunohistochemical analyses, and the remaining 
six were used for RT-qPCR analysis (Fig. 3A). DMH1 was administered 
using a protocol based on that reported by Pan et al. for mice [25], 
using a modified schedule consisting of once-daily intraperitoneal 
injection at 10 mg/kg beginning on postoperative day 1 and 
continuing for 4 weeks. The DMH1 dosing solution was prepared as 
described in the Supplementary Information. The control dimethyl 
sulfoxide group received daily intraperitoneal injections of an 
equivalent volume of the vehicle without DMH1. Using this regimen, 
there was no mortality, and no overt changes in the appearance, 
behavior, or body weights of the rats were observed (Fig. S1). For 
Group 4, six rats were assigned to immunohistochemical analysis 3 
days after Sham/mCTA surgery (Fig. S4A).

The rats were euthanized by isoflurane overdose, and the shoulder 
joint tissues were harvested for subsequent analyses.

2.4. Histological examination

The glenohumeral joint and surrounding tissues were isolated, fixed 
in 10% neutral buffered formalin for 24 h at room temperature, and 
decalcified in K-CX AT solution (CS-6101; Falma, Tokyo, Japan) at 4 ◦ C 
for 5 days. Paraffin sections were then prepared and Alcian blue (pH 1.0) 
staining was performed for the assessment of osteoarthritic changes 
using the Murine Shoulder Arthritis Score [26].

Regions of interest were predefined anatomically before quantitative 
analysis. Detailed definitions of the analyzed regions are provided in the 
Supplementary Information.

2.5. Immunohistochemistry, immunofluorescence and RT-qPCR

Immunohistochemical and immunofluorescence analyses were 
performed using standard protocols. Details of antigen retrieval, 
antibodies, staining procedures, and image acquisition are provided 
in the Supplementary Information. Positive staining was quantified 
as the proportion of signal-positive cells among total cells. RNA 
sample preparation and RT-qPCR were performed using standard 
protocols; detailed procedures are provided in the Supplementary 
Information.
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2.6. Bone volume/tissue volume ratio (BV/TV) and the collapsed area

Hematoxylin and eosin staining of sections was also performed. The 
BV/TV ratio was then calculated according to the method for murine OA 
described by Nagira et al. [27]. The humeral head was imaged using the

BZ-X710/BZ-X700 microscope system. The subchondral trabecular bone 
area of the superior zone was defined using BZ-X Analyzer software 
(Keyence) and measured as the TV and BV. The collapsed area of the 
humeral head was quantified using a predefined anatomical method 
described in the Supplementary Information.

Fig. 1. Results of the single-cell RNA sequencing (scRNA-seq) analysis of the mCTA humeral head and expression of BMP-related genes. (A) Group 1 consisted of two 
rats; scRNA-seq data were generated from two biological samples per group and pooled for analysis. (B) FIt-SNE plot showing the cell clustering. (C) Proportional 
distribution of the identified clusters in the Sham and mCTA groups. (D) Expression of BMP genes. S, Sham; C, mCTA.
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2.7. Statistical analysis

All histological and image-based quantitative assessments were inde-
pendently performed by two blinded investigators. The animal was 
considered the experimental unit, and shoulder-level measurements were 
used for statistical analyses. Interobserver reliability was assessed using ICC 
(2,2), demonstrating good-to-excellent agreement across outcomes (range, 
0.847–1.000). Detailed statistical procedures and sensitivity analyses are 
described in the Supplementary Information and Tables.

3. Results

3.1. Exploratory scRNA-seq analysis identifies BMP ligand expression 
across cartilage and bone cell populations

The target subset used for scRNA-seq analysis comprised 2651 cells, 
including 1540 cells from the sham group (866 and 674 cells) and 
1111 cells from the mCTA group (405 and 706 cells). The scRNA-seq 
data were subjected to unsupervised clustering and visualized using

Fig. 2. Expression of BMP-2 and BMP-7 and the activation status of BMP signaling in the articular cartilage, subchondral bone, and synovium of Sham and mCTA 
rats. (A) Twelve rats in Group 2 were allocated to histological analysis or RT-qPCR analysis. (B) Immunohistochemical staining for BMP-2 and BMP-7 in the articular 
cartilage, subchondral bone, and synovium. Scale bar = 50 μm. (C) Percentages of the BMP-2- and BMP-7-positive cells shown in (B). (D) Immunohistochemical 
staining for phosphorylated Smad1/5 (p-Smad1/5) in the articular cartilage, subchondral bone, and synovium (left panels) and the percentages of the cells that were 
positive (right panels). Scale bar = 50 μm. (E) Relative mRNA expression of Id1, assessed using RT-qPCR. n = 6 shoulders in each group.
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FIt-SNE plots. A total of 12 clusters were identified on the FIt-SNE plot 
(Fig. 1B). By cross-referencing these clusters with FIt-SNE feature plots 
showing the expression of established markers for chondrocytes, hy-
pertrophic chondrocytes, osteoblasts, and osteocytes (Fig. S2), we 
identified immature chondrocytes (Cluster 9), chondrocytes (Cluster 0), 
hypertrophic chondrocytes (Cluster 5), and osteoblasts/osteocytes 
(Cluster 8) (Fig. 1B). These findings were validated by measuring the 
expression of cell type-specific marker genes for each cluster (Fig. S3). 
Because osteoclasts are multinucleated giant cells, they were likely to 
have been excluded or disrupted during filtering and the other sample 
preparation procedures, and therefore they were not detected as a

cluster in the present scRNA-seq analysis. Analysis of the proportional 
distribution of each cluster within the total cell population revealed that, 
in the mCTA samples, the fraction of immature chondrocytes was lower, 
whereas those of chondrocytes and hypertrophic chondrocytes were 
slightly higher (Fig. 1C). Immature chondrocytes showed detectable 
expression of BMP-2, -4, -5, -6, -7, and -14, whereas chondrocytes 
expressed BMP-2, -4, -5, -7, and -14. Hypertrophic chondrocytes and 
osteoblasts/osteocytes also expressed multiple BMP ligands, including 
BMP-2, -5, -6, -7, -8a, and − 14 and BMP-2, -4, -5, -6, -7, -8a, and -8b, 
respectively (Fig. 1D). Comparison between control and mCTA samples 
demonstrated a tendency toward higher expression of BMP-5, -7, and 
-14 in hypertrophic chondrocytes and BMP-5, -6, and -8b in osteoblasts/ 
osteocytes in the mCTA group (Fig. 1D). These findings suggested that 
several BMP ligands were expressed in cell populations potentially 
involved in CTA pathology, prompting further investigation of BMP 
signaling activation by immunohistochemical analysis of phosphory-
lated Smad1/5.

3.2. BMP-2 and BMP-7 expression and BMP signaling activity in mCTA 
joints

We evaluated the expression of BMP-2, a representative member of 
the BMP-2/4 group that has been reported to be upregulated in knee OA, 
and BMP-7, a representative of the BMP-5/6/7 subgroup that was found 
on scRNA-seq to be upregulated in hypertrophic chondrocytes in the 
mCTA samples (Fig. 1D). For both BMP-2 and BMP-7, immunoreactivity 
was higher (Fig. 2B) and larger numbers of expressing cells were 
observed (Fig. 2C) in the articular cartilage, subchondral bone, and 
synovium in the mCTA model. To assess the activation of the canonical 
Smad pathway by BMPs, we quantified p-Smad1/5-positive cells and 
found larger numbers in all the tissues evaluated (Fig. 2D). Furthermore, 
to determine whether increased p-Smad1/5 signaling was accompanied 
by downstream transcriptional activation across all evaluated joint tis-
sues, including the synovium, we measured the mRNA expression of Id1, 
a direct downstream target of BMP signaling [28], by RT-qPCR. Id1 
expression was upregulated in all the evaluated tissues from the mCTA 
model (Fig. 2E).

3.3. DMH1-mediated suppression of BMP signaling in mCTA joints

After 4 weeks of DMH1 treatment (Fig. 3A), p-Smad1/5 immuno-
staining demonstrated near-complete suppression of BMP signaling to 
control levels in the cartilage and subchondral bone, and approximately 
50% suppression in the synovium (Fig. 3B and C). Consistent with this, 
DMH1 normalized Id1 expression in the cartilage and subchondral bone, 
whereas approximately one-third of the increase persisted in the syno-
vium (Fig. 3D). DMH1 administration did not affect the expression of 
these markers in the Sham shoulders.

3.4. DMH1 partially attenuates the osteoarthritic changes in the cartilage 
of mCTA

Murine Shoulder Arthritis Score assessment showed that DMH1 
slightly attenuated the mCTA-induced arthropathic changes (Fig. 4A). 
Although the expression of the hypertrophic markers Runx2 and 
Col10a1 had not been measured in the mCTA model, we hypothesized 
that it would be upregulated, given that they are BMP targets. Both the 
staining intensity and the number of positive cells were higher in the 
mCTA joints and were both substantially reduced by DMH1 treatment 
(Fig. 4B).

As we have previously reported [6,7], the expression of 
pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) and catabolic en-
zymes (MMP-3, MMP-13, and ADAMTS-5) is upregulated in the articular 
cartilage of mCTA joints, and DMH1 reduced the proportion of 
expressing cells by approximately 50% (Fig. 4C–F).

Fig. 3. Effects of DMH1 administration on BMP signaling, assessed using p-
Smad1/5 and Id1 expression. (A) The rats in Group 3 were assigned to a control 
(DMSO-treated) group or a DMH1-treated group, and for each group, tissues 
from half underwent histological analysis and those from the remaining half 
underwent RT-qPCR analysis. (B) Immunohistochemical staining for p-Smad1/5 
in the articular cartilage, subchondral bone, and synovium. Scale bar = 50 μm. 
(C) Percentages of the p-Smad1/5-positive cells shown in (B). (D) Relative 
mRNA expression of Id1, assessed using RT-qPCR. n = 6 shoulders in 
each group.
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Fig. 4. Effects of DMH1 administration on the MSAS, chondrocyte hypertrophy, and expression of inflammatory cytokines and catabolic enzymes in rats with mCTA. 
(A) Representative Alcian blue-stained sections (left panels) and the MSAS (right panel). The boxed areas in the upper left images indicate the region shown at higher 
magnification in the lower panels. Scale bar = 1000 μm (upper panels) and 200 μm (lower panels). (B) Immunohistochemical staining for the hypertrophic 
chondrocyte markers Runx2 and Col10a1 in the articular cartilage (left panels) and the percentages of the cells that were positive (right panels). Scale bar = 50 μm. 
(C, D) Immunohistochemical staining for the indicated inflammatory cytokines (C) and the percentages of cells that were positive (D). Scale bar = 50 μm. (E, F) 
Immunohistochemical staining for the indicated catabolic enzymes (E) and the percentages of the cells that were positive (F). Scale bar = 50 μm. n = 6 shoulders in 
each group.
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3.5. Effects of DMH1 on the subchondral bone of mCTA

DMH1 substantially improved the mCTA-induced reduction in 
BV/TV, and reduced the collapsed area by ~50% (Fig. 5A). DMH1 
administration slightly increased BV/TV in the Sham shoulders. The 
number of osteoclasts was also reduced by approximately half

(Fig. 5B). We also performed immunohistochemical analysis of 
RANKL, which is essential for osteoclast differentiation, and its 
antagonist osteoprotegerin (OPG) [29,30]. RANKL expression and 
the RANKL/OPG ratio, both of which were high in mCTA, were 
reduced toward the Sham levels by DMH1 (Fig. 5C). Sclerostin is a 
downstream target of BMP signaling that may mediate these changes

Fig. 5. Effects of DMH1 administration on the subchondral bone volume, collapse, osteoclast number, RANKL/OPG expression ratio, and sclerostin expression in the 
humeral head of rats with mCTA. (A) Representative hematoxylin and eosin-stained sections (left panels), which were used to measure bone volume/tissue volume 
(BV/TV) (upper panels; bone volume shown in red and tissue volume in red plus yellow) and the collapsed area ratio (lower panels; superior zone area shown in 
yellow plus red and collapsed area in red). Scale bar = 1000 μm. The quantification is shown in the right panels. (B) Immunohistochemical staining for cathepsin K to 
assess the numbers of osteoclasts in the subchondral bone (left panels) and corresponding quantification (right panel). Scale bar = 50 μm. (C) Immunohistochemical 
staining for RANKL and OPG in the subchondral bone (left panels), and the number of RANKL-positive cells and the ratio of RANKL-to-OPG-positive cells (right 
panels). Scale bar = 20 μm. Arrowheads indicate positive cells. (D) Immunohistochemical staining for sclerostin in the subchondral bone (left panels) and quan-
tification analysis (right panel) (n = 6). Scale bar = 20 μm. n = 6 shoulders in each group.
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in osteoblasts and osteocytes [8], and we found that sclerostin 
expression was high in mCTA and partially suppressed by DMH1 
administration (Fig. 5D).

In the subchondral bone of mCTA, TNF-α expression was reduced by 
approximately half by DMH1 treatment. In addition, the numbers of IL-
1β-, IL-6-, MMP-13-, and ADAMTS-5-positive cells were reduced to 
levels comparable to those of the Sham group (Fig. 6A–D).

3.6. Effects of DMH1 on the synovium of mCTA

mCTA markedly increased the expression and proportions of cells 
that were positive for pro-inflammatory cytokines and catabolic 
enzymes in the synovium, and these increases were approximately 
halved following DMH1 treatment (Fig. 7A–D). The numbers of sy-
novial M1-like and M2-like macrophages were higher in the mCTA 
model. DMH1 reduced the numbers of CD14 + monocytes and M1-
like macrophages (iNOS + and CD80 + ) by approximately half 
(Fig. 7E and F), whereas its effect on M2-like macrophages (CD206 + ) 
was relatively modest.

Finally, to determine whether BMP expression was induced 
directly by the mCTA procedure or secondarily following the in-
duction of inflammatory cytokines, we examined the temporal rela-
tionship between these events by performing immunohistochemical 
analyses 3 days after mCTA surgery (Fig. S4). At this early time 
point, neither BMP-2 nor BMP-7 expression was increased in any of 
the evaluated joint tissues in the mCTA group, and accordingly, no 
increase in phosphorylated Smad1/5 (p-Smad1/5) was observed. In 
contrast, the expression of TNF-α, IL-1β, and IL-6 was significantly 
increased in all evaluated tissues.

4. Discussion

The present study extends previous work on BMP signaling in OA by 
addressing a distinct pathological context, namely CTA, which differs 
fundamentally from conventional OA by exhibiting persistent osteoclast-
mediated subchondral bone loss and collapse rather than compensatory 
subchondral sclerosis. Our findings suggest that BMP–Smad1/5 signaling is 
involved not only in cartilage-related OA changes but also in the abnormal 
bone remodeling process characteristic of CTA. A working hypothesis 
based on the present findings and previous literature in rats with mCTA is 
presented in Fig. 8. Several pathways shown in the model are supported by 
prior literature but were not directly tested in the present study. Surgical 
disruption of the rotator cuff tendons, superior joint capsule, and LHB 
tendon alters glenohumeral biomechanics [31,32], resulting in abnormal 
mechanical stress on the cartilage, subchondral bone, and synovium. Me-
chanical stress can induce BMP expression and signaling activation in 
musculoskeletal tissues [33–35]. Such mechanical alterations are likely to 
trigger the release of damage-associated molecular patterns, including 
HMGB1 and S100A9, as previously reported in this model [6]. These 
damage-associated molecular patterns stimulate the production of 
pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-6, which have 
been reported to induce BMP expression in musculoskeletal tissues [6,7, 
10–12]. Consistent with this sequence, our analysis at 3 days after mCTA 
demonstrated marked increases in pro-inflammatory cytokine expression, 
whereas BMP-2, BMP-7, and phosphorylated Smad1/5 were not yet 
increased (Fig. S4). These findings suggest that, in the early phase after 
mCTA induction, BMP signaling activation is unlikely to precede the in-
flammatory response and may instead occur downstream of early inflam-
matory cytokine induction. Previous studies have shown that BMP

Fig. 6. Effects of DMH1 administration on the expression of inflammatory cytokines and catabolic enzymes in the subchondral bone of rats with mCTA. (A, B) 
Immunohistochemical staining for the indicated inflammatory cytokines (A) and the percentages of cells that were positive (B). Scale bar = 50 μm. (C, D) Immu-
nohistochemical staining for the indicated catabolic enzymes (C) and the percentages of cells that were positive (D). Scale bar = 50 μm. n = 6 shoulders in 
each group.
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signaling induces Runx2 expression, thereby promoting chondrocyte hy-
pertrophy through the induction of Col10a1 [36,37]. The present findings 
are consistent with this mechanism, although a direct causal relationship 
was not tested in this study.

BMP signaling has been reported to promote osteoclastogenesis both 
directly and indirectly [15,38] through sclerostin-dependent regulation 
of the RANKL/OPG axis [8]. The observed changes in sclerostin and 
RANKL/OPG in the present study are consistent with this mechanism,

Fig. 7. Effects of DMH1 administration on the synovial inflammation, catabolic enzyme expression, and macrophage polarization of rats with mCTA. (A, B) 
Immunohistochemical staining for the indicated inflammatory cytokines (A) and the percentages of cells that were positive (B). Scale bar = 50 μm. (C, D) Immu-
nohistochemical staining for the indicated catabolic enzymes (C) and the percentages of cells that were positive (D). Scale bar = 50 μm. (E) Immunofluorescence 
staining for the indicated markers of monocytes and M1-like and M2-like macrophages (MΦ). Scale bar = 50 μm. (F) Percentages of cells that were positive in (E) 
(n = 6). n = 6 shoulders in each group.
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although direct functional validation was beyond the scope of this work. 
As a consequence, osteoclast numbers increase, bone resorption is 
accelerated, and progressive bone loss ultimately results in subchondral 
bone collapse. In the synovium, BMPs may contribute to M1 macro-
phage polarization, as suggested by previous studies [39] and by the 
reduction in M1-like macrophages following DMH1 treatment. Howev-
er, direct effects on macrophage polarization were not examined in the 
present study. This shift may cause an increase in the production of 
pro-inflammatory cytokines, which in turn may further increase BMP 
expression.

Although several previous genome-wide expression analyses have 
included BMPs [40,41], there has been no comprehensive survey of the 
expression of all the BMP family genes in OA cartilage as the primary 
focus. In the present study, we performed scRNA-seq of articular carti-
lage and subchondral bone cells from the humeral head of rats with 
mCTA and analyzed the expression of all the BMP ligands that are 
capable of activating Smad1/5 signaling (Fig. 1). BMP expression was 
detected in multiple cell populations, including immature chondrocytes, 
chondrocytes, hypertrophic chondrocytes, osteoblasts, and osteocytes. 
Notably, the expression of BMP ligands varied among cell populations. 
The expression levels of some BMPs were lower, whereas those of others 
were higher in mCTA samples, suggesting that BMP ligand expression 
patterns may vary among cell types in the mCTA model. These findings 
suggest that focusing on individual BMP ligands may be insufficient to 
understand their biological roles in this model; rather, the integrated 
activities of the BMP family as a whole should be considered. However, 
because scRNA-seq was performed using a limited number of animals 
and the datasets were primarily used for cell-type identification and 
exploratory characterization of BMP ligand expression patterns, these

observations should be considered hypothesis-generating rather than 
definitive evidence of differential BMP ligand regulation in mCTA. 
Notably, although immunohistochemistry suggested increased BMP-2 
protein expression in mCTA tissues, this observation was not consis-
tently reflected at the transcript level (Fig. 2B and C). Several factors 
may contribute to such discrepancies, including technical effects asso-
ciated with tissue dissociation, post-transcriptional regulation, and dif-
ferences between mRNA and protein turnover. However, these 
possibilities remain speculative and cannot be confirmed by the present 
study. In addition, immunohistochemistry is inherently 
semi-quantitative and may be influenced by antibody specificity, 
staining conditions, and image-analysis parameters. Therefore, the 
discrepancy between the transcriptomic and protein-level findings re-
mains unresolved. Future studies employing complementary ap-
proaches, such as in situ hybridization (RNAscope), bulk RT-qPCR, or 
protein-based quantification methods, will be required to validate 
BMP ligand regulation in the mCTA model.

When considering the effects of DMH1 administration on the mCTA 
phenotype, it is important to determine whether DMH1 suppresses ca-
nonical Smad1/5 signaling. Based on the immunohistochemical assess-
ment of p-Smad1/5 and RT-qPCR analysis of Id1 expression, DMH1 
treatment reduced BMP–Smad1/5 signaling in articular cartilage and 
subchondral bone to levels comparable to those of Sham controls. In 
contrast, the suppression in the synovium appeared to be incomplete. 
One possible explanation for this is the differential inhibition of indi-
vidual type I BMP receptors, which may account for the tissue-
dependent effects of DMH1. Therefore, the residual BMP signaling in 
the synovium may reflect the specific range and relative abundances of 
the type I BMP receptors expressed in this tissue. Notably, DMH1

Fig. 8. Working hypothesis summarizing experimentally demonstrated findings and proposed mechanisms inferred from previous studies. Solid findings from the 
present study are indicated by experimentally supported observations, whereas several mechanistic links are inferred from previous studies and should be considered 
hypothetical. Resection of the rotator cuff tendons, superior capsule, and long head of the biceps disrupts glenohumeral joint stability, generating abnormal me-
chanical stress in the articular cartilage, subchondral bone, and synovium. Mechanical stress directly induces DAMPs release and inflammatory cytokine production, 
which further enhance BMP expression. In cartilage, BMP signaling promotes Runx2-mediated chondrocyte hypertrophy and MMP production, accelerating cartilage 
degeneration. In subchondral bone, BMPs stimulate osteoclastogenesis directly and indirectly via sclerostin induction and an increase in RANKL/OPG ratio, leading to 
bone resorption and collapse. In the synovium, BMPs and DAMPs promote M1 macrophage polarization and inflammatory cytokine production, but BMP signaling 
may contribute to M2 polarization, which contributes to both inflammatory regulation and tissue repair.
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administration did not alter p-Smad1/5 or Id1 expression in the Sham 

shoulders (Fig. 3), suggesting that systemic DMH1 treatment did not 
substantially suppress physiological levels of BMP signaling under 
steady-state conditions. However, the slight increase in BV/TV observed 
in the Sham shoulders after DMH1 administration (Fig. 5A) is consistent 
with the established role of physiological BMP signaling in regulating 
bone remodeling and maintaining bone homeostasis [8]. Therefore, it 
remains possible that DMH1 transiently suppressed BMP signaling even 
under basal conditions, with the cumulative effects becoming detectable 
at the tissue level despite the absence of changes in p-Smad1/5 or Id1 
expression at the evaluated time point.

There are notable similarities between previously reported findings 
linking the inhibition of BMP signaling to the attenuation of OA changes, 
particularly in knee OA models [11,19], and the effects of DMH1 iden-
tified in the present mCTA model. Specifically, similar to a study in 
which the intra-articular administration of the BMP antagonist Noggin 
ameliorated subchondral bone loss in a rat model of knee OA [11], 
DMH1 not only attenuated cartilage degeneration but also ameliorated 
the reduction in subchondral bone mass in the mCTA joints. However, 
an important distinction between CTA and knee OA lies in the behavior 
of the subchondral bone. In knee OA, the subchondral bone mass typi-
cally decreases during the early phase of the disease, but subsequently 
progresses to a sclerotic phenotype during the chronic phase [42,43]. In 
contrast, in CTA, including in advanced disease, subchondral bone loss is 
maintained, rather than sclerosis developing [6,17]. Clinically, many 
patients with knee OA present after the disease has already progressed to 
the chronic phase, by which time subchondral sclerosis has developed 
[44]. Under such conditions, the therapeutic suppression of BMP 
signaling in subchondral bone may not provide substantial benefits. In 
contrast, in CTA, in which subchondral bone loss persists even in severe 
cases [6,17], targeting BMP signaling may warrant further investigation 
as a potential therapeutic approach. However, when compared with the 
previously reported effects of the bisphosphonate zoledronate in the 
mCTA model [6], the therapeutic effects of DMH1 appear to be rela-
tively mild. This difference may mean that BMP signaling is not a pri-
mary driver of the mCTA pathology. Rather, BMP signaling may be one 
modulator within a more complex network of downstream target genes 
and interacting pathways (Fig. 8).

Some limitations of the present study should be acknowledged. First, 
non-canonical BMP pathways, such as p38 MAPK signaling, are not 
suppressed by DMH1 [24]. Therefore, DMH1 would not fully inhibit all 
biological effects of BMP ligands. Second, although DMH1 is widely used 
as a selective inhibitor of BMP type I receptors, its effects cannot be 
attributed exclusively to BMP ligands, because ALK1 can also be acti-
vated by ligands other than BMPs, including TGF-βs. In addition, 
because DMH1 was administered systemically, the present study cannot 
distinguish direct effects on articular cartilage, subchondral bone, sy-
novial cells, or immune cells from indirect systemic effects. Therefore, 
our findings should be interpreted as supporting a contributory role of 
DMH1-sensitive Smad1/5 signaling in mCTA pathology rather than 
establishing BMP ligand-specific causality. Third, the use of quadrupeds 
as a model of CTA represents an inherent limitation. The biomechanics 
of the rat shoulder differ substantially from those of human shoulders, 
particularly with respect to overhead activity, range of motion, and 
loading patterns. However, the use of non-human primates, which are 
more anatomically comparable to humans, is not realistic from ethical 
and financial perspectives. Of the commonly available experimental 
animal species, the rat is considered to have shoulders that are the most 
anatomically similar to the human shoulder [45]. Therefore, at present, 
it represents a reasonable and practical model for the investigation of 
CTA-related pathology. Fourth, we were unable to evaluate the 
long-term effects of DMH1 during the late phase of disease progression. 
The intraperitoneal administration of DMH1 is required daily, and 
maintaining this treatment for 6 months or 1 year would be undesirable 
from both the animal welfare and health management perspectives. 
Genetic approaches targeting BMP signaling components may be

required to clarify its role during chronic disease progression. Finally, 
several mechanistic relationships proposed in Fig. 8, including the 
regulation of Runx2/Col10a1 expression, osteoclastogenesis through 
the sclerostin-RANKL/OPG axis, and macrophage polarization, were 
inferred from the combination of the present findings and previous 
literature. Direct causal validation of these pathways will require future 
cell type-specific and genetic studies.

In conclusion, we have demonstrated that canonical BMP–Smad1/5 
signaling was broadly activated in articular cartilage, subchondral bone, 
and synovium in the mCTA model, and that pharmacological inhibition 
of this pathway partially attenuated cartilage hypertrophy and degen-
eration, subchondral bone resorption, and synovial inflammation with 
pro-inflammatory macrophage polarization. These findings suggest that 
BMP–Smad1/5 signaling may represent a potential therapeutic target 
for CTA and warrant further investigation of pathway modulation as a 
disease-modifying approach.
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