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Abstract
[bookmark: OLE_LINK475][bookmark: OLE_LINK476][bookmark: OLE_LINK470][bookmark: OLE_LINK357]Here, in the present study, we investigated the functional effects, potential evaluative value, and underlying molecular mechanisms of DPP9 in subscapularis muscle injury afterRotator Cuff Tear. .In both mouse models and in vitro models of subscapularis muscle injury, mRNA and protein expression levels of DPP9 were significantly upregulated. Functionally, overexpression of DPP9 exacerbated inflammatory responses and ROS‑mediated mitochondrial oxidative stress in injured subscapularis muscle cells in vitro. Conversely, knockdown of DPP9 attenuated inflammation and mitochondrial oxidative damage in vitro. Consistently, shRNA‑mediated silencing of DPP9 alleviated subscapularis muscle injury in mice by exerting anti‑inflammatory and anti‑oxidative effects.Notably, upregulation of DPP9 promoted ferroptosis in both in vivo and in vitro models of subscapularis muscle injury. Mechanistically, DPP9 physically interacted with Nrf2 protein and suppressed its ubiquitination in vitro. Furthermore, DPP9 modulated the Nrf2 signaling pathway to mitigate inflammation and ROS‑dependent mitochondrial oxidative stress in subscapularis muscle injury, at least partially by inhibiting Nrf2‑mediated ferroptosis.
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Introduction 
[bookmark: OLE_LINK79][bookmark: OLE_LINK80][bookmark: OLE_LINK15][bookmark: OLE_LINK16]Subscapularis muscle injuries (SMI) represent a highly prevalent clinical condition, and its incidence increases progressively with age, affecting up to 30% of individuals aged 60 years and older [1]. The primary clinical symptom is shoulder pain, and most patients present with varying degrees of limited shoulder mobility and shoulder weakness, which severely compromise their daily activities. Traditionally, open surgery has been widely adopted for the management of Lafosse type I subscapularis muscle injuries [2]. Although this approach could alleviate movement restrictions to some extent, the large surgical incision not only prolonged postoperative recovery time but also led to complications such as infections and bleeding [2]. With the advancement of minimally invasive techniques, arthroscopic surgery has gradually been increasingly applied in the treatment of subscapularis muscle injuries, mainly including arthroscopic debridement and repair. These minimally invasive approaches can effectively reduce surgical trauma and facilitate postoperative recovery [3]. However, clinical controversy still exists regarding the optimal selection between these two surgical modalities.

The subscapularis muscle is the strongest and most powerful component of the rotator cuff. It serves a critical role in maintaining the biomechanical stability of the glenohumeral joint and balancing the horizontal force couple of the shoulder joint [4]. Subscapularis muscle injuries represent a major cause of shoulder dysfunction, pain, and even pseudoparalysis [5]. Conservative pharmacotherapy and surgery are commonly used clinical methods for managing subscapularis muscle injuries [6]. As a minimally invasive approach, arthroscopic repair minimizes injury to the surrounding shoulder tissues, allows simultaneous treatment of concomitant rotator cuff tendon injuries, and reduces postoperative adhesion formation. This technique is safe, effective, and associated with rapid postoperative recovery, and has thus become a widely adopted surgical modality in clinical practice [7]. 
Growing evidence has demonstrated that oxidative stress constitutes a critical contributor to aging [8]. WDisruption of the cellular oxidative balance leads to excessive generation of reactive oxygen species (ROS) and impaired scavenging capacity, resulting in ROS accumulation and progressive oxidative damage that ultimately promotes cellular senescence and organismal aging. At present, administration of appropriate antioxidant agents represents an effective strategy to maintain sufficient free radical scavengers and preserve the homeostatic balance of the oxidative system in vivo  [9]. When intracellular ROS levels surge dramatically, the endogenous free radical clearance system fails to match the rate of ROS production [10]. Massive accumulation of oxygen free radicals attacks normal cells and tissues, thereby further exacerbating muscle injury. Moreover, excessive free radicals promote lipid peroxidation, the extent of which can be directly reflected by alterations in muscular malondialdehyde (MDA) levels [11]. As the final product of lipid peroxidation, MDA serves as a reliable biomarker of oxidative stress. Its production indirectly reflects the severity of free radical-induced cellular injury, including the degree of muscle damage [12].
The nuclear factor erythroid 2-related factor 2 (Nrf2) pathway plays a pivotal role in regulating cellular antioxidant responses and protecting cells against ferroptosis [13]. Aberrant activation of this pathway is closely associated with tumor growth, metastasis, and chemoresistance [14]. Recent studies have demonstrated that inhibiting the activation of the Nrf2 pathway can increase oxidative stress, promote intracellular iron accumulation, and enhance lipid peroxidation, thereby inducing ferroptosis and improving the efficacy of chemotherapy [15-17]. Accordingly, targeting the Nrf2 pathway to induce ferroptosis has emerged as a promising strategy for enhancing the effectiveness of chemotherapy [18].
[bookmark: OLE_LINK5]DPP9 is a glycoprotein consisting of 766 amino acids, which exhibits dipeptidase activity in its extracellular domain. It associates with or is released from the cell membrane via two distinct mechanisms. First, as a serine exopeptidase, DPP9 cleaves N-terminal dipeptides containing proline or alanine residues, including insulinotropic peptides and neuropeptides, which renders it relevant to the development of novel antidiabetic agents. Second, similar to DPP4, DPP9 mediates the degradation of various ligands such as signaling peptides, growth factors, cytokines, and extracellular matrix components, thereby attenuating or modifying the cellular responses triggered by these ligands  [19]. DPP9 participates in extracellular signal transduction and cell migration and is ubiquitously expressed in diverse cell types.. DPP9 levels are highly expressed in patients with coronary atherosclerotic heart disease and are positively correlated with in-stent restenosis, making it a potential serum marker for postoperative restenosis in patients [20]. In addition, metabolic abnormalities, including insulin signaling dysregulation and mitochondrial dysfunction, contribute critically to the pathogenesis of neurological disorders such as Alzheimer’s disease. Several antidiabetic agents related to DPP9 inhibitors exert neuroprotective effects and preserve brain cognitive function [21]. Against this background, the present study aimed to investigate the functional role, potential evaluative value, and underlying molecular mechanisms of DPP9 in subscapularis muscle injury.
Methods and Materials

[bookmark: OLE_LINK303][bookmark: OLE_LINK304]Network informatics and patients collection 
Network informatics (GSE130447) were conducted as previously described [22]. Subscapularis muscle injuries patients was collected from our hospital. The studies were authorized by the Ethic Review Committees of our hospital. All experiments were strictly implemented in compliance with the NIH Guide for the Care and Use of Laboratory.

[bookmark: OLE_LINK43][bookmark: OLE_LINK45]Animals (Rotator Cuff Tear, RCT) models and Biomechanical testing
[bookmark: OLE_LINK301][bookmark: OLE_LINK302]The animal studies were authorized by the Animal Ethic Review Committees of our hospital. All animal experiments were strictly implemented in compliance with the NIH Guide for the Care and Use of Laboratory Animals. C57BL/6 mice were purchased from Animal Experimental Center of Wenzhou Medical University. The tendons of the supraspinatus and infra-spinatus muscles in the right shoulder were entirely transected near the humeral head. In the left shoulder, a sham surgery was conducted without tendon detachment to serve as a control. For shoulder function assays, both shoulders were injured to establish RCT models as literature [23]. C57BL/6 mice were anesthetized with Sodium pentobarbital (50 kg/mg), and then mice were sacrificed with cervical dislocation. 


Cell Culture and Treatment
[bookmark: OLE_LINK134][bookmark: OLE_LINK137][bookmark: OLE_LINK136][bookmark: OLE_LINK135]C2C12 myoblasts were grown in high-glucose Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin for 5 days. C2C12 cells were transfected with negative or DPP9, si-nc or si-DPP9 using Lipofectamine 3000 (Invitrogen, CA). 

ELISA and cell viability assay
4-HNE (H268-1-2), CAT (A007-1-1), MDA (A003-1-2), SOD (A001-3-2), GSH (A006-2-1), GSH-PX (A005-1-2) were performed as described in a previous study. [24] Cell viability was determined using CCK-8 assay (C0037, Beyotime) as described in a previous study. [25] Absorbance was measured on the Microplate Reader (Bio Tek, Winooski). EdU kit (C0075S, Beyotime) or LDH activity (C0016, Beyotime), Caspase3 (G01513), Caspase7 (H080) and caspase9 (G01811) were quantified Commercial reagent kit (Nanjing Jiancheng Bioengineering Research Institute) and Absorbance was measured at 450 nm using a fluorescent reader (Synergy H1 Microplate Reader, Bio Tek, Winooski). 

Western Blot 
[bookmark: OLE_LINK46][bookmark: OLE_LINK47][bookmark: OLE_LINK124][bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK49][bookmark: OLE_LINK127][bookmark: OLE_LINK128][bookmark: OLE_LINK125][bookmark: OLE_LINK126][bookmark: OLE_LINK479][bookmark: OLE_LINK480]Western Blotting Analysis and Immunofluorescence were executed as literature.[25] DPP9 (ab302903, 1:1000, Abcam), NRF2 (ab62352, 1:1000, Abcam), GPX4 (ab125066, 1:1000, Abcam), β-actin (1:10000, AC028, Company ABclonal, Inc.) and Anti-Rabbit IgG (1:5000, GB23303, Servicebio) were used in this study. Protein was measured using an BeyoECL Plus kit (P0018S) and analyzed using an Image Lab 3.0 (BioRad Laboratories, Inc.). DPP9 (1:1000, Abcam), and DPP9 (1:1000, Abcam) was used for immunofluorescence analyses.

[bookmark: OLE_LINK477][bookmark: OLE_LINK478]Immunohistochemical, and immunofluorescence analyses and electron microscopy
For immunohistochemical and immunofluorescence analyses, mouse tissue samples were fixed in 4% paraformaldehyde and stained as described in previous studies. [26] Samples were observed under a ﬂuorescence microscope (Zeiss Axio Observer A1, Germany) and a transmission electron microscope (80 kV) (Hitachi H7650, Tokyo, Japan) as described in a previous study [25]. 

[bookmark: OLE_LINK236]Molecular docking model
[bookmark: OLE_LINK143][bookmark: OLE_LINK144]Complexes were color-labeled, and 3D surface display was utilized according to the previously described [22, 27]. DPP9 and Nrf2 protein structures were obtained from RCSB PDB. Protein interaction analysis identified DPP9 binding regions on Nrf2, and imported into Pymol (version 2.3.0) to remove water molecules and small molecules.

Single-cell data
The tissue-specific expression of DPP9 in patients with hindlimb muscle biopsies was evaluated using single-cell data from the China National GeneBank and the CNP0004495 dataset as literature [17]. The study also indicated the source of the original data. 

Statistical Analysis
P < 0.05 was considered significant and evaluated using Student’s t-test or one-way analysis of variance (ANOVA) followed by Tukey’s post-test. Data were expressed as mean ± standard deviation (SD).

Results 

[bookmark: OLE_LINK10][bookmark: OLE_LINK17][bookmark: OLE_LINK32][bookmark: OLE_LINK14][bookmark: OLE_LINK13][bookmark: OLE_LINK18][bookmark: OLE_LINK11]Expression of DPP9 in patients with SMI
[bookmark: OLE_LINK202][bookmark: OLE_LINK182][bookmark: OLE_LINK228][bookmark: OLE_LINK229][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK103][bookmark: OLE_LINK104][bookmark: OLE_LINK423][bookmark: OLE_LINK422][bookmark: OLE_LINK19][bookmark: OLE_LINK25][bookmark: OLE_LINK24][bookmark: OLE_LINK26][bookmark: OLE_LINK28]First, we screened potential disease targets involved in the occurrence and progression of SMI. DPP9 expression was downregulated in SMI mouse samples from the GSE130447 dataset (Figure 1A). Consistently, DPP9 mRNA expression was also down-regulated in patients with SMI (Figure 1B). CBX3 protein expression was decreased in mice with SMI (Figure 1C). In an in vitro model of SMI, CBX3 mRNA expression was down-regulated in a time‑dependent manner (Figure 1D). 

[bookmark: OLE_LINK40][bookmark: OLE_LINK33][bookmark: OLE_LINK39]DPP9 expression in muscle cells from SMI patients
[bookmark: OLE_LINK38][bookmark: OLE_LINK37][bookmark: OLE_LINK157][bookmark: OLE_LINK163][bookmark: OLE_LINK48][bookmark: OLE_LINK72][bookmark: OLE_LINK160][bookmark: OLE_LINK156][bookmark: OLE_LINK159][bookmark: OLE_LINK158][bookmark: OLE_LINK165][bookmark: OLE_LINK166][bookmark: OLE_LINK56][bookmark: OLE_LINK57][bookmark: OLE_LINK217][bookmark: OLE_LINK218][bookmark: OLE_LINK425][bookmark: OLE_LINK424]We further explored the role of DPP9 in SMI models using Single Cell Analysis. Subsequently, the expression of DPP9 in muscle cells patients was assessed using Single Cell Analysis (Figure 2A-2B). DPP9 was clearly expressed in muscle cells of SMI patients (Figure 2C). In contrast, DPP9 was not detected in B cells, T cells, or macrophages from SMI patients (Figure 2D-2E). 

[bookmark: OLE_LINK55][bookmark: OLE_LINK54][bookmark: OLE_LINK58][bookmark: OLE_LINK12]DPP9 reduced subscapularis muscle injury in mice model or in vitro model 
[bookmark: OLE_LINK76][bookmark: OLE_LINK75][bookmark: OLE_LINK208][bookmark: OLE_LINK207][bookmark: OLE_LINK20][bookmark: OLE_LINK29][bookmark: OLE_LINK52]We next investigated the effects of DPP9 on esubscapularis muscle injury in model of SMI. In an mouse model, DPP9 up-regulation reduced Stance width, The paw area at peak stance, and Stride length, and expanded Endurance time and Fatigue time in mice model of SMI (Figure 3A-3E). Overexpression of DPP9 alleviated subscapularis muscle injury in SMI mice, as evidenced by HE and Masson staining (Figure 3F-3G). Meanwhile, DPP9 up-regulation suppressed mRNA expression of ACACA, C/EBPa, FASN, PLIN1 and PPARγin SMI model mice (Figure 3H).  In in vitro models, transfection with DPP9 plasmid significantly elevated DPP9 mRNA levels, whereas treatment with si‑DPP9 reduced DPP9 expression (Figure 4A–4B). Overexpression of DPP9 inhibited mRNA levels of ACACA, C/EBPα, FASN, PLIN1, and PPARγ (Figure 4C–4G). Conversely, knockdown of DPP9 induced the expression of these genes (Figure 4H–4L).
[bookmark: OLE_LINK168]DPP9 reduced inflammation and ROS-induced oxidation in model of subscapularis muscle injury
In both mouse and in vitro models of SMI, upregulation of DPP9 attenuated inflammatory responses and ROS‑induced oxidative damage (Figure 5A–5B, Figure 6A–6C). Consistently, si‑DPP9–mediated knockdown of DPP9 exacerbated inflammation and oxidative stress in the in vitro SMI model (Figure 5C, Figure 6D–6E).
[bookmark: OLE_LINK70][bookmark: OLE_LINK69]DPP9 reduced mitochondrial damage in model of subscapularis muscle injury
[bookmark: OLE_LINK354][bookmark: OLE_LINK355][bookmark: OLE_LINK71][bookmark: OLE_LINK77]Next, DPP9 up-regulation increased mitochondria CoCl2 levels and JC-1 assay levels, and reduced mitochondrial damage (mitochondrial damage) in an in vitro model of Subscapularis muscle injury (Figure 7A-7B, 7E). DPP9 down-regulation reduced CoCl2 levels and JC-1 assay levels, and promoted mitochondrial damage (mitochondrial damage) in an in vitro model of Subscapularis muscle injury (Figure 7C-7D, 7F).

[bookmark: OLE_LINK81][bookmark: OLE_LINK141]DPP9 reduced ferroptosis in model of subscapularis muscle injury
We further explored whether DPP9 regulates ferroptosis triggered by mitochondrial oxidative stress in SMI. In the mouse SMI model, DPP9 overexpression decreased iron concentration, FeRhNOX‑1 levels, and ferrous iron levels, inhibited LDH activity, and enhanced GSH activity as well as GPX4 protein expression (Figure 8A–8E). Similarly, in the in vitro SMI model, DPP9 upregulation reduced FeRhNOX‑1 and ferrous iron levels and suppressed LDH activity (Figure 8F–8I). Conversely, si‑DPP9 increased FeRhNOX‑1 and ferrous iron levels and promoted LDH release (Figure 8J–8M). Moreover, DPP9 overexpression enhanced GSH activity and GPX4 protein expression, whereas DPP9 knockdown exerted the opposite effects in vitro (Figure 8N–8O).
[bookmark: OLE_LINK101][bookmark: OLE_LINK102][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: OLE_LINK105][bookmark: OLE_LINK100][bookmark: OLE_LINK106]DPP9 protein interlinked Nrf2 protein to reduce Nrf2 ubiquitination in vitro model of SMI
[bookmark: OLE_LINK78][bookmark: OLE_LINK96]Next, this study elucidated that the mechanism of DPP9 on NRF2 in model of SMI. In mouse SMI models, DPP9 overexpression upregulated Nrf2 expression (Figure 9A). In muscle tissues from SMI mice, DPP9 overexpression increased both DPP9 and Nrf2 protein levels (Figure 9B). Consistently, DPP9 overexpression also elevated DPP9 and Nrf2 protein expression in the in vitro SMI model (Figure 9C). Immunofluorescence staining confirmed that DPP9 upregulation enhanced the expression of DPP9 and Nrf2 in vitro (Figure 10D). In contrast, DPP9 knockdown suppressed DPP9 and Nrf2 protein levels in the in vitro SMI model (Figure 9E).Most structural regions of NRF2 display low confidence. The high-confidence segment (highlighted in pink) was extracted and used to molecular docking with DPP9. Subsequently, the low-confidence regions of the resulting complex (shown in gray) were removed, followed by molecular dynamics (MD) simulations (Figure 10A). 
During the simulation, the root-mean-square deviation (RMSD) gradually decreased and stabilized over time, indicating progressive stabilization of the receptor–ligand complex—and their binding interface—became increasingly stable (Figure 10B). Similarly, the radius of gyration (Rg) also tended to stabilize, further confirming the structural stabilization of the receptor–ligand complex (Figure 10C). The terminal regions of the ligand protein, corresponding to low‑confidence sequences, were under relatively weak structural constraints, especially within the ligand itself. This led to obvious fluctuations at the terminals and correspondingly elevated root‑mean‑square fluctuation (RMSF) value (Figures 10D–10E). 
The buried solvent-accessible surface area (SASA) increased steadily during the simulation and eventually converging with reduced fluctuations. This suggests that the contact area and binding interface between the receptor and ligand proteins gradually stabilized, indicative of increasingly robust intermolecular interactions (Figure 10F). 


[bookmark: OLE_LINK138]Hydrogen bonding are crucial rfor protein–ligand interactions. Since hydrogen bonding is closely associated with electrostatic interactions, the number of hydrogen bonds can reflect the intensity of such forces. As shown in the figure, the number of hydrogen bonds remained relatively high, fluctuating consistently between 10 and 20, thereby contributing to substantial electrostatic interactions between the receptor and ligand proteins (Figure 10G). Furthermore, van der Waals (VDW) interactions within the complex exhibited minor fluctuations and high stability. In comparison, electrostatic (ELE) interactions were stronger than VDW but showed greater variability, thus primarily dictating the trend of the overall binding energy. During the simulation, the binding energy gradually stabilized with diminishing fluctuations, further confirming the conclusion that progressive stabilization of the complex structure and receptor–ligand binding (Figure 10H). 
[bookmark: OLE_LINK389][bookmark: OLE_LINK390][bookmark: OLE_LINK350][bookmark: OLE_LINK349][bookmark: OLE_LINK402][bookmark: OLE_LINK406][bookmark: OLE_LINK407]To identify key residues responsible for binding, the binding energy (ΔEMMPBSA) was decomposed on a per‑residue basis, allowing the identification of critical amino acids. As shown in Figures 10I–10J, key receptor residues contributing significantly to ligand binding included ARG‑95, LYS‑92, LYS‑93, and ARG‑844, among others. Meanwhile, key ligand residues that formed strong interactions with the receptor included ASP‑13, THR‑64, and GLU‑39 (Figures 10I–10J). As presented in Figure 10K, the binding interface between the receptor and ligand exhibited high morphological complementarity, accompanied by abundant hydrogen bond interactions, indicating stable overall binding between the two proteins.IP analysis demonstrated that DPP9 WT protein interacts with the NRF2 WT protein, while the DPP9 WT protein does not interact with the NRF2 Mut protein, and the DPP9 Mut protein does not link with the NRF2 WT protein (Figure 10L). IP analysis demonstrated that the DPP9 up-regulation promoted ubiquitination of NRF2 protein of microglial in model of Subscapularis muscle injury (Figure 10M). Then, DPP9 down-regulation reduced ubiquitination of NRF2 protein in model of Subscapularis muscle injury (Figure 10M).  

[bookmark: OLE_LINK99]Nrf2 inhibitor reduced the effects of DPP9 on ferroptosis and ROS-induced oxidation in model of subscapularis muscle injury
[bookmark: OLE_LINK351]Subsequently, the Nrf2 inhibitor (C25-140, 10 μM) abolished the regulatory effects of DPP9 on Nrf2/GPX4 protein expressions, subscapularis muscle injury, inflammation, oxidative stress, mitochondrial damage and ferroptosis in vitro model of subscapularis muscle injury (Figure 11).
Discussion 
[bookmark: OLE_LINK142][bookmark: OLE_LINK129][bookmark: OLE_LINK123][bookmark: OLE_LINK130]Subscapularis muscle injuries are closely associated with factors patient age, trauma, and lifestyle habits [28]. Affected patients primarily present with clinical symptoms including joint swelling, limited mobility, pain, and muscle weakness, all of which severely impair daily work and quality of life [29]. The shoulder joint is anatomically adjacent to critical blood vessels and nerves [30]. Arthroscopic repair can effectively restore shoulder joint structure and function [31]. However, the restricted surgical field inherent to arthroscopy inevitably causes certain vascular and nerve injuries, often resulting in unsatisfactory postoperative recovery [32]. In this study, DPP9 expressions were down-regulation in model of SMI. Meanwhile, DPP9 was found to be expressed in muscle cells of SMI patients. Of note, Guan et al. reported elevated DPP9 protein levels in acute kidney injury were elevated [33]. Collectively, these findings indicate that DPP9 may serve as a promising therapeutic target for the management of SMI. 
[bookmark: OLE_LINK164]The operating room serves as a vital medical environment for performing surgical operations and saving patients’ lives. Surgical procedures are inherently high-tech and high risk [34]. Therefore, deficiencies in operating room nursing management or care protocols can readily give rise to surgical safety risks [35]. Thus, enhancing the team's risk awareness and improving surgical safety are of significant importance. The subscapularis muscle is an important structure of the shoulder joint, which contributes to shoulder internal rotation, restrains excessive external rotation, and thereby maintains anterior shoulder stability [6]. The etiology of subscapularis muscle injuries can be categorized into traumatic and non-traumatic factors. Injury to the subscapularis muscle may destabilize the long head of the biceps tendon, resulting in its dislocation and longitudinal tearing, which triggers severe shoulder pain [5]. As the condition progresses, shoulder mobility becomes significantly restricted, severely impairing the patient’s daily activities [36]. We found that DPP9 reduced subscapularis muscle injury in mice model or in vitro model. Wang et al. reported that pinocembrin suppressed NLRP1 inflammasome by the activation of DPP9 in model of middle cerebral artery occlusion/reperfusion [37]. These findings suggest that upregulation of DPP9 may exert protective effects against subscapularis muscle injury and other tissue damage. 
[bookmark: OLE_LINK464]In the present study, we demonstrated that DPP9 alleviated subscapularis muscle injury in both mouse and in vitro models. Wang et al. reported that pinocembrin inhibited the NLRP1 inflammasome via activating DPP9 in a middle cerebral artery occlusion/reperfusion model [37]. These findings suggest that upregulation of DPP9 may exert protective effects against subscapularis muscle injury and other tissue damage.
[bookmark: OLE_LINK465][bookmark: OLE_LINK466][bookmark: OLE_LINK329][bookmark: OLE_LINK328][bookmark: OLE_LINK463][bookmark: OLE_LINK462][bookmark: OLE_LINK3][bookmark: OLE_LINK172][bookmark: OLE_LINK173][bookmark: OLE_LINK175][bookmark: OLE_LINK174][bookmark: OLE_LINK176][bookmark: OLE_LINK179]Studies have demonstrated that during cellular senescence, systemic ROS production is elevated. Upon disruption of redox homeostasis, the activities of GSH, SOD, and CAT as well as T-AOC levels are decreased, whereas malondialdehyde (MDA) content is markedly increased [16, 38]. Excessively accumulated MDA indirectly induces the overexpression of pro-apoptotic proteins, thereby triggering apoptotic cell death [39]. Muscle injury is characterized by damage to sarcomeres and the sarcoplasmic reticulum membrane. Injury to the sarcoplasmic reticulum leads to massive Ca²⁺ influx, which further activates proteases and phospholipase A, ultimately promoting myofiber degradation [40]. Histopathological observations under light microscopy reveal swollen and enlarged myofibers, which transform from a normal polygonal morphology into a rounded shape [41]. Muscle cell nuclei are irregularly distributed, myofibers appear translucent, and inflammatory cell infiltration is evident around damaged myofibers [42]. Muscle injury further triggers a cascade of inflammatory responses. As tissue damage induces apoptosis or necrosis of muscle cells, locally inflamed regions exhibit exudation of tissue fluid and plasma proteins accompanied by leukocyte infiltration, resulting in significantly elevated expression of inflammatory cytokines including IL-6, TNF-α, and IL-1β  [24]. We found that DPP9 reduced inflammation and ROS-induced oxidation in model of subscapularis muscle injury. Consistent with our findings,  Ángela Del Castillo-Izquierdo et al. showed that DPP9 might be one key gene associated with pulmonary inflammation in severe acute respiratory syndrome coronavirus [19]. Zhou et al. showed that DPP9 regulates ROS in liver cancer cells [43]. Collectively, these data indicate that DPP9 mitigates oxidative stress and inflammatory responses in muscle cells under SMI conditions.Muscle regeneration is a highly coordinated biological process. Studies have shown that muscle repair typically initiates with myofiber degeneration, which exhibits morphological features similar to [27]. Under pathological conditions, excessive necroptosis often induces robust pro-inflammatory responses and thereby exacerbates tissue damage. Ferroptosis is a recently reported novel form of cell death, whose specific mechanism involves iron overload leading to lipid peroxidation, thereby causing cell death. Ferroptosis is associated with various cellular processes such as iron homeostasis, redox homeostasis, and lipid metabolism [44]. GPX4 serves as a key enzyme in mammalian cells that specifically detoxifies lipid ROS, thereby counteracting ferroptotic cell death [18]. We found that DPP9 reduced mitochondrial damage and ferroptosis of muscle cells in model of SMI. Chang et al. showed that DPP9 regulated ferroptosis in Clear Cell Renal Cell Carcinoma [20]. So, DPP9 could reduce mitochondrial damage-induced ferroptosis of muscle cells in model of SMI.
[bookmark: OLE_LINK294][bookmark: OLE_LINK178][bookmark: OLE_LINK177][bookmark: OLE_LINK471][bookmark: OLE_LINK472][bookmark: OLE_LINK183][bookmark: OLE_LINK184][bookmark: OLE_LINK185][bookmark: OLE_LINK186]Studies have demonstrated that ferroptosis is governed by multi-layered molecular regulatory mechanisms, among which the Nrf2/SLC7A11/GPX4 axis serves a pivotal role [45, 46]. As a central regulator of the cellular antioxidant defense system, Nrf2 precisely modulates the transcription of downstream anti-ferroptotic genes, including HO-1, SLC7A11, and GPX4, thereby maintaining intracellular redox homeostasis and eliminating accumulated lipid peroxides [47]. In this study, DPP9 protein interlinked Nrf2 protein to reduce Nrf2 ubiquitination in vitro model of SMI. Nrf2 inhibitor reduced the effects of DPP9 on ferroptosis and ROS-induced oxidation in model of subscapularis muscle injury. Consistent with our findings, Chang et al. showed that DPP9 Stabilizes NRF2 in Clear Cell Renal Cell Carcinoma [20]. Mechanistically, DPP9 attenuated Nrf2 ubiquitination and thereby promoted Nrf2 protein expression in muscle cells under SMI conditions. 
[bookmark: OLE_LINK297][bookmark: OLE_LINK298][bookmark: OLE_LINK333][bookmark: OLE_LINK293][bookmark: OLE_LINK295][bookmark: OLE_LINK312]In summary, DPP9 interacts with NRF2 protein and inhibits NRF2 ubiquitination in muscle cells under SMI conditions . DPP9 attenuates Mitochondrial oxidation-induces ferroptosis and inflammation in model of SMI. Therefore, targeting DPP9 may represent a potentially effective therapeutic strategy for SMI. 
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Figure and Figure Legends

Figure 1. The expression of DPP9 in patients with SMI
[image: Figure 1]
Heat map (A), DPP9 mRNA expression in patients with SMI (B), DPP9 protein expression in mice model (C), DPP9 mRNA expression in vitro model (D).
[bookmark: OLE_LINK214]*, P < 0.05; ***, P < 0.001; 

[bookmark: OLE_LINK161][bookmark: OLE_LINK153]Figure 2. DPP9 expression level in muscle cells of patients with SMI
[image: Figure 2]
[bookmark: OLE_LINK152]Single-cell sequencing data for DPP9 expression (A, B), DPP9 was found to be expressed in muscle cells (ITGA9, JPH2, KCNAB1, RGS5, SH3BGR, SMOC1, C), B cells (CD24, CD27, CD79A, CD86, D), T cells (CD4, CD8A, CD8B, CD80, E) and macrophage (CD68, CD163, GPR34, JAML, F). 

Figure 3. DPP9 reduced subscapularis muscle injury in mice model 
[image: Figure 3]
[bookmark: OLE_LINK259][bookmark: OLE_LINK216]Stance width (A), the paw area at peak stance (B), Stride length (C), and expanded Endurance time (D) and Fatigue time (E), Subscapularis muscle injury (HE and Masson staining) (F, G), ACACA/C/EBPa/FASN/PLIN1/PPARγ mRNA expression (H). 
[bookmark: OLE_LINK224][bookmark: OLE_LINK226]*, P < 0.05; **, P < 0.01; ***, P < 0.001; 

Figure 4. DPP9 reduced subscapularis muscle injury in vitro model 
[image: Figure 4]
DPP9 expression (A, B), 
[bookmark: OLE_LINK219][bookmark: OLE_LINK220]ACACA/C/EBPa/FASN/PLIN1/PPARγ mRNA expression (C, D, E, F, G) in vitro model by DPP9 up-regulation;
ACACA/C/EBPa/FASN/PLIN1/PPARγ mRNA expression (H, I, J, K, L) in vitro model by si-DPP9;
**, P < 0.01; ***, P < 0.001; 
 
[bookmark: OLE_LINK221]Figure 5. DPP9 reduced inflammation in model of subscapularis muscle injury
[image: Figure 5]
Inflammation (IL-1β, IL-6, TNFα and INF-γ, A) in mice model by DPP9 up-regulation;
[bookmark: OLE_LINK235]Inflammation (IL-1β, IL-6, TNFα and INF-γ, B) in vitro model by DPP9 up-regulation;
Inflammation (IL-1β, IL-6, TNFα and INF-γ, C) in vitro model by DPP9 down-regulation;
[bookmark: OLE_LINK237]*, P < 0.05; **, P < 0.01; ***, P < 0.001; 

Figure 6. DPP9 reduced ROS-induced oxidation in model of subscapularis muscle injury
[image: Figure 6]
4-HNE/CAT/GSH-PX/SOD/ MDA levels (A) in mice model by DPP9 up-regulation;
4-HNE/CAT/GSH-PX/SOD levels (B), MDA/ROS levels (C) in vitro model by DPP9 up-regulation;
4-HNE/CAT/GSH-PX/SOD levels (D), MDA/ROS levels (E) in vitro model by DPP9 down-regulation;
[bookmark: OLE_LINK238]**, P < 0.01; ***, P < 0.001; 

Figure 7. DPP9 reduced mitochondrial damage in model of subscapularis muscle injury
[image: Figure 7]
Mitochondria CoCl2 levels (A), JC-1 assay (B) in vitro model by DPP9 up-regulation;   
Mitochondria CoCl2 levels (C), JC-1 assay (D) in vitro model by DPP9 up-regulation;  
Mitochondrial damage (electron microscope, E, F). 
**, P < 0.01; ***, P < 0.001; 

Figure 8. DPP9 reduced ferroptosis in model of subscapularis muscle injury
[image: Figure 8]
FeRhNOX-1 (A), Ferrous concentration level (B), LDH activity levels (C), GSH/GSH-PX activity level (D, E) in mice model by DPP9;  
[bookmark: OLE_LINK240][bookmark: OLE_LINK244]FeRhNOX-1 (F), Ferrous concentration level (G), Iron concentration level (H), LDH activity levels (I) in vitro model by DPP9 up-regulation;  
FeRhNOX-1 (J), Ferrous concentration level (K), Iron concentration level (L), LDH activity levels (M) in vitro model by si-DPP9;
[bookmark: OLE_LINK243]GSH/GSH-PX activity level (N, Q) in vitro model by DPP9 up-regulation or si-DPP9;
**, P < 0.01; ***, P < 0.001; 

[bookmark: OLE_LINK247][bookmark: OLE_LINK248]Figure 9. DPP9 protein interlinked Nrf2 protein in vitro model of SMI
[image: Figure 9]
[bookmark: OLE_LINK319][bookmark: OLE_LINK231][bookmark: OLE_LINK473][bookmark: OLE_LINK474][bookmark: OLE_LINK253][bookmark: OLE_LINK254][bookmark: OLE_LINK252]Heat map (A), DPP9 / NRF2 protein expression (B) in mice model, NRF2 expression (in vivo imaging, C), NRF2 expression (Immunohistochemistry, D), NRF2 expression (in vivo imaging, E) in mice model; 
***P < 0.001. 

Figure 10. Molecular Dynamics Simulation for DPP9 Nrf2 ubiquitination in vitro model of SMI
[image: Figure 10]
[bookmark: OLE_LINK361][bookmark: OLE_LINK360]Molecular Docking (A), RMSD (Root Mean Square Deviation, B), Rg (Radius of Gyration, C), RMSF (Root Mean Square Fluctuation, D, E), Buried SASA (F), Evolution of Hydrogen Bond Count (G), Analysis of Electrostatic and van der Waals Interactions (H), Residue Contribution Analysis (I, J), Interaction between Receptor and Ligand Proteins (K). IP assay for DPP9 protein interlinking with NRF2 protein (L), NRF2 ubiquitination (M).
**P < 0.01, ***P < 0.001. 

Figure 11. Nrf2 inhibitor reduced the effects of DPP9 on ferroptosis and ROS-induced oxidation in model of subscapularis muscle injury
[image: Figure 11]
Nrf2/GPX4 protein expression (A), ACACA/C/EBPa/FASN/PLIN1/PPARγ mRNA expression (B), inflammation (IL-1β, IL-6, TNFα and INF-γ, C), oxidative stress (4-HNE levels, CAT, SOD, GSH-PX, D), MDA (E), JC-1 assay (F), Mitochondria CoCl2 levels (G), FeRhNOX-1 (H), Ferrous concentration level (I), Iron concentration level (J), LDH activity levels (K),
*, P < 0.05; **, P < 0.01; ***, P < 0.001; 
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