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Research purpose
The purpose of this study is to demonstrate the effectiveness of Notoginsenoside R1 (NGR1) in treating tendinopathy and to reveal its potential mechanisms.
Materials and methods
This study performed a preliminary network-based assessment of the potential targets that NGR1-associated in the treatment of tendinopathy, which includes PPI network analysis, GO enrichment, KEGG pathway enrichment analysis, and molecular docking. The therapeutic efficacy of NGR1 in vivo was then assessed using a collagenase-induced rat model of tendinopathy. Furthermore, the underlying mechanism was explored through LPS-induced inflammatory responses in tenocytes in vitro.
Results
Network-based assessment indicated that key targets associated with NGR1 in treating tendinopathy may potentially include IL-6, TNF, and MMP9. In vivo studies revealed that NGR1 mitigates the pathological response of tendinopathy induced by collagenase, exhibiting a dose-dependent efficacy, with the 8 μM concentration yielding the most favorable outcomes. RNA sequencing analyses of tenocytes indicated that NGR1 potentially treats tendinopathy by modulating the synthesis of collagen and matrix metalloproteinases, as well as attenuating LPS-induced inflammatory responses. These findings aligned with results obtained from quantitative PCR, ELISA and Western blot analyses.
Conclusion
NGR1 effectively moderates the progression of tendinopathy by modulating inflammatory reactions and matrix metabolism. This discovery offers a promising approach for clinical management of tendinopathy.
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INTRODUCTION
Tendinopathy is a relatively complex medical condition that involves a series of lesions in the tendon. The lesion site may exhibit symptoms such as pain, dysfunction, and decreased exercise tolerance (Millar et al., 2021). The lifetime prevalence of tendinopathy in the general population is reported to be 5.9%, while the probability of tendinopathy in the lower extremity is 1%–2%. In comparison, the prevalence of tendinopathy in athletes reaches up to 23.9% (Kujala et al., 2005). Mechanical overuse and the poor healing of acute injury are considered as the two major pathogenic factors of tendinopathy. Hence, tendinopathy is ubiquitous in the sport exposed to high-intensity and repetitive movements, such as running, volleyball, and tennis (Francis et al., 2019; Zwerver et al., 2011), which is also frequent in workers exposed to monotonous repetitive work tasks (Hopkins et al., 2016). Meanwhile, tendinopathy is associated with a few medical diseases such as hypercholesterolemia, rheumatic diseases and diabetes mellitus (Jong et al., 2024; Ahmed, 2016; Soslowsky and Fryhofer, 2016). Other intrinsic risk factors are age, sex, and genetics (Steinmann et al., 2020).
Over the past several decades, the clinical definition and treatment of tendinopathy have been subjects of considerable debate due to insufficient understanding of its pathophysiology. The condition has also been variably described as tendinitis, tenosynovitis, and tendinosis (Millar et al., 2021). Initially regarded as a degenerative disease (Riley, 2008), further pathological investigations into clinical samples of tendinopathy have revealed a significant role for inflammatory responses and immune system activities in its progression (Zhu et al., 2023). Emerging research indicates that in the early stages of healing, a range of inflammatory cytokines and chemokines critically influence the metabolism of tenocytes and extracellular matrix (ECM) (September et al., 2011). This interaction compromises tendon integrity, promotes degeneration, and leads to the formation of fibrovascular scar tissue, which can culminate in tendon tears or ruptures. Building on this insight, targets and signaling pathways involved in inflammatory responses could represent a promising approach to treating tendinopathy. Corticosteroid injections have traditionally been used for this purpose, but their efficacy in controlling inflammation and facilitating tendon repair remains controversial (Blanco et al., 2005; Ko et al., 2022). Research indicates that these injections may impair tendon cell metabolism, resulting in reduced elasticity and tensile strength of the tendon, which in turn increases the risk of tendon rupture (Coombes et al., 2013; Dean et al., 2014). Consequently, the development of new non-corticosteroid anti-inflammatory drugs is vital for the effective treatment of tendinopathy.
An optimal therapeutic strategy for tendinopathy should not only mitigate inflammation but also enhance the metabolic processes of tendon cells and their matrix, facilitating the recovery of the tendon’s normal structure and function. Panax notoginseng, a famous herb in traditional Chinese medicine, is the dried roots and rhizomes of a species in the Araliaceae family. It contains notoginsenosides, ginsenosides, and chikusetsusaponins, which are tetracyclic triterpenoids and are celebrated for their trauma-healing properties in traditional Chinese medicine practices. Contemporary research highlights its anti-inflammatory, antioxidant, anti-apoptotic, and immunomodulatory properties. Laboratory studies have indicated that P. notoginseng can modulate collagen metabolism in cells. Given our understanding of its pharmacological properties and the pathophysiology of tendinopathy, P. notoginseng and its extracts emerge as promising candidates for tendinopathy treatment. Notoginsenoside R1 (NGR1, Figure 1), a key component of P. notoginseng, is effective in mitigating myocardial cell damage caused by reperfusion following a myocardial infarction by modulating signaling pathways associated with oxidative and endoplasmic reticulum stress (Han et al., 2022). Additionally, NGR1 inhibits the activation of the MAPK signaling pathway, which helps reduce liver fibrosis triggered by carbon tetrachloride (Yu et al., 2016). In hyperglycemic conditions, NGR1 also curtails the expression of VEGFA and FGF1, thus decelerating the apoptosis in glomerular podocytes (Gong et al., 2022; Li et al., 2023). Yet, its application in tendinopathy treatment remains unexplored.
[image: Illustration of a research workflow involving NGR1 from Traditional Chinese Medicine Systems Pharmacology and its targets, tendinopathy-related targets from GeneCards, and their intersection leading to further analysis. Methods include NGR1-target-disease network via Cytoscape, PPI network via STRING, GO and KEGG analysis, molecular docking with PDB and AutoDock, followed by experimental methods: CCK-8, RT-qPCR, Western Blotting, RNA-Seq, ELISA, and a rat tendinopathy model.]FIGURE 1 | Schematic diagram of the database.Thus, this study employs network analysis to explore the potential targets and signaling pathways for NGR1 in the treatment of tendinopathy. The therapeutic efficacy and potential mechanism of NGR1 to tendinopathy are further validated through experiments using a collagenase-induced rat model of Achilles tendinopathy and cellular molecular biology techniques. This research underscores the therapeutic potential and future applicability of NGR1 in managing tendinopathy (Figure 1).
MATERIALS AND METHODS
Network-based analysis and molecular docking
The molecular structure of NGR1 was confirmed through the PubChem database (https://pubchem.ncbi.nlm.nih.gov/). Next, the potential targets of NGR1 were predicted using the PharmMapper database (https://www.lilab-ecust.cn/pharmmapper/), and all target names were verified with the UniProt database (https://www.uniprot.org/). In the GeneCards database (https://www.genecards.org/), the DisGeNET database (https://www.disgenet.org/search/), and the OMIM database (https://omim.org/), “tendinopathy” was used as a keyword to search, download, and integrate all related genes. The intersection between the NGR1 targets and tendinopathy-related genes was used to identify therapeutic targets for NGR1 using the search term “Venn”. A network diagram showing the relationship among NGR1, tendinopathy, and the therapeutic targets was constructed using Cytoscape 3.2.1 software. Then, the topological parameters, including centrality and node degree of the network, were calculated using the network analysis tool to evaluate the significance of the nodes. The protein–protein interaction (PPI) networks of the therapeutic targets were constructed using the STRING database (https://string-db.org/) with the following conditions: “minimum required interaction score = 0.7” and “hide disconnected nodes in the network.” The DAVID v6.8 database (https://david.ncifcrf.gov/) was used to perform Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses.
Key targets were screened based on three parameters (betweenness, closeness, and degree) in the PPI network of therapeutic targets. Subsequently, molecular docking was performed between NGR1 and the top 5 potential target proteins using AutoDock Vina software. The 3D structures of the target proteins were downloaded from the PDB database (https://www.rcsb.org), and the. mol2 format files of NGR1 were obtained from the TCMSP database. Criteria for selecting target protein crystals included: (1) 3D protein structure determined by X-ray crystallography; (2) crystal resolution less than 2 Å; and (3) reliable genotype protein analysis. Water molecules and original ligands were removed from the target protein using PyMOL. Then, the target protein was imported into AutoDock Tools v1.5.6 for hydrogenation, charge calculation, and combination with non-polar hydrogens, and the result was stored in. pdbqt format. The size of the Grid Box was set to cover the binding area of the target protein and NGR1. Finally, AutoDock Vina was run using CMD command characters for molecular docking, and PyMOL was used to visualize the results.
Animal model and treatment
8-week-old male Sprague–Dawley (SD) rats were purchased from Beijing Longan Laboratory Animal Breeding Center (Ethics Code. BJLongan-2025–0003, Jan. 16, 2025.). The housing conditions for rats are maintained in an SPF environment. The ambient temperature is maintained at 18°C–22°C, the relative humidity is maintained at 50%–60%, and the average lighting time is 10–14 h. Subsequently, the animals were randomly divided into 5 groups (n = 6, each), including Sham, collagenase-induced tendinopathy (CIT), CIT + NGR1 (1, 4, 8 μM) groups. The tendinopathy model was established following the procedure outlined in the pre-experiment (Supplementary Figure S1) and previous study (Liu et al., 2021). Briefly, following the successful administration of anesthesia, 50 μL type I collagenase (40 mg/mL) was administered via injection into the right Achilles tendon of the rat. The Sham group received equivalent saline injections instead of type I collagenase. After 1 weeks, all groups were treated differently. The rats were locally injected with a therapeutic drug or saline one time per week, depending on their group assignment (Sham: 50 μL saline; CIT: 50 μL saline; CIT + NGR1: 1, 4, 8 μM NGR1 dissolved in saline 50 μL). After 5 weeks, all animals were euthanized, and the right Achilles tendons were collected.
Histology and immunohistochemistry (IHC) assessment
Rat tendon samples were fixed in 4% neutral-buffered paraformaldehyde (PFA; Solarbio, Beijing, China), embedded in paraffin, and sectioned continuously (5 μm thick). Hematoxylin and eosin (HE) as well as Masson staining were performed according to the protocols. Histological scoring followed the criteria developed by Stoll et al. (2011), where the intact group was assigned a score of 20 points. For immunohistochemical staining (IHC), the paraffin-embedded sections were incubated with 3% H2O2 for 15 min to inhibit endogenous peroxidase, followed by incubation with 10% goat serum for 1 h at 21 °C to block non-specific antigens. Next, the sections were incubated with specific primary antibodies against collagen I (Col1, ab270993; Abcam, CA, United States; 1:100), collagen III (Col3, ab7778; Abcam; 1:100), IL-6 (ab9324; Abcam; 1:100), matrix metalloproteinase 3 (MMP3, ab52915; Abcam; 1:100) overnight at 4 °C. Subsequently, the sections were incubated for 1 h at 21°C with horseradish peroxidase-conjugated secondary antibodies (PV-6001 and PV-6002, ZSGB-BIO). The integrated OD value of positive staining was evaluated using ImageJ software (National Institutes of Health, MD, United States).
Primary rat tenocyte isolation and culture
Primary rat tenocytes were isolated from tendon fragments dissected from the Achilles’s tendon of 6-week-old Sprague–Dawley (SD) rat. The rat tendon fragments were mechanically sliced into 2–5 mm3 pieces and enzymatically digested with 1% type I collagenase (C0130; Sigma-Aldrich, MO, United States) at 37°C on a shaking incubator for 1 h. After digestion, the cells were resuspended in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) with 20% (v/v) fetal bovine serum (FBS; HyClone, Logan, UT, United States) containing 1 g/L penicillin–streptomycin (Invitrogen, CA, United States) at 37°C in a humid environment with 5% CO2. Starting with the initial medium exchange, the concentration of FBS was reduced to 10%, with subsequent changes of the medium occurring bi-daily. Upon achieving a confluence of 85%–90%, the cells should be passaged. Tenocytes at passage three (P3) are designated for use in various experimental assays.
Cell viability assay
Cell proliferation and viability were assessed using the Cell Counting Kit-8 (CCK-8). Tenocytes were initially seeded in 96-well plates at a density of 1 × 103/well. Subsequently, various concentrations of NGR1 (Purity: HPLC ≥98%; CAS No.: 80,418–24–2; Sichuan Weikeqi Biotechnology Co., Ltd., China.) were introduced after tenocyte adhesion and incubated for 24 h. Afterward, CCK-8 reagent (10 μL/well) was added and allowed to incubate for 2 h. Use a microplate reader to measure the absorbance at 450 nm wavelength to assess cell viability.
Cell viability is calculated by optical density (OD) using the formula:
OD¯experimental−OD¯blankOD¯control−OD¯blank×100%
RNA extraction and real-time qPCR
Tenocytes were starved for 6 h without FBS and subsequently treated with LPS (250 ng/mL; L2880-10 MG; Sigma-Aldrich, MO, United States) and NGR1 (1, 5, 10 μg/mL) for 24 h. Total RNA was extracted from primary cultured tenocytes using the RNeasy Plus Mini Kit (Cat. No. 74136, QIAGEN). Purified RNA (2 μg) was reverse-transcribed using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Boston, MA, United States). The real-time qPCR was performed on the Applied Biosystems StepOnePlus Real-Time PCR System (Foster City, CA, United States) using SYBR Green PCR Master Mix (Toyobo, Japan). The expression levels of target mRNA were normalized to those of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) RNA. Relative gene expression was calculated using the 2−ΔΔCT method and expressed as fold change. Each real-time qPCR assay was performed in triplicate, with at least three different biological replicates. Primer sequences are listed in Supplementary Table S1.
Immunofluorescence analysis
The tenocytes were first rinsed with PBS, then fixed with 10% neutral-buffered formalin at 21°C for 30 min. The cells were treated with Triton X-100 (Beyotime Biotechnology, Beijing) for 10 min to penetrate the cell membrane, followed by blocking with goat serum (Beyotime Biotechnology) for 1 h to prevent nonspecific binding. The cultured cells were incubated overnight at 4°C with primary antibodies against Col1 (ab270993; Abcam; 1:100). Subsequently, the cells were washed three times with PBS and incubated at 21°C for 1 h with Alexa Fluor 488-conjugated goat anti-rabbit secondary antibodies (A-11008, Thermo Fisher Scientific; 1:200). Nuclei were stained with DAPI (Beyotime Biotechnology, Jiangsu) for 10 min. Finally, the samples were rinsed with PBS and observed under a confocal microscope (Olympus Life Science, Tokyo, Japan).
ELISA assay
IL-6 and TNF-α production in the supernatants was quantified by ELISA kits according to the manufacturer’s protocol. The IL-6 and TNF-α ELISA kits (PI328 and PT516) were from Beyotime Biotechnology (Jiangsu, China).
Protein extraction and Western blot analysis
Tenocytes were starved for 6 h without FBS and subsequently treated with LPS (250 ng/mL) and NGR1 (1, 5, 10 μg/mL) for 4 days. Then, tenocytes were lysed in radioimmunoprecipitation assay (RIPA) lysis buffer containing protease inhibitors and/or a phosphatase inhibitor cocktail. The protein concentration was determined using the Bradford Protein Assay Kit (Beyotime, China). The total cell lysates were prepared in lysis buffer (150 mM NaCl, 1% Nonidet P-40, 50 mM Tris, 5 mM NaF), separated by SDS polyacrylamide gel electrophoresis (PAGE), and transferred to a polyvinylidene fluoride (PVDF) membrane. After blocking with 5% BSA in 0.1% Tween 20 TBS (TBST), the membranes were incubated with the corresponding primary antibodies overnight at 4 °C. After washing three times with TBST, the membranes were incubated with secondary antibodies at 21°C for 1 h and visualized using the BIORAD ChemiDoc XRS + system.
Proteins were analyzed using antibodies against Col 1 (ab270993; Abcam, CA, United States; 1:1,000), Col 3 (ab7778; Abcam; 1:1,000), tenomodulin (Tnmd, ab203676; Abcam; 1:1,000), P65 (ab32536; Abcam; 1:1,000), IκBα (ab32518; Abcam; 1:1,000), GAPDH (4,970, Cell Signaling Technology). Anti-mouse (ZB-2305, HRP-conjugated) and antirabbit (ZB-2301, HRP-conjugated) secondary antibodies were purchased from ZSGB-BIO (Beijing, China; 1:1,000).
RNA sequencing (RNA-seq) for the tenocyte transcriptome
We performed RNAseq analysis on rat tenocytes using the NovelBrain Cloud Analysis Platform. In the experimental setup, tenocytes in the control group remained untreated. The model group received treatment with LPS, while the NGR1 group was treated with a combination of LPS and NGR1 (10 μg/mL). After a 2-day treatment, total RNA was extracted from the rat tenocytes using TRIzol reagent. cDNA libraries were constructed for each pooled RNA sample (per rat) using the VAHTS™ Total RNA-seq (H/M/R) Kit. Differential gene and transcript expression analyses were performed using TopHat and Cufflinks, while HTseq was used to count the gene and lncRNA counts. The FPKM method was employed to determine gene expression levels. We applied the DESeq algorithm to identify differentially expressed genes (DEGs). Significant analysis was performed using P values and false discovery rate (FDR) analysis. DEGs were considered significant if they had an log⁡2FoldChange>1 and an FDR <0.05. GO analysis was performed to elucidate the biological implications of the differentially expressed genes, encompassing biological processes (BP), cellular components (CC), and molecular functions (MF). GO annotations were downloaded from NCBI (http://www.ncbi.nlm.nih.gov/), UniProt (http://www.uniprot.org/), and Gene Ontology (http://www.geneontology.org/). Pathway analysis was conducted to identify significantly influenced pathways in which the DEGs were involved, according to the KEGG database. Fisher’s exact test was used to identify significantly influenced GO categories and pathways. The threshold of significance was defined by the p value.
Hot plate test
The pain response in experimental animals was evaluated using a hot plate test. Briefly, the animals were placed on a hot plate analgesia meter (Ugo Basile, Italy) maintained at 55°C. The latency from initial hind paw contact to the onset of nociceptive behaviors (e.g., paw shaking, jumping, or licking) was recorded. Each animal underwent three trials at 15-min intervals, and the mean response latency was calculated as the final pain threshold. All behavioral assessments were performed by observers blinded to experimental group assignments.
Statistical analysis
Data were analyzed using GraphPad Prism 8.0.1 (244) software (San Diego, United States). Differences between multiple groups were assessed using ANOVA with Tukey’s post hoc test, and differences between two groups were assessed using an unpaired t-test. All data are presented as means ± SD, and statistical significance was established at p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). All the statistical analysis was independently conducted by two authors (J. W. and Y. L.) whom were blinded with the experimental protocol under the consideration of data reliability.
RESULTS
Targets investigation of NGR1 on tendinopathy
In total, 52 therapeutic targets were obtained through the intersections between NGR1 targets (n = 307) and tendinopathy targets (n = 377) (Figure 2A). Based on these data, the NGR1−tendinopathy− target network was constructed and visualized (Figure 2B). We constructed a PPI network (Figure 2C) to investigate the interactions among the targets, which were determined based on the degree of connectivity of each target in the network. These targets exhibit a high degree of interaction within the PPI network, including tumor necrosis factor (TNF, degree = 43), interleukin-6 (IL-6, degree = 42), serine/threonine kinase 1 (ATK1, degree = 40), endothelial growth factor receptor (EGFR, degree = 36), interleukin-1B (IL-1B, degree = 34), and Matrix metalloproteinase 9 (MMP9, degree = 33) (Supplementary Table S2). GO enrichment analysis was conducted to evaluate the common biological functions of the 52 targets (Figure 2D). KEGG enrichment analysis showed 147 related pathways with a significance threshold of p < 0.05. Among them, the PI3K/AKT signaling pathway and proteoglycans in cancer showed the highest correlation (Figure 2E). Concurrently, we constructed a core target-pathway relationship network to elucidate gene functions across distinct signaling pathways (Figure 2F).
[image: A multi-panel scientific illustration depicts various bioinformatics analyses: A) Network diagram of gene interactions. B) Venn diagram showing overlap between disease-related and drug-related genes. C) Circular network of gene clusters. D) and E) Dot plots of enriched biological pathways with counts and gene ratios. F) Circular plot connecting pathways to genes with colorful lines. G) Protein-ligand binding models for IL-6, IL-1β, MMP3, MMP13, MMP9, and TNF-α with detailed views. H) Heatmap with scores ranging from minus 6.0 to minus 9.0 for the same proteins.]FIGURE 2 | Mechanisms underlying the effects of NGR1 on tendinopathy. (A) In the drug-disease-target network, the blue diamond symbolizes NGR1, the pink hexagon denotes tendinopathy, and the green ovals represent the targets. (B) The Venn diagram illustrates the overlap between 325 disease-associated targets and 255 drug-related targets, identifying 52 shared targets. (C) The PPI network diagram highlights nodes with higher connectivity in red, indicating their central role. (D) GO analysis was conducted to analyze the common biological functions of the 52 targets selected from the cellular component (CC), molecular function (MF), and biological process (BP). (E) KEGG pathway enrichment analysis underscores critical pathways involved in signal transduction and immune responses. (F) The core target-pathway relationship network depicts the distribution of targets across various biological pathways. (G) Molecular docking analysis demonstrates the interaction modes and binding energies of IL-6, IL-1β, MMP3, MMP13, MMP9, and TNF-α with NGR1, with binding energies below −5 kcal/mol, suggesting stable interactions. (H) The binding energy heatmap of NGR1 and all six core targets.Following the analysis of PPI data, six key targets (IL-6, IL-1β, MMP3, MMP13, MMP9, and TNF-α) were selected for further investigation. Subsequent molecular docking with the ligand NGR1 revealed significant interactions, as detailed in Figure 2G, which illustrates the three-dimensional structures of the proteins and the specific interactions at their binding sites. The binding energies recorded for all interactions were below −5 kcal/mol, suggesting robust and stable docking configurations (Figure 2H).
NGR1 effectively alleviates the pathological process of tendinopathy in rat
The healing process of tendinopathy was evaluated by morphological analysis including macro view, HE and Masson staining, and IHC. Macroscopically, it is evident that the CIT group is characterized by a substantial amounts of inflammatory hyperplasia (pale and deep yellow tissues) covering the tendon structures. Meanwhile, HE and Masson staining of tendons revealed that the collagen fibers in the healthy Achilles tendon tissue of the sham group were orderly arranged. In contrast, the control group’s Achilles tendon tissue exhibited typical tendinopathy pathological features, such as disorganized arrangement of collagen bundles, fragmentation of collagen fibers, fat infiltration and the ingrowth of neovessels, which was observed a gradation of therapeutic reversal in the low, medium, and high dosage groups of NGR1. IHC staining revealed that NGR1 exhibited a dose-dependent therapeutic effect on tendinopathy, including reducing the expression of the inflammatory cytokine IL-6, downregulating Col3 and MMP3 expression, and upregulating Col1 expression at 5 weeks (Figure 3). The high-dose (8 μM) NGR1 group exhibited the best therapeutic effects. This indicates that NGR1 plays a therapeutic role in the early inflammatory stage of tendinopathy with 5 weeks. In addition, the hot plate test showed that the pain response of rat in the CIT group was more sensitive than other group after treatment (Figure 4C).
[image: Diagram showing an experimental timeline for a study using SD rats, detailing collagenase and NGR1 injections over several weeks followed by sacrifice for analysis. Microscopic images display various histological stains across treatment groups: Sham, CIT, and different concentrations of NGR1 (0.2, 0.4, 0.8 uM), assessing effects on tissue samples (HE, Masson, Col 1a, Col 3, IL-6, MMP3). Macroscopic views of joints are included. Graphs depict quantitative analysis, showing histological and cellular data with statistical comparisons (p-values indicated by stars) across groups.]FIGURE 3 | NGR1 alleviated tendinopathy. (A) The process of treating tendinopathy with NGR1. (B) HE and Masson staining of tendon, immunohistochemistry of Col 1a, Col 3, IL-6 and MMP3 in the five groups (sham, CIT, CIT + NGR1 (1, 4, 8 μM) groups), and corresponeded macro-picture; all the scale bars = 100 μm. (C) Histological score, quantitative analysis of immunohistochemical staining of the Col 1, Col 3, IL-6 and MMP3 expression in vivo, and pain response times of rats in each group (n = 5). The black arrowheads indicate pathological manifestations including lipid vacuoles, inflammatory cell infiltration, and ectopic ossification.[image: Composite image depicting various analyses on rat tenocytes. Panel A shows fluorescent-stained and bright-field images of cells. Panel B presents a bar graph of cell viability at varying NGR1 concentrations. Panel C displays Western blot results showing protein expression levels of Col 1, Col 3, Tnmd, MMP13, P65, IκBα, and GAPDH under different conditions. Panel D contains bar graphs of mRNA fold changes for Col1a1, Scx, and Tnmd in rat tenocytes. Panel E presents mRNA fold change data for IL-6, TNF-α, IL-1β, MMP13, MMP3, and MMP9 in LPS-induced rat tendinopathy tenocytes. Panel F shows bar graphs of IL-6 and TNF-α concentrations. Statistical significance is denoted by asterisks.]FIGURE 4 | (A) Immunofluorescence staining to detect the expression of the tenocyte marker Col 1 and observation of cell morphology under light microscope. (B) CCK-8 Assays of cell viability of tenocytes treated with varying concentrations of NGR1. (C) Western blot result of tendinopathy-related gene expression in tenocytes (Col 1, Col 3, Tnmd, and MMP13) and NF-κB pathway-related proteins (IκBα and p65) in LPS-induced tenocytes treated with varying concentrations of NGR1 (1, 5, 10 ug/mL). (D) Quantification of Col 1a1, Scxa, Tnmd mRNA (n = 4). (E) Quantification of IL-6, TNF-α, IL-1β, MMP3, MMP9, and MMP13 (n = 4). (F) ELISA detection of IL-6 and TNF-α expression levels.Histological staining results showed that local administration of NGR1 has no negative impact on healthy tendon tissue (Supplementary Figure S2A). Additionally, evaluation of heart, liver and kidney samples showed no significant differences compared with the control group, confirming the absence of systemic side effects (Supplementary Figure S2B–D). Consequently, NGR1 emerges as a safe therapeutic agent capable of effectively alleviating tendinopathy progression in rat via local administration.
NGR1 reduced the expression of inflammatory cytokines and MMPs proteins in vitro
The tenocytes were first identified. Immunofluorescence results showed high expression of Col 1 in the cultured cells, and light microscopy revealed the characteristic spindle-shaped morphology, consistent with tenocyte features (Figure 4A). CCK-8 test results established a safe concentration range for NGR1 (0–10 μg/mL), considered the therapeutic dose of the in vitro study (Figure 4B). According to the real-time qPCR results, NGR1 enhanced the expression of Col 1a1, scleraxis (Scx), and Tnmd (Figure 4D), findings that are corroborated by Western blot analysis (Figure 4C). NGR1 effectively suppressed the expression of pro-inflammatory cytokines IL-1β, IL-6, and TNF-α, while also downregulating MMP3, 9, and 13 (Figure 4E). Furthermore, NGR1 reduced the production of IL-6, and TNF-α (Figure 4F) in the supernatants.
RNA sequencing analysis revealed that the Pearson correlation coefficients for samples within each group exceed 0.98, demonstrating a high degree of correlation among them. The analysis also identified 11,567 common targets between the NGR1 and Model group, among which Col 1a1, Col 3a1, and IL-6 were the core genes. (Figure 5A). Differential expression analysis revealed that, in comparison to the control group, the model group exhibits upregulation in 1,128 genes and downregulation in 915 genes. When comparing the NGR1 group to the model group, there are increases in expression levels of 28 genes and decreases in 192 genes (Figures 5B,C). Cluster analysis indicated that expression levels of MMP2, 3, 9, 10, 11, 12, and 13 were elevate in the model group compared to the control group. However, these levels decreased after treatment with NGR1, suggesting that NGR1 may effectively manage tendinopathy by modulating extracellular matrix metabolism (Figures 5D,E). Based on the GO analysis results, the most significant term in the BP category is immune system process; in the CC category, extracellular region shows the highest significance, followed closely by “extracellular space”; in the MF category, signaling receptor activator activity exhibits the highest significance level, followed by molecular transducer activity (Figure 5F). The KEGG analysis results suggested that the signaling pathways potentially involved in the treatment of tendinopathy with NGR1 include the TNF signaling pathway, NF-κB signaling pathway, and PI3K-Akt signaling pathway, among others (Figure 5G).
[image: Venn diagram and heatmaps related to gene expression analysis. The Venn diagram shows overlaps between two sets with 11,567 common elements. Two volcano plots depict gene changes with significant p-values. A clustered heatmap displays relative expression levels in different groups, with color gradients indicating intensity. A bar chart categorizes differentially expressed genes by biological processes, and a dot plot visualizes pathway enrichment analysis, highlighting significant pathways with dots of varying sizes and colors.]FIGURE 5 | The results of RNA-seq. (A) The Venn diagram illustrates the common targets between NGR1 and Model group with core targets. (B) Volcano Plot Analysis Between the Model and Control Groups. (C) Volcano Plot Analysis Between the Model and NGR1 Groups. (D) Heatmap of three groups (E) Heatmap of MMPs. (F) GO analysis of Between the Model and Control Groups. KEGG analysis of Between the Model and Control Groups. (G) KEGG analysis of Between the Model and NGR1 Groups.DISCUSSION
Tendons represent a highly specialized form of connective tissue, primarily tasked with the transmitting forces generated by muscle contractions to the skeletal system, facilitating movement. During muscle contraction, tendons effectively convey this force to the bones, resulting in joint motion. This critical mechanism of force transmission underscores the essential role of tendons in ensuring both mobility and stability within the human body (Lin et al., 2022). In mature, healthy tendons, the collagen fibers are well-organized, primarily consisting of collagen (specifically Col1), elastin, proteoglycans, and water. Collagen, which is the most abundant protein in tendons, constitutes about 65%–80% of their dry weight, offering essential strength and resilience. Elastin, meanwhile, imparts the necessary elasticity and flexibility to the tendon structure (Millar et al., 2021). Tendinopathy involves structural derangements, including collagen disorganization, hypervascularization, ectopic ossification, and a reduced Col1/Col3 ratio. Tendinopathy represents a degenerative condition that progresses through three interrelated phases: inflammation, proliferation, and remodeling. The HE staining and IHC findings from our model group align with the known pathological characteristics of tendinopathy. This confirms the successful establishment of a tendinopathy model, enhancing the reliability of the therapeutic outcomes observed with NGR1 treatment.
In this study, we first utilized network-based analysis to assess potential targets for NGR1 in treating tendinopathy. By intersecting the targets of NGR1 with those associated with tendinopathy, we constructed a PPI network, and the results showed that targets such as IL-6, TNF, AKT1, MMP9, and MMP3 are valuable in assessment. Furthermore, the molecular docking results presented the stable and high-affinity binding of NGR1 to TNF-α, IL-6, MMP3, MMP9, and MMP13, indicating that NGR1 may exert its therapeutic effects on tendinopathy by modulating inflammatory responses and cellular and extracellular matrix metabolism. We then conducted in vitro experiments for validation. Initially, tendon cells were isolated from rat Achilles tendons, and qPCR and Western blot assays confirmed their primary tendon cell identity by showing expression of Col1, Col3, Tnmd, and Scx genes. Following LPS induction, there was an increase in IL-6, TNF-α, and IL-1β expression in the tendon cells, which decreased upon treatment with NGR1, demonstrating its potent anti-inflammatory properties. Despite longstanding debates regarding the presence of inflammation in the development of tendinopathy, emerging evidence from advanced pathological assessments and genetic studies increasingly supports the significant role of inflammation, particularly in the early stages of the disease. Research indicated that the infiltration of macrophages and the rise in inflammatory cytokines disrupt the normal state of tendons, leading to pathological changes and ectopic ossification. Macrophages, versatile in their function, significantly influence tendinopathy by adopting either M1 or M2 phenotypes, thereby impacting both inflammation and tissue repair (Gracey et al., 2020; Lin et al., 2020). In their study, Tang et al. (2024) analyzed transcriptomic data and clinical features from 126 tendinopathy cases, classifying them into three distinct subtypes: the hypoxic atrophic subtype with a white appearance (Hw) characterized by reduced neovascularization; the inflammatory proliferative subtype with a white appearance (Iw), showing moderate increases in inflammatory markers; and the inflammatory proliferative subtype with a red appearance (Ir), which displays extensive neovascularization and inflammation, associated with severe joint dysfunction. This classification underscores the critical importance of managing inflammation in the therapeutic strategy for tendinopathy. The IHC findings from our study indicate that IL-6 expression levels were elevated in the model group compared to the sham-operated group. Following treatment with NGR1, there was a marked reduction in IL-6 expression, which showed a dose-dependent relationship; the highest dosage yielded the most significant therapeutic outcomes. Furthermore, there was an increase in Col1 levels and changes in Col 3 expression, confirming the effective in vivo treatment potential of NGR1.
Moreover, the metabolism of the ECM is crucial in the development and progression of tendinopathy. MMPs are a family of zinc-dependent endopeptidases essential for the degradation of ECM components. They are crucial in maintaining ECM integrity by catalytically breaking down structural proteins such as laminin, fibronectin, and various types of collagens. This enzymatic activity allows MMPs to regulate tissue remodeling and repair. They also play a pivotal role in pathological processes where ECM degradation contributes to disease progression (Somerville et al., 2003). MMP3, also known as stromelysin-1, plays a pivotal role in the ECM remodeling process by stimulating the activity of other MMPs. This stimulates a cascade effect that enhances the breakdown of various ECM proteins. This capability of MMP3 to act as a catalyst for other MMPs underscores its significant influence in both physiological and pathological tissue remodeling (El Khoury et al., 2016). In the context of tendinopathy, MMP9 is particularly important due to its ability to degrade collagen, a primary structural component of tendons. The overexpression of MMP9 can disrupt the normal architecture and mechanical properties of the tendon matrix, contributing to the degeneration of tendon tissues. This enzymatic activity exacerbates the breakdown of collagen fibers, which compromises tendon strength and elasticity, leading to further injury and pain (Sánchez-Sánchez et al., 2020; Tsai et al., 2013). In this study, RNA sequencing results indicated that the expression levels of MMP3, MMP9, and MMP13 in tendon cells were significantly increased following LPS induction. However, introducing NGR1 markedly reduced MMPs expression. Concurrently, Western blotting experiments and IHC analysis of tendon samples demonstrated that NGR1 could enhance the expression of Col1 and Tnmd, while reducing the expression of Col3. The IHC findings from our study indicate that MMP3 expression levels were elevated in the model group compared to the sham-operated group. Following treatment with NGR1, there was a marked reduction in MMP3 expression, which showed a dose-dependent relationship; the highest dosage yielded the most significant therapeutic outcomes. These findings suggest that NGR1 not only treats tendinopathy by modulating inflammatory responses but also potentially by promoting the repair of the ECM (Figure 6).
[image: Flowchart illustrating the pathway leading to tendinopathy. Overuse or acute injury activates P65, initiating NF-κB activation. This triggers IL-6, TNF-α, MMP3, and MMP13, causing inflammation and matrix metabolism dysregulation. NGR1 inhibits P65. This process results in tendinopathy.]FIGURE 6 | Mechanism diagram of NGR1 in the treatment of tendinopathy in this study. NGR1 Inhibits the Activation of the NF-kB Signaling Pathway and a subsequent reduction in inflammation and regulation of matrix metabolism, thereby contributing to the attenuation of tendinopathy progression.Although network-based analysis provided a useful foundation for identifying potential molecular targets of NGR1, this approach is inherently predictive and exploratory. The in silico results were used solely as a guide for subsequent experimental validation, rather than as standalone evidence. Databases such as GeneCards and DisGeNET are interconnected and may include redundancies, which limits the specificity of the predictions. The experimental validation is critical to confirm computational predictions. While our in vivo and in vitro experiments support several predicted interactions, further mechanistic studies are needed to confirm direct molecular targets and signaling pathways.
CONCLUSION
This research has confirmed that NGR1 mitigates the progression of tendinopathy by suppressing inflammatory responses and modulating ECM metabolism, which enhances tendon healing. Animal studies indicate a dose-dependent efficacy of NGR1, with the highest dose resulting in the most substantial improvement in tendon repair quality. Further evidence from RNA sequencing and Western blot analyses suggests that NGR1’s therapeutic effects may be mediated through its interactions with the NF-κB pathway. Nevertheless, future studies are required to elucidate the specific interactions between NGR1 and the targets within the NF-κB signaling pathway.
DATA AVAILABILITY STATEMENT
The data presented in the study are deposited in the NCBI repository, accession number PRJNA1283482.
ETHICS STATEMENT
The animal study was approved by Beijing Longan Laboratory Animal Breeding Center. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
QH: Methodology, Visualization, Project administration, Conceptualization, Funding acquisition, Writing – original draft, Resources. JW: Writing – review and editing, Data curation, Software, Investigation, Formal Analysis. YL: Data curation, Investigation, Writing – review and editing. YT: Writing – review and editing. XL: Supervision, Conceptualization, Methodology, Writing – review and editing. XH: Writing – review and editing, Supervision. LZ: Writing – review and editing, Supervision.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This study was sponsored by the Special Program of the High-Level TCM Hospital Construction Project at Wangjing Hospital, China Academy of Chinese Medical Sciences (Grant Nos. WJYY-XZKT-2023-15).
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1623455/full#supplementary-material
REFERENCES
	Ahmed, A. S. (2016). Does diabetes mellitus affect tendon healing?Metabolic Influ. Risk Tendon Disord. 920, 179–184. doi:10.1007/978-3-319-33943-6_16

	Blanco, I., Krähenbühl, S., and Schlienger, R. G. (2005). Corticosteroid-associated tendinopathies: an analysis of the published literature and spontaneous pharmacovigilance data. Drug Saf. 28, 633–643. doi:10.2165/00002018-200528070-00005

	Coombes, B. K., Bisset, L., Brooks, P., Khan, A., and Vicenzino, B. (2013). Effect of corticosteroid injection, physiotherapy, or both on clinical outcomes in patients with unilateral lateral epicondylalgia: a randomized controlled trial. JAMA 309, 461–469. doi:10.1001/jama.2013.129

	Dean, B. J. F., Lostis, E., Oakley, T., Rombach, I., Morrey, M. E., and Carr, A. J. (2014). The risks and benefits of glucocorticoid treatment for tendinopathy: a systematic review of the effects of local glucocorticoid on tendon. Seminars Arthritis Rheumatism 43, 570–576. doi:10.1016/j.semarthrit.2013.08.006

	El Khoury, L., Ribbans, W. J., and Raleigh, S. M. (2016). MMP3 and TIMP2 gene variants as predisposing factors for achilles tendon pathologies: attempted replication study in a British case–control cohort. Meta Gene 9, 52–55. doi:10.1016/j.mgene.2016.03.007

	Francis, P., Whatman, C., Sheerin, K., Hume, P., and Johnson, M. I. (2019). The proportion of lower limb running injuries by gender, anatomical location and specific pathology: a systematic review. J. Sports Sci. and Med. 18, 21–31. 

	Gong, X., Shan, L., Cao, S., Li, K., Wu, Y., and Zhang, Q. (2022). Notoginsenoside R1, an active compound from Panax notoginseng, inhibits hepatic stellate cell activation and liver fibrosis via MAPK signaling pathway. Am. J. Chin. Med. 50, 511–523. doi:10.1142/S0192415X22500197

	Gracey, E., Burssens, A., Cambré, I., Schett, G., Lories, R., McInnes, I. B., et al. (2020). Tendon and ligament mechanical loading in the pathogenesis of inflammatory arthritis. Nat. Rev. Rheumatol. 16, 193–207. doi:10.1038/s41584-019-0364-x

	Han, R., Zhang, W., Zhang, L., Zou, J., Yang, Y., Li, H., et al. (2022). Notoginsenoside R1 promotes proliferation and osteogenic differentiation of hPDLSCs via Wnt/β-Catenin signaling pathway. Drug Des. Dev. Ther. 16, 4399–4409. doi:10.2147/DDDT.S387004

	Hopkins, C., Fu, S. C., Chua, E., Hu, X., Rolf, C., Mattila, V. M., et al. (2016). Critical review on the socio-economic impact of tendinopathy. Rehabilitation Technol. 4, 9–20. doi:10.1016/j.asmart.2016.01.002

	Jong, P. Y., Park, S. J., Choi, Y. S., Kim, D. H., Lee, H. J., Jae, E., et al. (2024). Current research trends on the effect of diabetes mellitus on rotator cuff tendon healing/tendinopathy. Archives Orthop. Trauma Surg. 144, 2491–2500. doi:10.1007/s00402-024-05350-1

	Ko, P.-Y., Hsu, C.-C., Chen, S.-Y., Kuo, L.-C., Su, W.-R., Jou, I.-M., et al. (2022). Cross-linked hyaluronate and corticosteroid combination ameliorate the rat experimental tendinopathy through anti-senescent and -Apoptotic effects. Int. J. Mol. Sci. 23, 9760. doi:10.3390/ijms23179760

	Kujala, U. M., Sarna, S., and Kaprio, J. (2005). Cumulative incidence of achilles tendon rupture and tendinopathy in Male former elite athletes. Clin. J. Sport Med. 15, 133–135. doi:10.1097/01.jsm.0000165347.55638.23

	Li, C., Zhong, H., Ma, J., Liang, Z., Zhang, L., Liu, T., et al. (2023). Notoginsenoside R1 can inhibit the interaction between FGF1 and VEGFA to retard podocyte apoptosis. BMC Endocr. Disord. 23, 140. doi:10.1186/s12902-023-01402-6

	Lin, D., Paolo, A., Caceres, M. D., Prein, C., Hauke, C.-S., Dong, J., et al. (2020). Loss of tenomodulin expression is a risk factor for age-related intervertebral disc degeneration. Aging Cell 19, e13091. doi:10.1111/acel.13091

	Lin, J., Yang, Y., Zhou, W., Dai, C., Chen, X., Xie, Y., et al. (2022). Single cell analysis reveals inhibition of angiogenesis attenuates the progression of heterotopic ossification in Mkx−/− mice. Bone Res. 10, 4–11. doi:10.1038/s41413-021-00175-9

	Liu, A., Wang, Q., Zhao, Z., Wu, R., Wang, M., Li, J., et al. (2021). Nitric oxide nanomotor driving exosomes-loaded microneedles for achilles tendinopathy healing. ACS Nano 15, 13339–13350. doi:10.1021/acsnano.1c03177

	Millar, N. L., Silbernagel, K. G., Thorborg, K., Kirwan, P. D., Galatz, L. M., Abrams, G. D., et al. (2021). Author correction: tendinopathy. Nat. Rev. Dis. Prim. 7, 10. doi:10.1038/s41572-021-00251-8

	Riley, G. (2008). Tendinopathy—From basic science to treatment. Nat. Clin. Pract. Rheumatol. 4, 82–89. doi:10.1038/ncprheum0700

	Sánchez-Sánchez, J. L., Calderón-Díez, L., Herrero-Turrión, J., Méndez-Sánchez, R., Arias-Buría, J. L., and Fernández-de-las-Peñas, C. (2020). Changes in gene expression associated with collagen regeneration and remodeling of extracellular matrix after percutaneous electrolysis on collagenase-induced achilles tendinopathy in an experimental animal model: a pilot study. J. Clin. Med. 9, 3316. doi:10.3390/jcm9103316

	September, A. V., Nell, E. M., O’Connell, K., Cook, J., Handley, C. J., van der Merwe, L., et al. (2011). A pathway-based approach investigating the genes encoding interleukin-1, interleukin-6 and the interleukin-1 receptor antagonist provides new insight into the genetic susceptibility of achilles tendinopathy. Br. J. Sports Med. 45, 1040–1047. doi:10.1136/bjsm.2010.076760

	Somerville, R. P., Oblander, S. A., and Apte, S. S. (2003). Matrix metalloproteinases: old dogs with new tricks. Genome Biol. 4, 216. doi:10.1186/gb-2003-4-6-216

	Soslowsky, L. J., and Fryhofer, G. W. (2016). Tendon homeostasis in hypercholesterolemia. Metabolic Influ. Risk Tendon Disord. 920, 151–165. doi:10.1007/978-3-319-33943-6_14

	Steinmann, S., Pfeifer, C. G., Brochhausen, C., and Docheva, D. (2020). Spectrum of tendon pathologies: triggers, trails and end-state. Int. J. Mol. Sci. 21, 844. doi:10.3390/ijms21030844

	Stoll, C., John, T., Conrad, C., Lohan, A., Hondke, S., Ertel, W., et al. (2011). Healing parameters in a rabbit partial tendon defect following tenocyte/biomaterial implantation. Biomaterials 32, 4806–4815. doi:10.1016/j.biomaterials.2011.03.026

	Tang, C., Wang, Z., Xie, Y., Fei, Y., Luo, J., Wang, C., et al. (2024). Classification of distinct tendinopathy subtypes for precision therapeutics. Nat. Commun. 15, 9460. doi:10.1038/s41467-024-53826-w

	Tsai, W.-C., Liang, F.-C., Cheng, J.-W., Lin, L.-P., Chang, S.-C., Chen, H.-H., et al. (2013). High glucose concentration up-regulates the expression of matrix metalloproteinase-9 and -13 in tendon cells. BMC Musculoskelet. Disord. 14, 255. doi:10.1186/1471-2474-14-255

	Yu, Y., Sun, G., Luo, Y., Wang, M., Chen, R., Zhang, J., et al. (2016). Cardioprotective effects of notoginsenoside R1 against ischemia/reperfusion injuries by regulating oxidative stress- and endoplasmic reticulum stress-related signaling pathways. Sci. Rep. 6, 21730. doi:10.1038/srep21730

	Zhu, L., Wang, Y., Jin, S., Niu, Y., Yu, M., Li, Z., et al. (2023). Parishin A-loaded mesoporous silica nanoparticles modulate macrophage polarization to attenuate tendinopathy. npj Regen. Med. 8, 14. doi:10.1038/s41536-023-00289-0

	Zwerver, J., Bredeweg, S. W., and van den Akker-Scheek, I. (2011). Prevalence of jumper’s knee among nonelite athletes from different sports. Am. J. Sports Med. 39, 1984–1988. doi:10.1177/0363546511413370


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Han, Wu, Li, Tong, Liu, Hu and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-16-1623455-g005.gif
y
/

f

T
Wy






OPS/images/fphar-16-1623455-g006.gif





OPS/images/fphar-16-1623455-g003.gif





OPS/images/fphar-16-1623455-g004.gif





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Notoginsenoside R1 attenuates tendinopathy through inhibiting inflammation and matrix metalloproteinases expression		Research purpose

		Materials and methods

		Results

		Conclusion

		INTRODUCTION

		MATERIALS AND METHODS		Network-based analysis and molecular docking

		Animal model and treatment

		Histology and immunohistochemistry (IHC) assessment

		Primary rat tenocyte isolation and culture

		Cell viability assay

		RNA extraction and real-time qPCR

		Immunofluorescence analysis

		ELISA assay

		Protein extraction and Western blot analysis

		RNA sequencing (RNA-seq) for the tenocyte transcriptome

		Hot plate test

		Statistical analysis





		RESULTS		Targets investigation of NGR1 on tendinopathy

		NGR1 effectively alleviates the pathological process of tendinopathy in rat

		NGR1 reduced the expression of inflammatory cytokines and MMPs proteins in vitro





		DISCUSSION

		CONCLUSION

		DATA AVAILABILITY STATEMENT

		ETHICS STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		SUPPLEMENTARY MATERIAL

		REFERENCES









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

Notoginsenoside R1 attenuates
tendinopathy through inhibiting
inflammation and matrix
metalloproteinases expression





OPS/images/fphar-16-1623455-g001.gif





OPS/images/fphar-16-1623455-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





