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Background: Frozen shoulder (FS) is a debilitating condition characterized by chronic inflammation and fibrosis of the glenohumeral 
capsule. Macrophage recruitment, facilitated by C-C motif chemokine ligand 2 (CCL2), plays a crucial role in tissue fibrosis 
progression. Acupotomy has proven effective in alleviating FS symptoms; however, the mechanism by which it influences CCL2- 
mediated macrophage chemotaxis in FS requires further exploration.
Methods: Forty male Sprague-Dawley rats were randomly assigned to four groups (n = 10 per group): Control (no modeling/ 
intervention), Untreated (FS modeling only), Acupotomy (FS model + acupotomy therapy), and Sham Apo (FS model + superficial 
acupotomy stimulation). FS was induced by unilateral shoulder plaster immobilization. The Acupotomy and Sham Apo groups then 
underwent their respective procedures (once weekly; two sessions in total). Shoulder function was evaluated using arthritis scoring, 
gait analysis, and maximum passive abduction angle measurement. Pathological changes were examined using hematoxylin and eosin 
and Masson’s trichrome staining. Inflammation- and fibrosis-related molecules in serum and tissue samples were detected using 
biochemical and molecular biology analyses. Macrophage-related biomarkers, CCL2, and α-SMA were evaluated by immunostaining, 
with protein-protein docking for further analysis.
Results: Acupotomy significantly enhanced shoulder function and mobility in FS rats. Histopathological analysis revealed that the 
capsular structure improved after acupotomy with notably decreased inflammatory infiltration and collagen deposition. Furthermore, 
acupotomy markedly reduced inflammation- and fibrosis-related factors in both serum and lesion tissues. Mechanistic studies 
demonstrated that acupotomy diminished macrophage recruitment, adjusted the M1/M2 polarization ratio, and reduced α-SMA 
expression, all of which were linked to CCL2 inhibition. Further analysis confirmed a positive correlation between CCL2 and α- 
SMA expression, and protein-protein docking suggested potential interactions between CCL2 and macrophage polarization markers 
and α-SMA.
Conclusion: Acupotomy demonstrated significant efficacy in enhancing shoulder function and reducing fibrosis in FS rats, primarily 
by suppressing inflammatory responses and inhibiting CCL2-mediated macrophage recruitment.
Keywords: acupotomy, frozen shoulder, macrophages, CCL2, fibrosis

Introduction
Frozen shoulder (FS), also known as adhesive capsulitis, is a chronic condition characterized by shoulder pain and 
a gradual decline in function.1,2 It affects 2–5% of the general population, often leading to significant limitations in daily 
activities and negatively impacting quality of life.1 Current clinical management primarily includes physical therapy and 
intra-articular steroid injections.3 While these interventions may relieve pain, they have shown limited effectiveness in 
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improving shoulder function, do not address the underlying pathological mechanisms, and have drawbacks such as 
delayed onset and dosage dependence.4,5 Consequently, standardized treatments still encounter numerous challenges.

Current research indicates that FS is a dynamic process characterized by chronic inflammation and fibrosis.6,7 

Persistent inflammation recruits and activates immune cells, prompting them to release growth factors, chemokines, 
and proinflammatory mediators, thereby amplifying the inflammatory response and accelerating fibrosis.8 Macrophages 
are pivotal to this process. The recruitment of macrophages to inflamed areas serves as an initiating factor for fibrosis, 
and macrophage polarization triggered by inflammatory signals directly influences fibrogenesis.9,10 Specifically, M1 
macrophages extend the inflammatory cycle by releasing pro-inflammatory factors such as tumor necrosis factor (TNF)-α 
and interleukin (IL)-1β, which exacerbate tissue damage and consequently induce fibrotic formation.11 Conversely, M2 
macrophages produce substantial amounts of growth factors, such as transforming growth factor (TGF)-β1, which 
activate fibroblasts and exacerbate fibrosis by promoting excessive extracellular matrix (ECM) deposition.12,13 

Chemokine (C-C motif) ligand 2 (CCL2) is a critical inflammatory mediator that influences monocyte/macrophage 
chemotaxis and activity.14 It regulates inflammatory immunity and tissue remodeling by recruiting macrophages to 
damaged tissues, which plays a significant role as a driving force in the fibrotic process.15,16 As documented in a previous 
study, the administration of CCL2 antagonist pCAGGS-7ND to osteoarthritic rats significantly reduced macrophage 
infiltration and fibrotic area in the infrapatellar fat pad.17 Thus, inhibiting the aberrant recruitment of macrophages by 
CCL2 is anticipated to be a potentially effective therapy for FS.

Acupotomy, a minimally invasive intervention that integrates the features of both the “filiform needle” and the 
“scalpel”, effectively enhances local blood circulation and facilitates the self-repair of soft tissues through the precise 
release of adhesions at the affected region, thereby restoring local microenvironment homeostasis.18 Studies have 
confirmed that acupotomy can reduce inflammation and increase shoulder mobility effectively, and guidelines recom
mend it as a reliable therapy for FS.19,20 Although acupotomy is widely used clinically to alleviate FS symptoms, the 
specific mechanism by which it mitigates inflammatory fibrosis of the glenohumeral capsule remains unclear.

Graphical Abstract
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This study aimed to examine the therapeutic effects and underlying mechanisms of acupotomy in FS. We established 
an FS model by immobilizing the unilateral shoulder of rats using plaster for 21 days. Our approach involved 
a systematic evaluation of the impact of acupotomy on shoulder function and capsular fibrosis, alongside an investigation 
into its mechanism of action in FS treatment through the recruitment of macrophages mediated by CCL2 and the 
modulation of macrophage polarization. This study may provide new insights into the role and mechanism of acupotomy 
in addressing FS.

Materials and Methods
Experimental Protocol and Frozen Shoulder Modeling
All animal experiments were performed at Hubei Provincial Center for Disease Control and Prevention and were 
approved by its Institutional Animal Care and Use Committee (Approval No. 202420084). All procedures were 
conducted in accordance with the Guide for the Care and Use of Laboratory Animals. The experimental animals were 
purchased from SCBS Bio-Technology Co. Ltd (Henan, China; License No. SCXK 2020-0005). Forty male Sprague- 
Dawley rats (9-week-old, 350–400 g) were kept under SPF conditions (12-hour light/dark cycle, 20–24°C, and 40–60% 
humidity) with unlimited access to food and water, and were randomly divided into Control, Untreated, Acupotomy, and 
Sham Apo groups (n = 10 per group). The Control group received no modeling or intervention. The Untreated group 
underwent FS modeling without intervention. Both the Acupotomy and Sham Apo groups received acupotomy inter
vention once per week for two consecutive weeks after FS modeling, targeting identical anatomical sites but using 
different procedural approaches. After acclimatization, rats in the Untreated, Acupotomy, and Sham Apo groups were 
anesthetized with isoflurane inhalation (3–4% induction, 2–2.5% maintenance). Their left glenohumeral joint and 
forelimb were then immobilized in an internal rotation position against the anterior thorax using unilateral shoulder 
casts for 21 days.21,22 (Figure 1A). Plaster-immobilized rats required daily observation and re-fixing if loosened.

Figure 1 Experimental procedure and treatment protocol. (A) Experimental flowchart. The upper section presents representative images of the rat positioned in both 
supine and prone orientations following plaster immobilization. (B) Acupotomy intervention locations and detailed specifications of acupotomy instrument. Some graphical 
assets were created on BioRender. Liang, H. (2025) https://BioRender.com/iop6jdb. 
Abbreviation: FS, frozen shoulder.
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Procedure for Acupotomy
Under isoflurane anesthesia, the rats were positioned supine, and the left shoulder was shaved. The coracoid process, 
lesser and greater tubercles of the humerus, and intertubercular groove were all marked. Following skin sterilization, 
treatment was administered using 0.4×40 mm acupotomy needles (Huayou Medical Devices Co., Ltd. Jiangsu, 
China).20,23 (Figure 1B) The anatomical structures and operating procedures are presented in Table S1. After the needles 
were discharged, a sterile cotton ball was pressed onto the punctum for 1 min to prevent bleeding, followed by 
sterilization. In the Sham Apo group, needles were inserted superficially without performing a release procedure, with 
subsequent management matching that of the Acupotomy group. The Control and Untreated groups received no 
treatment. Acupotomy was performed once a week for a total of two sessions. The sites were sterilized daily and 
observed for 3 days post-procedure. Two licensed Chinese medical practitioners performed the acupotomy independently 
to ensure reproducibility of the procedure.

Shoulder Inflammation Assessment
Based on the arthritis scoring method described by Honzawa et al,24 scores of 0–3 were assigned to assess erythema, 
shoulder swelling, joint stiffness of the affected left forelimb, and shoulder stiffness to evaluate the improvement in 
shoulder inflammation following acupotomy. Score 0, no erythema, shoulder swelling, or joint stiffness; score 1, mild 
erythema and shoulder swelling; score 2, marked erythema and shoulder swelling; and score 3, severe erythema, shoulder 
swelling, and joint stiffness. All 10 rats in each group were subjected to this evaluation. The scoring was performed 
independently by two experimenters.

Gait Analysis
We made a gait analysis device based on voluntary walking by referring to the method of Min et al.25 In each group, all 
10 rats had their forepaws separately coated with red (left forepaws) and blue (right forepaws) non-toxic dyes, and were 
then placed in the starting box, generating colored paw prints along the passageway during traversal. The area of the 
prints was quantified using ImageJ software (National Institutes of Health, MD, USA) to assess the joint endurance, 
providing insights into shoulder function.26 To calculate the more accurate area, three consecutive paw prints were 
collected from both sides and averaged for statistical analysis. Data from incorrect walking patterns were discarded, and 
the procedure was repeated two to three times to obtain the consecutive prints.

Measurement of Maximum Passive Abduction Angle
Referring to the method of Qiao et al,27 the intact left (affected) scapula and proximal two-thirds of the humeral 
stem with the associated muscle tissue were excised during sampling. A syringe needle (1.2 cm × 0.45 mm) was 
inserted into the humeral stem with a surgical suture attached to the tail. Two identical syringe needles were 
vertically inserted into the upper and lower corners of the scapula and secured to a foam plate. The surgical suture 
was attached to a transverse tensiometer with a 5 N constant tensile force applied to the humeral stem. The angle 
between the inferior angle of the scapula and humeral stem was measured using a goniometer for maximal passive 
abduction. Three measurements were taken and averaged for statistical analysis. The target shoulders of 10 rats in 
each group were subjected to this measurement. The procedure was completed within 15 min to prevent tissue 
damage.

Enzyme-Linked Immunosorbent Assay (ELISA)
Five serum samples per group were assayed according to the protocol of the ELISA kit (R&D Systems, IL-1β: VAL903; 
TNF-α: VAL903; TGF-β1: DB100C), and the absorbance values of the samples were measured using an enzyme labeling 
instrument (iMark-1681130, Bio-Rad, California, USA) set at 450 nm as the detection wavelength and 630 nm as the 
correction wavelength. The concentrations of IL-1β, TNF-α, and TGF-β1 in the serum were calculated by comparison 
with the standards.
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Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)
Five capsule tissue samples were obtained from the left (affected) glenohumeral joint in each group for RT-qPCR 
analysis. Each sample was individually homogenized using TRIzol reagent (R401-01, VAZYME) to extract total RNA. 
Complementary DNA (cDNA) was synthesized from the extracted RNA via reverse transcription using a cDNA 
synthesis kit (R223-01, VAZYME). The primer sequences for Il1b, Tnfα, Ifng, Tgfβ1, Smad3, and Col1a1 were obtained 
from the publicly accessible NCBI database (National Institutes of Health, MD, USA) and are listed in Table 1. The PCR 
system comprised 4 µL of diluted cDNA in a total volume of 20 µL. Gene expression was quantified using a QuantStudio 
6 Real-Time PCR System. The PCR conditions were as follows: 95°C for 10 min; 95°C for 15s, 60°C for 60s, for a total 
of 40 cycles. Target gene expression was determined using the 2−ΔΔCt method, with Gapdh as an internal reference.

Histopathological Evaluation
Five shoulders were randomly selected from the left (affected) side in each group for histological and immunostaining 
analysis. Following fixation in paraformaldehyde, decalcification, and paraffin embedding, the samples were sectioned 
into consecutive 5 μm-thick slices for subsequent hematoxylin and eosin (H&E) staining, Masson’s trichrome staining, 
immunohistochemistry, and immunofluorescence. For all staining procedures, each specimen was processed on 
a continuous slice basis to ensure histological evaluation of comparable tissue regions.

H&E and Masson’s trichrome staining were used for histopathological assessment. Specifically, H&E staining was 
used for histological analysis, and Masson’s trichrome staining was used to evaluate the degree of collagen deposition. 
Tissue morphology was examined using a white-light microscope (CX31, Olympus, Tokyo, Japan) and photographed. 
Three random areas from each section were photographed and scored for synovial cell layer hyperplasia, cell density, and 
inflammatory infiltration.28 The scoring criteria are provided in Table S2. The collagen content in the capsule was 
quantified using ImageJ software.29 Two experienced pathologists blinded to the experimental groups independently 
conducted the analysis.

Immunohistochemical Techniques (IHC)
The tissue sections from the shoulder specimens were dehydrated, washed with purified water, placed in 0.01 M citrate 
buffer (pH 6.0), and heated in a microwave at medium-high for 2–8 min for antigen retrieval, then closed at room 
temperature using 3% H2O2 for 15–30 min. The antibody was diluted with 5% bovine serum albumin (BSA; Sigma- 
Aldrich), and rabbit anti-chemokine ligand 2 polyclonal antibody (NBP1-07035, Novus Biologicals, 1:500) was added as 
primary antibody overnight at 4°C followed by HRP-labeled goat anti-rabbit IgG antibody (AS1107, Aspen 
Biotechnology, 1:200), incubated at 37°C for 30 min, and washed with PBS. DAB solution was added for color 

Table 1 Primer Sequences for RT-qPCR

Target Gene Primer Sequence (5′-3′) Product Length

Il1b Forward: 5′-GCTTCAAATCTCACAGCAGCAT-3′ 
Reverse: 5′-TAGCAGGTCGTCATCATCCCAC-3′

196

Tnfα Forward: 5′-CCGATTTGCCATTTCATACCAG-3′ 
Reverse: 5′-TCACAGAGCAATGACTCCAAAG-3′

232

Ifng Forward: 5′-GTTTTGCAGCTCTGCCTCAT-3′ 
Reverse: 5′-CGTCCTTTTGCCAGTTCCTC-3′

160

Tgfβ1 Forward: 5′-GAAGGACCTGGGTTGGAAGT-3′ 
Reverse: 5′-CGGGTTGTGTTGGTTGTAGA-3′

136

Smad3 Forward: 5′-CAGCGAGTTGGGGAGACATT-3′ 
Reverse: 5′-CCTGGGGGTATCTTGCAGAC-3′

287

Col1a1 Forward: 5′-TTCACCTACAGCACGCTT-3′ 
Reverse: 5′-ATGTCCATTCCGAATTCC-3′

158

Gapdh Forward: 5′-ACAGCAACAGGGTGGTGGAC-3′ 
Reverse: 5′-TTTGAGGGTGCAGCGAACTT-3′

254
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development under a microscope and stained with hematoxylin (Sigma-Aldrich). The samples were observed using 
a white-light microscope (CX31, Olympus, Tokyo, Japan) with three randomly selected fields per section. The percentage 
of CCL2 positive area in the synovium was calculated using ImageJ software, with the mean as the final result.30

Immunofluorescent Staining (IF)
The tissue sections from the shoulder specimens were deparaffinized and underwent antigen retrieval as described. The 
antibody was diluted with 5% BSA, and sections were treated with primary antibody working solution, then incubated 
overnight at 4°C (Primary antibodies: mouse anti-CD68 monoclonal antibody, ab955, abcam, 1:50; rabbit anti-iNOS 
polyclonal antibody, ab283655, abcam, 1:50; rabbit anti-mannose receptor monoclonal antibody, ab300621, abcam, 
1:200; mouse anti-smooth muscle actin (α-SMA) monoclonal antibody, Sc-53142, Santa Cruz, 1:50). After re-warming 
and PBS washing, the sections were treated with secondary antibody solution (CY3 Coupled Goat Anti-Rabbit IgG 
Antibody, GB21303, Servicebio, 1:100; CoraLite488 Coupled Goat Anti-Mouse IgG Antibody, SA00013-1, Proteintech, 
1:100; CY3 Coupled Goat Anti-Mouse IgG Antibody, AS1111, Aspen Biotechnology, 1:100). Sections were incubated at 
37°C for 40 min protected from light, washed with PBS, and stained with DAPI (D8417-1MG, Sigma-Aldrich) for 
20–30 min at room temperature. After PBS washing, sections were sealed with anti-fluorescence quenching sealer and 
observed using an upright fluorescence microscope (Eclipse Ci-L, Nikon, Tokyo, Japan). Three random fields per section 
were selected to count CD68+ iNOS+, CD68+ CD206+, and α-SMA+ cells using ImageJ software and the average was 
taken as the final result.31 The co-localized fluorescence intensity was also analyzed.32

Protein 3D Structure Modeling and Protein-Protein Interaction Prediction
The corresponding amino acid sequences were uploaded to the AlphaFold Protein Structure Database for modeling.33 

CCL2, iNOS, and α-SMA sequences were obtained from UniProt database (ID: P14844, Q06518, and P62738), while the 
CD206 sequence was obtained from NCBI database (ID: 291327). Protein interactions between CCL2 and iNOS, CCL2 
and CD206, and CCL2 and α-SMA were analyzed using HDOCK server, where a docking score below −200 indicated 
possible binding, with lower values showing stronger affinity; a confidence score above 0.8 indicated predictions close to 
the real structure, with accuracy increasing as values approached 1.34 The protein structure file with the highest score was 
imported into PyMol 2.3.0 software (Schrödinger LLC, New York, USA) for visualization.

Statistical Analysis
All statistical analyses were performed using Prism 10.1.2 software (GraphPad Software, LLC, California, USA). Unless 
otherwise specified, differences between multiple groups were analyzed using one-way or two-way ANOVA, followed by 
Tukey’s post hoc test for pairwise comparisons. All data are presented as mean ± SD. Statistical significance was set at 
p < 0.05.

Results
Effective Improvement of Shoulder Function and Mobility in FS Rats by Acupotomy
To evaluate the effectiveness of acupotomy in reducing shoulder inflammation, improving joint endurance, and enhan
cing mobility in FS rats, we conducted a comprehensive analysis using joint inflammation scoring, gait analysis, and 
measurements of the maximum passive abduction angle. After modeling, all groups except the Control exhibited 
significant redness and swelling, petechiae on the left forelimbs, and joint contracture, with arthritis scores indicating 
heightened inflammation. Shoulder inflammation in acupotomy-treated rats was significantly reduced compared to that in 
the Untreated group, while the Sham Apo group still exhibited pronounced inflammation, both in appearance and score 
(Figure 2A and B). Gait analysis showed that the left forepaw landing area increased from 0.719 cm2 to 1.477 cm2 post- 
treatment, with reduced disparity with the right forepaw, indicating the benefit of acupotomy on joint endurance 
(Figure 2C and D). The mean maximum passive abduction angle in the Acupotomy group reached 150.76°, showing 
a 22.39% increase over the Untreated group’s 123.2°, while Sham Apo showed no therapeutic effect (Figure 2E and F). 
These results demonstrated the effectiveness of acupotomy in alleviating FS symptoms and improving shoulder function.
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Figure 2 Effective improvement of shoulder function and mobility in FS rats by acupotomy. (A) Representative images of the left forelimbs on days 21 and 34. scale 
bar = 1 cm. (B) Statistical analysis of the left compromised shoulder arthritis scores on days 21 and 34 (n = 10). (C) Representative images of the left (red) and 
right (blue) forepaws gait analysis inkblot maps on days 21 and 34. scale bar = 1 cm. (D) Statistical analysis of left and right forepaws landing areas on days 21 and 
34 (n = 10). (E) Representative images of the maximum passive abduction angle measurements of the glenohumeral joint. (F) Statistical analysis of the maximum 
passive abduction angle (n = 10). Data are presented as the mean ± SD. ***p < 0.001. 
Abbreviations: ns, no significance; L, left forepaw; R, right forepaw; FS, frozen shoulder; Sham Apo, sham acupotomy.
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Acupotomy Effectively Reduced Serum IL-1β, TNF-α, and TGF-β1 Levels
To evaluate the alterations in serum concentrations of inflammatory and fibrotic markers following acupotomy, we 
quantified the serum levels of IL-1β, TNF-α, and TGF-β1 utilizing ELISA. The findings indicated a significant reduction 
in the serum levels of IL-1β, TNF-α, and TGF-β1 post-acupotomy compared to the Untreated group (Figure 3A–C). 
These results suggested that the therapeutic efficacy of acupotomy in FS may result from the reduced release of pro- 
inflammatory and pro-fibrotic mediators.

Acupotomy Alleviated Inflammatory Infiltration in the Capsule and Reduced the 
Fibrotic Regions Therein
To assess histological alterations after acupotomy, H&E and Masson’s trichrome staining were performed on tissue sections. 
Examination revealed substantial inflammatory cell aggregates within the capsules of the Untreated and Sham Apo groups, with 
indistinct synovial margins and significant thickening. After acupotomy, inflammatory infiltration improved markedly, with an 
even-surfaced synovial edge and normalized synovial thickness (Figure 4A). The treated fibrous layer showed organized 
alignment and reduced collagen deposition compared with the pathological features observed in the other groups (Figure 4B). 
Semiquantitative scores indicated that acupotomy significantly ameliorated the number of synovial lining layers, resident cell 
density, and inflammatory infiltrate versus the Untreated group (Figure 4C–E), and reduced the fibrotic area by approximately 
37.68% (Figure 4F). Overall, acupotomy effectively reversed the capsular pathological changes associated with inflammation 
and fibrosis in FS rats.

Acupotomy Downregulated the Transcript Levels of Pro-Inflammatory and 
Pro-Fibrotic Related Genes within the Capsule
To confirm the hypothesis that acupotomy ameliorates fibrosis by modulating capsular inflammation, we investigated the 
differential expression of inflammation- and fibrosis-associated factors in capsule tissues utilizing RT-qPCR. The findings 
indicated significant variations in gene expression among the four groups (Figure 5A). Notably, the expression levels of the 
inflammatory cytokines Il1b, Tnfα, and Ifng, along with the fibrosis-related factors Tgfβ1, Smad3, and Col1a1, were synergis
tically reduced in the capsules subjected to acupotomy treatment, with levels significantly lower than those observed in the 
Untreated group. Conversely, this phenomenon was not evident in the Sham Apo group (Figure 5B–G). These results implied 
that acupotomy could mitigate FS fibrosis by reducing inflammation within the capsule.

Figure 3 Acupotomy significantly reduced serum levels of (A) IL-1β, (B) TNF-α, and (C) TGF-β1 (n = 5). Data are presented as the mean ± SD. ***p < 0.001. 
Abbreviations: ns, no significance; IL-1β, interleukin-1 beta; TNF-α, tumor necrosis factor-alpha; TGF-β1, transforming growth factor-beta 1; Sham Apo, sham acupotomy.

https://doi.org/10.2147/JIR.S550202                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Inflammation Research 2025:18 16354

Liang et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Figure 4 Acupotomy alleviated inflammatory infiltration in the capsule and reduced the fibrotic regions therein. (A) Representative images at 4 × and 20 × 
magnifications of H&E staining. (B) Masson’s trichrome staining of representative images at 4 × and 20 × magnifications. The capsular (C) synovial lining cell layer 
number, (D) inflammatory infiltrate, (E) resident cell density, and (F) relative collagen content were assessed histologically using a semiquantitative scoring method 
(n = 5). 4 ×: scale bar = 200 µm; 20 ×: scale bar = 50 µm. Analyses were performed using one-way ANOVA followed by Tukey’s multiple comparison test. Data 
are presented as the mean ± SD. ***p < 0.001. 
Abbreviations: ns, no significance; FS, frozen shoulder; sham Apo, sham acupotomy.
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Acupotomy Inhibited Macrophage Recruitment and M1/M2 Polarization in the Capsule
In order to investigate the effect of acupotomy on FS progression via modulating macrophages, we characterized macro
phages and M1/M2 subpopulations using immunofluorescence detection of CD68 (pan-macrophages), iNOS (M1), and 
CD206 (M2). The results showed an appreciable increase in the total number of macrophages and fluorescence signals in the 
Untreated group compared to the Control group, whereas acupotomy considerably reduced macrophage recruitment and 
fluorescence intensity (Figure 6A and B). Additionally, we identified that the quantities of M1 and M2 macrophages were 
significantly elevated in the Untreated group compared to the Control group, but were markedly reduced in the Acupotomy 
group compared to the Untreated group (Figure 6C and D). Analysis further indicated that M2 macrophages were 1.54-fold 
higher than M1 macrophages in the Untreated group, whereas acupotomy simultaneously reduced M1 and M2 macrophage 
populations, particularly M2, helping to restore their balance (Figure 6E). Our findings suggested that acupotomy inhibited 
macrophage recruitment and regulated M1/M2 polarization, shifting the macrophage balance toward homeostasis.

Acupotomy Reduced CCL2 and α-SMA Levels in the Capsule
CCL2, a pivotal chemokine involved in the regulation of macrophage migration, its expression level is directly correlated 
with the extent of macrophage recruitment in lesions.35 To further ascertain whether the reduction in macrophage 

Figure 5 Acupotomy downregulated the transcript levels of pro-inflammatory and pro-fibrotic related genes within the capsule. (A) Heatmap of the expression patterns of 
inflammatory and fibrotic genes in the capsules (n = 5 per group, data are shown for 20 samples in total). Red indicates high expression, blue indicates low expression, and 
numbers 1–3 represent the degree of gene expression. RT-qPCR assessment of the relative transcript levels of (B) Il1b, (C) Tnfα, (D) Ifng, (E) Tgfβ1, (F) Smad3, and (G) 
Col1a1 in the capsules (n = 5). Gene expression levels were normalized to Gapdh. Data are presented as the mean ± SD. **p < 0.01; ***p < 0.001. 
Abbreviations: ns, no significance; Il1b, interleukin-1 beta; Tnfα, tumor necrosis factor-alpha; Ifng, interferon gamma; Tgfβ1, transforming growth factor-beta 1; Smad3, 
mothers against decapentaplegic homolog 3; Col1a1, collagen type I alpha 1 chain; Gapdh, glyceraldehyde-3-phosphate dehydrogenase; Sham Apo, sham acupotomy.
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Figure 6 Acupotomy inhibited macrophage recruitment and M1/M2 polarization in the capsule. (A) Representative immunofluorescence images of CD68 (green, pan- 
macrophage marker), iNOS (red, M1 macrophage marker), and DAPI (blue). The right panel presents three-dimensional topographic maps of the co-localized 
fluorescence intensity. (B) Representative immunofluorescence images of CD68 (green, pan-macrophage marker), CD206 (red, M2 macrophage marker), and DAPI 
(blue). The right panel presents three-dimensional topographic maps of the co-localized fluorescence intensity. Statistical analysis of the numbers of (C) CD68+ iNOS 
+ macrophages and (D) CD68+ CD206+ macrophages per field (n = 5). (E) Statistical analysis of the relative expression comparison between CD68+ iNOS+ 

macrophages and CD68+ CD206+ macrophages compared to CD68+ macrophages (n = 5). White arrows indicate co-localized macrophages. Scale bar = 50 µm. Data 
are presented as the mean ± SD. *p < 0.05; ***p < 0.001. 
Abbreviations: ns, no significance; CD68, cluster of differentiation 68; iNOS, inducible nitric oxide synthase; CD206, macrophage mannose receptor; FS, frozen shoulder; 
Sham Apo, sham acupotomy.
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infiltration observed with acupotomy was associated with CCL2, immunohistochemical staining for CCL2 was per
formed on sections to evaluate its therapeutic role. Our observations revealed that in both the Untreated group and the 
Sham Apo group, affected areas exhibiting high CCL2 expression coincided with sites of positive staining of macrophage 
markers, with a significant overlap in their spatial distribution (Figures 6A, B and 7A). This consistent distribution 

Figure 7 Acupotomy reduced CCL2 and α-SMA levels in the capsule. (A) Representative image of immunohistochemical CCL2 staining. scale bar = 50 µm. (B) Representative 
immunofluorescence images of α-SMA (red) and DAPI (blue). scale bar = 20 µm. White arrows indicate α-SMA-positive cells. Three-dimensional topographic maps of the 
fluorescence intensity are shown below. (C) Statistical analysis of CCL2 positive area percentage (n = 5). (D) Statistical analysis of α-SMA-positive cells per field of view (n = 5). 
(E) Scatter plot showing the correlation between CCL2 and α-SMA expression (n = 5 per group, data are shown for 20 samples in total). Spearman correlation coefficient (r) 
assessed correlation strength, with p-values reported for two-tailed tests. Data are presented as the mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001. 
Abbreviations: ns, no significance; CCL2, chemokine (C-C motif) ligand 2; α-SMA, alpha-smooth muscle actin; FS, frozen shoulder; Sham Apo, sham acupotomy.
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pattern indicated that CCL2 expression at the lesion site paralleled macrophage infiltration. However, the immunor
eactivity of CCL2 within the capsule was markedly reduced following acupotomy therapy (Figure 7A). Representative α- 
SMA immunofluorescence images from adjacent sections are included to provide morphological comparison 
(Figure 7B). Furthermore, quantitative analysis based on immunohistochemistry confirmed that the CCL2-positive area 
decreased by approximately 11.08% in the Acupotomy group compared to the Untreated group (Figure 7C). These 
findings suggested that acupotomy effectively diminished total macrophage accumulation in the capsule by inhibiting 
CCL2 expression.

Given that elevated α-SMA expression is an apparent characteristic feature of FS,36 we further examined its 
expression to elucidate how acupotomy contributes to the alleviation of capsular fibrosis. Our observations showed 
that the number of α-SMA-positive cells and fluorescence signals in the Untreated group were significantly higher than 
those in the Control group. These phenomena were significantly optimized following acupotomy compared with the 
Untreated group (Figure 7B and D). To clarify how CCL2 mediates the anti-fibrotic effects of acupotomy, we further 
correlated its expression with α-SMA levels, and we observed a strong positive correlation between α-SMA and CCL2 
levels (Figure 7E). These findings suggested that acupotomy suppressed α-SMA to ameliorate FS fibrosis, potentially 
through CCL2 regulation given their pronounced positive correlation.

CCL2 is a Key Hub for Inducing Macrophage Polarization and Fibrosis
Our observations indicated that CCL2 expression followed a pattern similar to that of iNOS, CD206, and α-SMA within 
the capsule. With the aim of investigate the impact of CCL2 on macrophage polarization and fibrotic progression, we 
used 3D modeling to predict their interactions. Analysis revealed that CCL2 residues established four primary contacts 
with iNOS residues, with hydrogen bonding distances exceeding 3 Å, indicating poor binding affinity (Figure 8A). In 
contrast, the interactions between CCL2 and CD206 residues involved more contact points than between and iNOS, with 
an average hydrogen bonding distance of 2.9 Å, suggesting stronger binding stability (Figure 8B). CCL2 residues formed 
six contacts with α-SMA residues, the highest number observed, demonstrating strong interactions, particularly a 2.1 Å 
distance between ARG-88 and GLU-102, indicating potentially strong electrostatic forces (Figure 8C). These findings 
indicated that CCL2 could interact with both iNOS and CD206, with stronger CD206 binding, suggesting that CCL2 may 
facilitate M1/M2 polarization and enhance M2 macrophage marker progression. CCL2 has a high affinity for α-SMA, 
demonstrating its potential role in the regulation of fibrosis. In conclusion, CCL2 appears to promote macrophage 
polarization and fibrosis at the computational simulation level.

Discussion
FS is primarily characterized by inflammation and fibrosis of the glenohumeral capsule. Acupotomy has been identified 
as an effective therapeutic intervention for FS; however, its precise mechanism of action remains incompletely under
stood. In this study, we observed that acupotomy not only significantly enhanced shoulder function and mobility, but also 
reversed the pathological progression of capsular fibrosis by attenuating inflammatory responses. In addition, acupotomy 
productively modulated macrophage recruitment and suppressed M1/M2 polarization within the capsule, as well as 
decreased the level of α-SMA, which was closely related to the reduction of CCL2. Therefore, this study demonstrates 
that acupotomy constitutes an effective therapeutic approach and reveals a novel mechanism for mitigating fibrosis in FS.

The common symptoms of FS are shoulder pain and limited range of motion.2 Intra-articular steroid injections are 
a prevalent therapy for FS, demonstrating efficacy in alleviating shoulder pain and enhancing mobility; however, clinical 
benefits typically become apparent at four weeks post-injection and do not last beyond 26 weeks.37,38 Although 
acupuncture serves as a valuable non-pharmacological intervention for alleviating shoulder pain and enhancing mobility 
in patients with FS, circumventing medication-related adverse effects, its optimal efficacy necessitates prolonged and 
repeated treatment sessions combined with manual reductions.39 In light of these shortcomings, we propose acupotomy 
as a novel alternative approach. Clinical data indicate that a single session of acupotomy can swiftly alleviate pain and 
enhance shoulder mobility; furthermore, the treatment’s efficacy can be maintained for up to three years with a low 
recurrence rate, underscoring its significant advantages in terms of timeliness and effectiveness.40 Our study similarly 
demonstrated that acupotomy rapidly enhanced shoulder function and range of motion. This is evidenced by a significant 
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increase in the landing area and passive abduction angle of the affected limb in FS rats following treatment, with 
observable effects within three days post-treatment. The primary reason for these differences may be attributed to the 
direct action of acupotomy on intra-articular adhesion sites, which alleviates tissue tension, thereby accelerating shoulder 
pain relief and enhancing mobility.

Abnormal biomechanical stress drives sustained inflammation and accelerated fibrotic remodeling in FS. Local 
tension transforms mechanical load into pro-inflammatory signaling, activating inflammation in mechanically sensitive 
regions and the capsule.41–43 While biomechanical factors in FS pathogenesis are increasingly recognized, current 
clinical interventions focus on anti-inflammatory strategies, such as intra-articular corticosteroid injections. Although 
these treatments provide symptomatic relief, their benefits are often transient, and medications may be restricted by 
contraindications in certain populations.44 Phytochemicals such as salvianolic acid B and tetrandrine have demonstrated 
anti-inflammatory and anti-fibrotic potential in preclinical models. However, their efficacy is limited by nonspecific 
targeting and potential toxicity.45,46 More importantly, these strategies do not address the mechanical dysfunctions that 
perpetuate pathological changes. In contrast, acupotomy may provide a more precise mechanical intervention. As 
a minimally invasive method, it is helpful in addressing pathological adhesions in areas of concentrated stress, restoring 
the equilibrium of the local biomechanical microenvironment.47 Studies have shown that acupotomy can restore joint 

Figure 8 CCL2 is a key hub for inducing macrophage polarization and fibrosis. (A) Structural modeling of CCL2-iNOS protein complex illustrates CCL2 in beige and iNOS in blue. 
The right panel depicts the binding interface, with beige sticks for CCL2 amino acids, blue sticks for iNOS, and yellow dashed lines indicating hydrogen bonds. (B) Structural 
modeling of CCL2-CD206 protein complex, with CCL2 in beige and CD206 in pink. The right panel depicts the binding interface, with beige sticks for CCL2 amino acids, pink sticks 
for CD206, and yellow dashed lines indicating hydrogen bonds. (C) Modeling of CCL2-α-SMA protein complex illustrates CCL2 in beige and α-SMA in green. The right panel depicts 
the binding interface, with beige sticks for CCL2 amino acids, green sticks for α-SMA, and yellow dashed lines indicating hydrogen bonds. The numbers specify the hydrogen bond 
lengths. The docking and confidence scores of the composite protein structure models are shown below each figure. 
Abbreviations: CCL2, C-C motif chemokine ligand 2; iNOS, inducible nitric oxide synthase; CD206, macrophage mannose receptor; α-SMA, α-smooth muscle actin.
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biomechanical homeostasis in rabbit models of osteoarthritis by alleviating mechanical stress.23,48 It concurrently 
downregulates inflammatory and fibrotic mediators, such as vascular endothelial growth factor (VEGF), IL-1β, and 
TNF-α, thereby reducing synovial inflammation.48 Consistent with these findings, our results demonstrated that acupot
omy, applied to mechanically overloaded areas, including the coracohumeral ligament, biceps tendon, and rotator cuff 
complex attachment points,49 significantly reduced shoulder redness, swelling, and stiffness in rats with FS. Histological 
analysis revealed reduced capsular inflammation and fibrosis, with decreased expression of multiple pro-inflammatory 
and pro-fibrotic factors. These results suggest that the therapeutic effects of acupotomy may be linked to its ability to 
remodel the pathological mechanical microenvironment of FS. However, the precise mechanisms underlying this 
association remain to be elucidated.

As the primary effector cells in FS-associated fibrosis, fibroblasts within the capsule are activated by persistent 
inflammation, which upregulates matrix metalloproteinases and collagen genes to drive ECM remodeling.7,50 Increased 
expression of α-SMA is a vital indicator of fibroblast activation.51 A relevant study showed that the rate of α-SMA 
positivity is highly correlated with the degree of capsular fibrosis.36 Our results indicated that the number of α-SMA- 
positive cells in the capsule was significantly decreased after treatment, suggesting that acupotomy may ameliorate 
fibrosis by restricting the activation of fibroblasts to a certain extent. TGF-β is a powerful pro-fibrotic factor that not only 
participates in amplifying the inflammatory response, but is also an important mediator of fibroblast activation.52 It has 
been substantiated that the TGF-β/Smad3 axis exacerbates fibrosis by upregulating the levels of collagen genes such as 
Col1a1 and Col3a1.53 Inhibition of signaling in the TGF-β pathway effectively constrains fibroblast activation and 
facilitates fibrosis regression.54 This observation aligns with our findings that post-acupotomy, the transcript levels of 
genes such as Tgfb1, Smad3, and Col1a1 were effectively regulated within the capsule, suggesting that acupotomy might 
ameliorate FS through a similar pathway; however, the precise molecular mechanisms warrant further investigation.

Macrophages are of significant interest in FS research, especially since their infiltration has been identified in patient 
capsules.55 CCL2 is a core regulator that directs the chemotaxis of monocytes/macrophages to participate in tissue 
inflammation and fibrosis.56 Previous studies have established CCL2 as a pivotal fibrotic regulator across pulmonary, 
cardiac, and other organ systems.57,58 This is contingent upon the capacity of CCL2 to enhance inflammatory infiltration 
and tissue damage at lesion sites by recruiting macrophages and upregulating pro-fibrotic mediators, such as TGF-β.17 In 
our study, we corroborated the pivotal role of CCL2 in modulating the overall macrophage population and fibrosis 
progression. Furthermore, we demonstrated that acupotomy effectively reduced CCL2 expression, thereby reversing this 
process, in accordance with the findings of Yoshimura et al.17 Moreover, our correlation analysis revealed a significant 
positive correlation between CCL2 and α-SMA expression levels, and protein-protein docking modeling further predicted 
the binding and interaction modes. Collectively, this evidence identified CCL2 as the pivotal molecular target mediating 
the anti-fibrotic effects of acupotomy in FS.

Macrophages are phagocytes with high plasticity that can polarize into either classically activated M1 or alternatively 
activated M2 macrophages, responding to inflammation and tissue repair within a damaged microenvironment.59 It 
should be emphasized that M2 macrophages perform several functions, including the secretion of pro-fibrotic factors and 
promotion of fibroblast activation, and are the drivers of fibrotic lesions.60 A study demonstrated that M2 macrophages 
induced in vitro by serum from patients with FS enhanced primary capsule fibroblast activity and promoted ECM 
deposition via TGF-β/Smad3 pathway, but M1 macrophages did not exhibit these effects, highlighting the critical 
pathogenic role of M2 macrophages in FS.61 Recent research has proven that inhibiting M2 polarization of macrophages 
constitutes an effective strategy for intervening in the fibrotic process. In the context of cardiac fibrosis, the activation of 
the phosphoinositide 3-kinase gamma (PI3K-γ) pathway prompts myocardial macrophages to differentiate into M2 
macrophages, subsequently inducing the secretion of TGF-β1 and initiating atrial fibrosis, the application of the PI3K- 
γ inhibitor IPI549 can effectively suppress M2 polarization and further block collagen deposition.62 Luo et al leveraged 
nanotechnology targeting the endoplasmic reticulum of macrophages, further enabling precise regulation of M2 polar
ization, thereby alleviating renal fibrosis and enhancing renal function.63 These studies indicate that inhibiting M2 
macrophages appears to be more advantageous for ameliorating fibrotic diseases. Similarly, our findings showed that 
acupotomy reduced both M1 and M2 macrophages in the capsule, with a more pronounced decrease in M2 macrophages, 
suggesting that acupotomy not only modulates macrophage polarization, but also offers greater benefits in suppressing 
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pro-fibrotic macrophage activity. In conjunction with the tendency of acupotomy to downregulate macrophage recruit
ment, its optimization of macrophage polarization occurs based on a reduction in the overall number of macrophages, as 
blocking macrophage infiltration indirectly reduces the pool of polarizable macrophages. This polarization optimization 
may be attributed to the synergistic suppression of inflammation and CCL2 expression. Currently, the relationship 
between CCL2 and macrophage polarization remains inconclusive. Interestingly, we found that CCL2 interacts with 
polarization markers through computational simulations, suggesting its potential influence on macrophage polarization. 
In summary, the inhibition of macrophage recruitment mediated by CCL2 may represent a crucial mechanism by which 
acupotomy reshapes the immune microenvironment in FS through mechanical release. Nevertheless, this proposed link 
requires further investigation using CCL2 gene ablation and other targeted interventions.

There are still some limitations in this study. First, we temporarily lack observations on the differences in the 
therapeutic effects of FS according to acupotomy treatment frequency and duration of action. Second, preliminary 
findings indicated that the expression of CCL2 and macrophage polarization markers exhibited similar trends and 
interactions. However, the precise mechanism by which acupotomy influences CCL2 to affect macrophage polarization 
requires further investigation in subsequent research.

Conclusion
In this study, we verified that acupotomy significantly ameliorated glenohumeral joint dysfunction and histopathological 
alterations, which were closely related to the reduction of inflammatory and pro-fibrotic factors. This mechanism 
involved the capacity of acupotomy to inhibit CCL2-mediated macrophage recruitment and to modulate subsequent 
M1/M2 polarization, thereby decreasing α-SMA expression and capsular fibrosis.
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