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Tendinopathy, a degenerative disease, is characterized by pain, loss of tendon strength, or rupture. Previous studies have identified multiple risk factors for tendinopathy, including aging and fluoroquinolone use; however, its therapeutic target remains unclear. We analyzed self-reported adverse events and the US commercial claims data and found that the short-term use of dexamethasone prevented both fluoroquinolone-induced and age-related tendinopathy. Rat tendons treated systemically with fluoroquinolone exhibited mechanical fragility, histological change, and DNA damage; co-treatment with dexamethasone attenuated these effects and increased the expression of the antioxidant enzyme glutathione peroxidase 3 (GPX3), as revealed via RNA-sequencing. The primary role of GPX3 was validated in primary cultured rat tenocytes treated with fluoroquinolone or H2O2, which accelerates senescence, in combination with dexamethasone or viral overexpression of GPX3. These results suggest that dexamethasone prevents tendinopathy by suppressing oxidative stress through the upregulation of GPX3. This steroid-free approach for upregulation or activation of GPX3 can serve as a novel therapeutic strategy for tendinopathy.
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INTRODUCTION
The tendon, a fibrous, dense connective tissue, connects muscles with the bone and transmits forces to produce motion. It primarily consists of parallelly arranged collagenous fibers. Tendinopathy is a degenerative disease characterized by pain, loss of strength, or rupture in tendon tissues, accounting for approximately 30% of general practice musculoskeletal consultations (Riley, 2008). Owing to their hypovascularity (Carr and Norris, 1989), which subsequently leads to low nutrition in the tendons and a low turnover rate (Heinemeier et al., 2013), damaged tendons are unlikely to fully recover their original strength (Ohberg et al., 2001). Current treatments for tendinopathy primarily aim to provide symptomatic relief (Kaux et al., 2011), and many documented treatments have failed to accomplish 100% success (Millar et al., 2021).
The pathogenesis of tendinopathy involves multiple intrinsic and extrinsic factors. Aging is one of the major intrinsic causes of tendinopathy. Approximately 50% of individuals in their 70 s suffer from tendinopathy (Kostrominova and Brooks, 2013). Aging lowers metabolism, mechanical properties, and tissue regeneration in tendons (Zhou et al., 2014). Consequently, aged tendons degenerate and sustain injury later in life (Rees et al., 2006), leading to locomotive dysfunction (Minetto et al., 2020). Among extrinsic risk factors, fluoroquinolones have been proven to be associated with tendinopathy (Khaliq and Zhanel, 2003; Tsai and Yang, 2011; Lewis and Cook, 2014). A black box warning label regarding the risk of tendinopathy was added by the Food and Drug Administration (FDA) to all fluoroquinolones in 2008 (Tanne, 2008). However, the precise pathophysiological mechanism of tendinopathy remains unclear.
In this regard, clinical big data analysis has garnered attention as an approach to finding a new therapeutic strategy. The FDA Adverse Event Reporting System (FAERS) is the world’s largest freely available spontaneous reporting system, with more than 10 million cases. The Japanese Adverse Drug Event Report (JADER) and Canada Vigilance Adverse Reaction Online Database (CVARD) are other freely available databases of self-reported adverse events, with approximately 0.7 and 0.9 million reports, respectively. Because these databases contain many cases of polypharmacy, there may be confounding factors that affect the occurrence of drug-induced symptoms. To date, previously unknown drug−drug interactions have been successfully identified by analyzing the information from these databases (Zhao et al., 2013; Nagashima et al., 2016; Nagaoka et al., 2021). However, a major drawback of these databases is the lack of chronological information. To address this challenge and investigate the causal relationship between the use of drugs and tendinopathy, we supplemented the analyzed data from these databases with an analysis of health insurance claims data from the IBM® MarketScan® Research Databases. This database contains daily medical records of diagnosis, treatment, and prescriptions of approximately 44 million patients in the US with Medicare Advantage Plans, employer-sponsored coverage of older individuals, and Medicare supplemental insurance.
We first analyzed the FAERS, JADER, and CVARD databases to explore a negative confounder drug for the occurrence of tendinopathy, focusing on fluoroquinolone-induced tendinopathy. Subsequently, we analyzed the IBM MarketScan data to evaluate the effect of the negative confounder drug on fluoroquinolone-induced and age-related tendinopathy. We then investigated this hypothesis through pharmacological experiments using rats to determine the underlying therapeutic targets and mechanisms. We believe that our findings will help in developing a novel therapeutic strategy for tendinopathy in the future.
MATERIALS AND METHODS
Analysis of the spontaneous reporting system database
For the FAERS data, adverse event reports from the first quarter of 2004 to the last quarter of 2019 were obtained from the FDA website (https://www.fda.gov/drugs/drug-approvals-and-databases/fda-adverse-event-reporting-system-faers). Duplicate reports were eliminated as previously reported (Banda et al., 2016), and the remaining 11,438,031 reports were analyzed in this study.
As for the JADER data, adverse event reports from the first quarter of 2004 to the first quarter of 2021 were obtained from the Pharmaceuticals and Medical Devices Agency website (https://www.pmda.go.jp/safety/info-services/drugs/adr-info/suspected-adr/0003.html). A total of 693,295 reports were analyzed in this study.
As for the CVARD data, adverse event reports from January 1965 to April 2021 were obtained from the website of the Government of Canada (https://www.canada.ca/en/health-canada/services/drugs-health-products/medeffect-canada/adverse-reaction-database.html). A total of 880,353 reports were analyzed in this study.
We manually mapped the arbitrary drug names, including trade names and abbreviations, to unified generic names using the Medical Subject Headings descriptor ID. Reports of tendinopathy were defined according to the narrow scope of the standardized MedDRA query (“tendinopathies and ligament disorders”) in MedDRA version 23.0. All analyses were performed as described previously (Zhao et al., 2013). Briefly, adverse event risk was evaluated by calculating the reporting odds ratio (ROR), along with the 95% confidence interval (CI) and Z score. Haldane–Anscombe correction was applied to all analyses. In volcano plots, Z scores were used instead of p values to save space.
Analysis of the IBM MarketScan research database
The IBM MarketScan Commercial and Medicare Supplemental Databases from January 2017 to December 2019 were purchased from IBM® Watson Health® (Armonk, NY). This dataset contained the medical diagnosis and prescription claims of 43,723,094 employees, retirees, their spouses, and dependents in the United States with primary or Medicare supplemental coverage. The individual diagnoses were assigned according to the International Classification of disease 10 (ICD-10). Definitions of tendinopathy are shown in Supplementary Table S1. To identify patients who were prescribed fluoroquinolones, we defined the fluoroquinolone cohort as the patients who received drugs belonging to the ATC code J01MA (Supplementary Table S1). The patients who received only topical fluoroquinolones were excluded. Similarly, the dexamethasone cohort comprised patients who received drugs belonging to ATC code H02AB02 (Supplementary Table S1), and the patients who received dexamethasone for only topical usage were excluded.
After examining the time distribution of the first event after enrollment in IBM, we defined the run-in period to detect the onset and causality of tendinopathy by eliminating the patients who had already received a diagnosis of tendinopathy or a prescription of fluoroquinolone or dexamethasone before the enrollment for insurance.
A 1:1 propensity score matching was used to balance known confounding variables in tendinopathy; covariates such as demographics, comorbidities, medication use, and history of hospitalization were controlled. Propensity score-matched pairs were created by matching two groups using the nearest-neighbor method with a 0.2 caliper width in the fluoroquinolone cohort and the older adult cohort. A Chi-square test was used to compare comorbidities, and a Wilcoxon rank sum test or Welch’s t-test was used to compare age, as shown in the results section (propensity score matching).
Once the differences between the cohorts were well-balanced, the daily and cumulative doses and administration periods of fluoroquinolones and dexamethasone were quantified and compared. Cumulative incidences of tendinopathy were compared between the cohorts using conventional survival analysis (Yokoyama et al., 2018), and the survival curves were represented by Kaplan–Meier plots. Statistical significance was evaluated using the log-rank test and Cox proportional regression analysis to calculate the hazard ratios. The number at risk indicated the number of patients who may have had an onset of tendinopathy each day.
Analyses of the IBM MarketScan data were performed using R v4.1.0 and R studio 2022.02.3 software (R Foundation for Statistical Computing, Vienna, Austria), with R package survival for the time-series analysis and SAS OnDemand for Academics (SAS Institute, Cary, NC) for propensity score matching.
Animals
All animal experiments were conducted in accordance with the ethical guidelines and approved by the Kyoto University Animal Research Committee (Approval No. 19–38). All experiments were designed to minimize the use of animals and the number of experiments performed. Male Wistar/ST rats (10-week-old for in vivo experiments and 6- to 8-week-old for cell isolation) were purchased from Japan SLC (Shizuoka, Japan). All animals were housed at a constant ambient temperature (22°C ± 2°C) on a 12-h light/dark cycle, with free access to food and water. Pefloxacin (LKT Laboratories, St. Paul, MN) and dexamethasone (Nacalai Tesque, Kyoto, Japan) were suspended in 0.5% carboxymethyl cellulose. Pefloxacin was administered to rats (900 mg/kg/day, 5 days a week for 4 weeks and drug withdrawal for 1 week) to develop a tendinopathy model. In a previous report, 2-week administration of pefloxacin (900 mg/kg/day) to rats caused the emergence of tenocytes with round nuclei in Achilles tendons (Kato et al., 1995), which was also observed in Achilles tendons of patients with tendinopathy (de Mos et al., 2009); however, biomechanical testing was not performed in that study. We slightly modified that treatment schedule to induce mechanical fragility of the Achilles tendon. Dexamethasone was concomitantly administered orally (50 µg/kg/day, 3 days a week for 5 weeks) to evaluate its effect on fluoroquinolone-induced tendinopathy. Dexamethasone was administered once every 2–3 days as its biological half-life is 36–54 h.
Biomechanical examination
Biomechanical examination of the rats was performed using a tensile testing machine (MODEL-1310VRW, Aikoh Engineering, Osaka, Japan). The Achilles tendon was fixed using metal clamps and connected to the pulling device. The test velocity was maintained at 50 mm/min. The point of rupture of the Achilles tendon was monitored and recorded on a computer screen. At the end of the test, strength-elongation graphics were obtained and documented. The diameter of the Achilles tendon was measured using a vernier caliper, and maximum stress was calculated from the test results.
Hematoxylin and eosin staining
After rats were sacrificed, Achilles tendons were fixed in 4% paraformaldehyde for 48 h. After fixation, tissues were dehydrated and embedded in paraffin. For descriptive histology, 5 μm-thick sections were stained with hematoxylin and eosin. Nuclei were stained purple, and those with a minor axis length of more than 4 µm were counted as cells with round nuclei.
RNA sequencing
Total RNA was isolated from the Achilles tendon using the ISOGEN reagent (Nippon Gene, Tokyo, Japan). For RNA-sequencing (RNA-seq) analysis, poly(A)+ RNA was selected from the total RNA and sequenced using DNBseq (BGI, Shenzhen, China). The clean reads were mapped to the rat reference genome GCF_000001895.5_Rnor_6.0, and the reference gene sequences were mapped using HISAT version 2.0.4 (Kim et al., 2015) and Bowtie2 version 2.2.5 (Langmead and Salzberg, 2012). Gene expression was calculated using RSEM version 1.2.8 (Li and Dewey, 2011) and subsequently log-transformed (for example, the expression level of 8 (=23) becomes 3, the expression level of 128 (= 27) becomes 7, and so on). We applied the Gene ontology analysis to uncover the biological processes related to tendinopathy. Statistical significance was set at p < 0.05. DAVID v6.8, a web-based bioinformatics resource intended for functional genomics analysis, was used to analyze genes whose expression levels, with transcripts per million (TPM) ≥ 100 in the vehicle group, significantly increased in the pefloxacin-treated group compared with those in the vehicle group and those whose expression levels decreased in the pefloxacin + dexamethasone group compared with those in the pefloxacin group. Z scores across treatment groups were visualized as a heatmap using Prism v 9.4.0. The datasets generated from RNA-seq are available under the Gene Expression Omnibus (GEO) accession code GEO: GSE212344.
Analysis of gene expression omnibus
The dataset for gene expression in human tendinopathy and normal tendon tissue was downloaded from the GEO accession GSE26051 (Jelinsky et al., 2011). Expression data were available for 23 samples from patients with tendinopathy and 23 normal samples.
Cell isolation and culture
Male Wistar ST rats (6- to 8-week-old) were sacrificed by CO2 asphyxiation, and their Achilles tendons were removed and cut into approximately 1 mm3 pieces. These were cultured with Dulbecco’s modified Eagle’s medium (D5796, Sigma-Aldrich, Saint-Louis, MO) supplemented with 10% heat-inactivated fetal bovine serum (Sigma-Aldrich), 100 U/mL penicillin, and 100 μg/mL streptomycin (Nacalai Tesque). The cultures were maintained at 37°C in a 5% CO2 humidified atmosphere. After 7–21 days, tenocytes were observed in the cultures and grown till they reached 90% confluence. They were sub-cultured, and tenocytes between passages 3–10 were used for further experiments. After seeding the cells for drug treatments, they were kept in a 2% O2 atmosphere to mimic the tendon environment. The medium was changed to a serum-free medium (D6046, Sigma-Aldrich) 48 h after seeding, and sodium selenite (100 nM, S9133, Sigma-Aldrich) was added at the same time for maintaining the expression of GPX3.
RNA isolation and quantitative reverse transcription-polymerase chain reaction
Total RNA was isolated using the ISOGEN reagent (Nippon Gene) and reverse transcribed to cDNA using the ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan). Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was performed using the StepOne Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA) and THUNDERBIRD SYBR qPCR Mix (Toyobo). PCR amplification consisted of heat activation for 10 min at 95°C, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. The primer sets used for each gene are listed in Supplementary Table S2.
Immunofluorescence
For in vivo study, the Achilles tendons were fixed with 4% paraformaldehyde (Nacalai Tesque) in phosphate buffer. Subsequently, this fixed tissue was embedded in the Tissue-Tek OCT compound (Sakura Finetek, Tokyo, Japan), frozen, and stored at −80°C for cryosectioning. The tendon was cryosectioned into 14 µm-thick sections with a cryostat (Leica CM1950; Leica Biosystems, Vista, CA) and stored again at −80°C. The sections were immersed in phosphate-buffered saline containing 0.1% Triton X-100 (Nacalai Tesque) for permeabilization and incubated with rabbit polyclonal anti-phospho-histone H2A.X (γH2AX) antibody (1:300; #2577, Cell Signaling Technology, Danvers, MA) overnight at 4°C, followed by incubation with Alexa Fluor 594-labelled donkey anti-rabbit IgG (1:300; A21207, Thermo Fisher Scientific) for 2 h at room temperature in the dark. Nuclei were stained with DAPI Fluoromount-G (SouthernBiotech, Birmingham, AL).
For in vitro study, the cells were fixed with 4% paraformaldehyde in phosphate buffer. Next, they were immersed in phosphate-buffered saline containing 0.1% Triton X-100 for permeabilization and incubated with rabbit polyclonal anti-γH2AX antibody (1:300; #2577, Cell Signaling Technology) overnight at 4°C, followed by incubation with Alexa Fluor 594-labelled donkey anti-rabbit IgG (1:300; A21207, Thermo Fisher Scientific) for 2 h at room temperature in the dark. Nuclei were stained with DAPI Fluoromount-G (SouthernBiotech).
Images were captured using a confocal fluorescence microscope (FluoView FV10i; Olympus, Tokyo, Japan). The number of γH2AX+ cells was counted in 0.045 and 0.10 mm2 fields for in vivo and in vitro studies, respectively.
Measurement of reactive oxygen species
Tenocytes were stained for reactive oxygen species (ROS) using the CellROX Deep Red Reagent (C10422, Thermo Fisher Scientific) for measuring ROS according to the manufacturer’s protocol. Nuclei were stained with DAPI Fluoromount-G. Images were captured using a confocal fluorescence microscope (FluoView FV10i; Olympus). The mean fluorescence intensity of the ROS signal of cells in a 0.18 mm2 field was calculated using ImageJ (version 1.51m9, National Institutes of Health, Bethesda, MD).
Senescence-associated β-galactosidase (SA-β-gal) staining
SA-β-gal staining was performed according to the manufacturer’s instructions (#9860, Cell Signaling Technology). After drug treatment, tenocytes were incubated with the staining solution provided in the kit for 16 h at 37°C. The percentage of SA-β-gal+ cells in a 0.14 mm2 field was calculated.
Vector construction
For constructing pCSII-CAG-Venus-WPRE, a CAG fragment was amplified via PCR and ligated into pCSII-EF-Venus-WPRE [gifted by Dr Miyoshi and Dr Miyawaki (RIKEN, Japan) (Nagai et al., 2002)]. For constructing pCSII-CAG-GPX3-WPRE, pCSII-CAG-Venus-WPRE was ligated with a GPX3 fragment amplified via PCR from the cDNA of the Achilles tendon of a rat. PCR was performed with Q5 DNA polymerase (New England Biolabs, Ipswich, MA). All ligation reactions were performed using Ligation high Ver. 2 (Toyobo). The constructs were verified using Sanger sequencing (Eurofins Genomics, Tokyo, Japan). The primers used for amplification are shown in Supplementary Table S2. The plasmids generated in this study will be made available upon request.
Lentiviral production and infection
A self-inactivating lentiviral vector (Miyoshi et al., 1998) was prepared and purified. Lenti-X 293T cells (Clontech, Mountain View, CA) were grown to 60%–70% confluency, and the packaging vectors and shuttle constructs were transfected with polyethyleneimine (Polysciences, Warrington, PA). After 16–18 h of incubation, the supernatant was aspirated, and a fresh medium was added to the culture. After 30 h of incubation, the supernatant was collected and filtered through a 0.45 µm-pore size PVDF membrane (Millex-HV, Merck Millipore, Billerica, MA), and lentiviral transfection was conducted on tenocytes. These transfected tenocytes were used in bulk for experiments.
Statistical analysis
Statistical analyses of in vivo and in vitro results were performed using Prism v9.4.0 (GraphPad). Sidak’s multiple comparison test was used for post hoc analysis. Statistical significance was set at p < 0.05. Data were presented as mean ± SEM.
RESULTS
Drug-induced tendinopathy in spontaneous reporting systems
First, we investigated the association between the use of a particular drug and the incidence of tendinopathy in FAERS, CVARD, and JADER using a disproportionality analysis by calculating each ROR and its Z score. Owing to known reporting biases and the absence of incidence denominators accompanying self-reports, these values may not reflect the actual incidence rate. Nevertheless, the use of many fluoroquinolones showed strong associations with the occurrence of tendinopathy, with high RORs and Z scores in all three datasets (Figures 1A–C and Supplementary Data S1). These findings confirmed that the positive correlation between fluoroquinolones and tendinopathy was reflected in the databases.
[image: Figure 1]FIGURE 1 | Increased incidence of tendinopathy with the prescription of drugs in patients registered in the FDA Adverse Event Reporting System (FAERS), Canada Vigilance Adverse Reaction Online Database (CVARD), and Japanese Adverse Drug Event Report (JADER). The precise equations used in the analyses, all drugs, reporting odds ratio (ROR) values, and Z scores are presented in Supplementary Data S1. Volcano plots of ROR on a log scale and statistical significance (absolute Z score) are shown. Each circle indicates an individual drug, and the size of the circle reflects the number of patients taking the drug. A strong and significant increase in the ROR of tendinopathy was observed in patients registered in FAERS (A), CVARD (B), and JADER (C) taking fluoroquinolones (red plots), such as levofloxacin, ciprofloxacin, and moxifloxacin.
Confounding effects of dexamethasone on the ROR of fluoroquinolone-induced tendinopathy
Evaluation of confounding effects of drug combinations on the ROR of tendinopathy in a population of fluoroquinolone users in FAERS, JADER, and CVARD revealed that many concomitantly used drugs affected the ROR of fluoroquinolone-induced tendinopathy (Figures 2A–C and Supplementary Data S2). We assumed that the drugs exhibiting a strong negative correlation with tendinopathy were more likely to be enriched from among the drugs that significantly decreased the ROR values in all three datasets. Notably, six drugs were enriched, and among them, dexamethasone showed a distinctly small ROR value in all datasets (Supplementary Table S3). Many other systemic steroids decreased or unaltered the occurrence of tendinopathy; their ROR values were not as small as that of dexamethasone, in parallel with the strength of the glucocorticoid effect (Supplementary Table S4).
[image: Figure 2]FIGURE 2 | Confounding effects of concomitant drugs on fluoroquinolone-induced tendinopathy in patients registered in the FDA Adverse Event Reporting System (FAERS), Canada Vigilance Adverse Reaction Online Database (CVARD), and Japanese Adverse Drug Event Report (JADER). The confounding effects of all drug combinations on the reporting odds ratio (ROR) for tendinopathy were calculated. Volcano plots visualizing the ROR (on a log scale) and its statistical significance (absolute Z score) from FAERS (A), CVARD (B), and JADER (C) are shown. The overall values are presented in Supplementary Data S2.
However, in 2008, FDA sent out a warning that steroids increased the risk of fluoroquinolone-induced tendinopathy (Tanne, 2008). Our finding was opposite to that of the FDA’s warning. Hence, we decided to further investigate this conflicting finding regarding the effect of steroids, focusing on dexamethasone.
Effect of dexamethasone on the incidence rate of fluoroquinolone-induced and age-related tendinopathy in the IBM MarketScan data
Next, we analyzed IBM MarketScan data to conduct a time-series analysis, first examining the effect of dexamethasone on fluoroquinolone-induced tendinopathy. The time distribution assessment of the first event after enrolling patients in the IBM MarketScan database indicated that the number of patients who were initially diagnosed with tendinopathy or prescribed fluoroquinolone or dexamethasone was much higher during the first 5 months than in the subsequent months and stabilized after 6 months (Supplementary Figure S1). These results suggested that a considerable number of patients were diagnosed with tendinopathy or prescribed fluoroquinolone or dexamethasone before or just after enrollment. Therefore, to evaluate the timeline of fluoroquinolone-induced tendinopathy, data of patients diagnosed with tendinopathy or receiving a prescription for fluoroquinolone or dexamethasone during the first 0- to 5-month run-in period were excluded.
To ensure an overlap between the dosing period of dexamethasone and the risk period of fluoroquinolone-induced tendinopathy, we first assessed the data of dexamethasone prescribed before fluoroquinolone. The median dosing period per prescription was 5 days (interquartile range: 3–12 days). Because the biological half-life of dexamethasone is 36–54 h, we considered overlapping prescriptions, wherein dexamethasone was prescribed within 7 days before the prescription of fluoroquinolone. Furthermore, according to reports, 85% of patients experienced tendinopathy within 1 month after fluoroquinolone treatment, and 41%–50% of patients presented with symptoms after discontinuation of fluoroquinolone (Lewis and Cook, 2014). Therefore, we set the risk period of tendinopathy to 30 days after the prescription of fluoroquinolone. Dexamethasone prescribed in that period was also regarded as an overlapping prescription. Altogether, dexamethasone prescribed from 7 days before to 30 days after the prescription of fluoroquinolone was defined as concomitant use. According to this definition, we divided the fluoroquinolone cohort into two groups, those treated with concomitant dexamethasone (n = 5,063) and those that were not (n = 1,562,000). Subsequently, 1:1 PSM was conducted to minimize the effects of confounding variables that could influence tendinopathy occurrence (Seeger et al., 2006; Abate et al., 2009; Bolon, 2017; Millar et al., 2021) and optimize the type of fluoroquinolone. After PSM, the two cohorts achieved an adequate balance of the measured covariates and type of fluoroquinolone. Between these matched cohorts, there was no remarkable difference in the dosage of fluoroquinolone (Supplementary Table S5). The median administration period of dexamethasone was 12 days. The main diagnosis of patients when dexamethasone was prescribed was cancer, suggesting that dexamethasone was used as an antiemetic. Patients were followed up for 60 days after prescribing fluoroquinolone, i.e., double the length of the risk period. Kaplan-Meier analysis and Cox proportional hazards modelling indicated that dexamethasone mitigated the risk of fluoroquinolone-induced tendinopathy with a hazard ratio of 0.58 (Figure 3A, 95% CI: 0.34–0.98, p = 0.04 in the log-rank test). In five patients who did not receive dexamethasone treatment, a severe phenotype accompanied by tendon tear or rupture was observed, and the total incidence proportion declined from 0.75% to 0.43% with dexamethasone (Supplementary Table S5).
[image: Figure 3]FIGURE 3 | Time trends in the incidence of tendinopathy in the fluoroquinolone-prescribed or older adult cohort in the IBM MarketScan data. Kaplan–Meier curves for the cumulative incidence ratio of tendinopathy in patients taking fluoroquinolone (A) or patients aged ≥65 years (B) are shown individually as two populations: one without (blue) and one with (red) co-prescribed dexamethasone. The number of patients with dexamethasone initiation is shown in gray as a ratio to the number at risk.
Next, we tested the efficacy of dexamethasone against age-related tendinopathy. Similarly to the analysis of fluoroquinolone-induced tendinopathy, patients diagnosed with tendinopathy or receiving dexamethasone during the first 0- to 5-month run-in period were excluded from this analysis. Individuals aged 65 years or older, registered in the IBM MarketScan data, were divided into two groups: those who received dexamethasone (n = 5,232) and those who did not (n = 1,538,993). Then, PSM was performed to eliminate known confounding factors for tendinopathy (Supplementary Table S6). Patients were followed up for 180 days from the end of the wash-out period. A comparison of the two cohorts using Kaplan-Meier analysis and Cox proportional hazards modelling revealed that dexamethasone mitigated the incidence of age-related tendinopathy with a hazard ratio of 0.72 (Figure 3B, 95% CI: 0.53–0.98, p = 0.03 in the log-rank test). Dexamethasone was presumably prescribed as an antiemetic based on the diagnoses given to the patients with its prescription. The median administration period of dexamethasone was only 10 days (Supplementary Table S6). Dexamethasone reduced the incidence proportion in more than half of the types of tendinopathy categorized in ICD-10, and the total incidence proportion of tendinopathy decreased from 2.14% to 1.45% (Supplementary Table S6).
These results from the analyses of real-world patient data suggested that dexamethasone prevented the onset of tendinopathy induced by fluoroquinolone and aging.
Effects of dexamethasone on fluoroquinolone-induced tendinopathy in rats
To test the hypothesis derived from the human data, we developed a rat tendinopathy model by chronic oral administration of pefloxacin, and dexamethasone was co-administered (Figure 4A). Tensile testing was performed to evaluate the biomechanical properties of the Achilles tendon. Compared to that of the vehicle group, chronic treatment with pefloxacin tended to decrease the maximum stress of the Achilles tendon, which was reversed by the co-administration of dexamethasone (Figures 4B, C). Histologically, chronic pefloxacin treatment increased the ratio of cells with round nuclei, a phenomenon seen in tendinopathy (Kato et al., 1995; de Mos et al., 2009), which was suppressed by co-treatment of dexamethasone, and no infiltration of inflammatory cells was observed (Figures 4D, E). Meanwhile, dexamethasone alone did not change the maximum stress of the tendon or the ratio of cells with round nuclei. Previous studies reported DNA damage in response to fluoroquinolone use (Li et al., 2010), overuse (Thirupathi et al., 2018), and aging (Yousefzadeh et al., 2021), all of which are risk factors for tendinopathy. Therefore, we investigated DNA damage in the Achilles tendon by immunostaining for γH2AX, a sensitive marker of DNA damage. DNA damage persists for 1 day but is most likely to be repaired within 3 days (Tryfidou et al., 2020); hence, DNA damage was evaluated not a week after the end of 4-week pefloxacin administration but a day after 3 weeks of drug administration. Thus, many γH2AX+ cells were observed in the Achilles tendon of rats administered pefloxacin, which was mitigated by dexamethasone co-treatment. Notably, dexamethasone alone did not affect the number of γH2AX+ cells (Figures 4F, G).
[image: Figure 4]FIGURE 4 | Effects of dexamethasone on a pefloxacin-induced tendinopathy rat model. (A) Rats were treated with pefloxacin (900 mg/kg/day, 5 days a week for 4 weeks), dexamethasone (50 µg/kg/day, 3 days a week for 5 weeks), or both, and Achilles tendons were collected 1 day after completing the 3-week administration for immunostaining and 1 day after completing the 5-week administration for tensile testing and hematoxylin and eosin staining (HE staining). (B) Images of biomechanical testing. (C) Biomechanical properties were examined immediately after the collection of Achilles tendons from drug-administered rats (n = 3–8 per group). Maximum stress was calculated from test results. (D,E) Representative images of HE staining (n = 7–9 per group) with representative nuclei in the upper left of each picture; summarized data for cells with round nuclei. Scale bar: 0.1 mm. (F,G) Immunostaining of γH2AX was performed, and the samples were imaged using confocal microscopy (n = 9 per group). The number of γH2AX+ cells (shown with the arrowhead) is presented as a percentage of the number of total cells. Scale bar: 50 µm. Data are shown as mean ± SEM. Statistical significance was tested using a two-way ANOVA with post hoc multiple comparisons; **p < 0.01, ***p < 0.001.
Molecular mechanisms underlying the effect of dexamethasone on pefloxacin-induced tendinopathy
To investigate the underlying molecular mechanism, we conducted RNA-seq of samples recovered from the Achilles tendons of drug-administered rats. Gene ontology analysis using the DAVID tool, focusing on the genes upregulated by pefloxacin and whose upregulation was suppressed by dexamethasone co-administration, revealed that several pathways related to oxidative stress, such as “response to hydrogen peroxide” and “hydrogen peroxide catabolic process,” were enriched (Figure 5A). No pathways associated with inflammation were enriched in this analysis. Notably, “aging” was also enriched. This result suggested that oxidative stress was increased by fluoroquinolone and suppressed by co-treatment with dexamethasone. Additionally, it indicated that the expression levels of some age-related molecules were increased by pefloxacin treatment, and this effect was mitigated by dexamethasone.
[image: Figure 5]FIGURE 5 | Gene expression in the tendon tissues of rats treated with pefloxacin, dexamethasone, or both. (A) Gene ontology (GO) analysis of genes whose expression, with transcripts per million (TPM) ≥ 100 in the vehicle group, was increased in the pefloxacin group compared with that in the vehicle group and reduced in the group administered both pefloxacin and dexamethasone compared with that in the pefloxacin group. The top 25 significantly enriched GO terms are shown. (B) The relative gene expression levels, shown as TPM, of antioxidant enzymes in the Achilles tendon from a vehicle-administered rat. (C) Heatmap of gene expression of antioxidant enzymes in Achilles tendon from rats administered vehicle, pefloxacin (PFLX), dexamethasone (DEX), or both (PFLX + DEX). Red and blue colors represent large and small standardized values in Z scores, respectively. (D) The gene expression of Gpx3 was examined using quantitative RT-PCR (n = 9–12 per group) and represented as the relative ratio to the control group. Data are shown as the mean ± SEM. Statistical significance was tested using a two-way ANOVA with post hoc multiple comparisons; *p < 0.05, **p < 0.01.
Next, we focused on antioxidant enzymes because they primarily regulate the level of ROS, a major cause of oxidative stress. The gene expression of all antioxidant enzymes in the Achilles tendon of vehicle-treated rats was investigated, and some glutathione peroxidases (Gpx1, Gpx3, and Gpx4) and superoxide dismutase 3 (Sod3) were found to have high expression levels (Figure 5B). Then, the changes in their expression levels after drug administration were analyzed. Pefloxacin treatment reduced the gene expression of several antioxidant enzymes, including Gpx3, Gpx4, Sod2, Sod3, and peroxiredoxin 3 (Prdx3); co-treatment with dexamethasone mitigated the reduced expression of some genes Figure 5C. GPX3 was identified as a potential target, with the highest expression level among the antioxidant enzymes examined in the rat Achilles tendon. The expression level of Gpx3 was validated in the specimen using qRT-PCR. Although the downregulation of Gpx3 by pefloxacin was not observed, Achilles tendons from rats treated with only dexamethasone or with both pefloxacin and dexamethasone showed significantly higher gene expression levels of Gpx3 than those from vehicle-treated or pefloxacin-treated rats (Figure 5D). Further, we investigated the gene expression levels of collagen, the main component of tendon tissue. Col1a1 was the most abundant subtype of collagen, followed by Col3a1 (Supplementary Figure S2A). Pefloxacin increased the expression of Col1a1 and Col3a1, indicating a possible compensatory effect against the tendinopathic changes. Dexamethasone decreased their expression levels, and the combination of dexamethasone and pefloxacin downregulated not only the expression levels of Col1a1 and Col3a1 but also those of various other collagen subtypes (Supplementary Figure S2B). Furthermore, we examined the expression of inflammation-related genes, reported to be upregulated in tendinopathy (Dakin et al., 2015; Dakin et al., 2018; Abraham et al., 2019; Kendal et al., 2020; Arvind and Huang, 2021). Pefloxacin did not drastically change the expression levels of these genes, indicating that inflammation was not a factor to be considered in this context (Supplementary Figures S2C, D).
Next, we analyzed the expression levels of antioxidant enzymes in human tendons using data from GEO datasets. We found that the expression of GPX3 was significantly lower in tissues from patients with tendinopathy than in normal tissues, and GPX3 had a very high expression among all the antioxidant enzymes examined; both findings supported our notion (Supplementary Figure S3). PRDX4 and GPX7 were upregulated in tendinopathy samples; however, because their expression levels were quite low, the effect of this upregulation was not assumed to be significant. Therefore, we focused on GPX3 for further analysis.
Effects of fluoroquinolone and dexamethasone on oxidative stress in rat tenocytes
The involvement of oxidative stress and the effect of dexamethasone in fluoroquinolone-induced tendinopathy was validated in vitro. Dexamethasone binds to the glucocorticoid receptor and modulates the expression of various genes; hence, we speculated that dexamethasone treatment would result in a preventative effect accompanied by changes in gene expression. Therefore, we conducted pre-treatment with dexamethasone. Primary cultured rat tenocytes were treated with dexamethasone (100 nM, 24 h pre-treatment +24 h treatment), pefloxacin (100 µM, 24 h), or both (Figure 6A). Consistent with the RNA-seq data, dexamethasone drastically upregulated the expression of Gpx3 (Figure 6B). Tenocytes treated with pefloxacin showed an increase in ROS levels, which was mitigated by co-treatment with dexamethasone (Figures 6C, D). Furthermore, the ratio of γH2AX+ cells was elevated by pefloxacin, which was reversed by co-treatment with dexamethasone (Figures 6E, F), consistent with the in vivo data (Figures 4F, G).
[image: Figure 6]FIGURE 6 | Effects of dexamethasone on pefloxacin-induced toxicity and stress-induced senescence in rat primary tenocytes. (A) Primary cultured tenocytes obtained from rat Achilles tendons were treated with pefloxacin (100 µM, 24 h), dexamethasone (100 nM, 24 h pre-treatment plus 24 h co-treatment), or both. (B) The gene expression of Gpx3 after drug treatment was examined using quantitative RT-PCR (n = 9 per group) and represented as the relative ratio to the control group. (C,D) The levels of reactive oxygen species (ROS) were evaluated using the CellROX assay (n = 8–9 per group). Cells were imaged using confocal microscopy, and the intensity of fluorescence was measured in each cell. (E,F) The number of cells with three or more γH2AX+ foci was counted (shown with an arrowhead) and presented as a percentage of the total cell number. (G) Primary cultured tenocytes were treated with H2O2 (100 µM, 4 h) to create a stress-induced senescence model and co-treated with dexamethasone (100 nM, 24 h pre-treatment plus 4 h co-treatment). (H,I) The levels of ROS after drug treatment were evaluated using the CellROX assay (n = 6 per group). (J,K) Senescence-associated β-galactosidase (SA-β-gal) staining was performed after drug treatment (n = 7–8 per group). The number of SA-β-gal+ cells was counted and presented as a percentage of the total number of cells. (L,M) Immunostaining of γH2AX was performed (n = 6–7 per group). The number of cells with three or more γH2AX+ foci (shown with arrowhead) is presented as a percentage of the number of total cells. Data are shown as mean ± SEM. Statistical significance was tested using a two-way ANOVA with post hoc multiple comparisons; **p < 0.01, ***p < 0.001. Scale bar; 50 µm.
Effect of dexamethasone on stress-induced senescence in rat tenocytes
We next examined the effect of dexamethasone on cellular senescence in tenocytes. Oxidative stress is related to several aging conditions, and H2O2 is used to create a stress-induced senescence model (Frippiat et al., 2000; Wang et al., 2021). Therefore, tenocytes were treated with H2O2 (100 µM, 4 h) to induce senescence, and dexamethasone (100 nM, 24 h pre-treatment +4 h treatment) was co-administered (Figure 6G). Dexamethasone treatment suppressed the increase in ROS levels induced by H2O2 (Figures 6H, I). Staining was performed for SA-β-gal and γH2AX; as the level of both SA-β-gal and γH2AX increases during senescence, these are used as biomarkers of senescence (Wan et al., 2021). Although dexamethasone treatment slightly increased the ratio of SA-β-gal+ cells, H2O2-induced cellular senescence was suppressed by co-treatment with dexamethasone (Figures 6J–M).
Effect of GPX3 on fluoroquinolone-induced oxidative stress in rat tenocytes
To investigate whether the observed effects of dexamethasone occurred mainly through the upregulation of GPX3, we next examined the role of GPX3. Lentivirus was transfected into tenocytes to induce GPX3 overexpression, and pefloxacin (100 µM, 24 h) was administered (Figure 7A). The expression level of Gpx3 significantly increased in GPX3-overexpressing tenocytes (Figure 7B), whereas that of the other antioxidant enzymes or collagen type 1 was unaltered (Supplementary Figure S4). Overexpression of GPX3 suppressed the increase in ROS levels and the ratio of γH2AX+ cells caused by pefloxacin (Figures 7C–F).
[image: Figure 7]FIGURE 7 | Effects of GPX3 on pefloxacin-induced oxidative stress and hydrogen peroxide-induced senescence in rat primary tenocytes. (A) Tenocytes transduced with lentivirus for overexpressing GPX3 (LV-GPX3) or negative control (LV-NC). (B) The gene expression of Gpx3 after lentiviral induction was examined using quantitative RT-PCR (n = 6 per group) and represented as the relative ratio to the LV-NC group. (C,D) The levels of reactive oxygen species (ROS) were evaluated using the CellROX assay (n = 9 per group), and cells were imaged using confocal microscopy. The intensity of fluorescence was measured in each cell. (E,F) Tenocytes were stained with anti-γH2AX antibodies (n = 6–7 per group). The number of cells with three or more γH2AX+ foci (shown with arrowhead) is presented as a percentage of the total number of cells. (G) To create a stress-induced senescence model, tenocytes were treated with H2O2 (100 µM, 4 h). (H,I) The levels of ROS were evaluated using the CellROX assay (n = 8 per group). (J,K) SA-β-gal staining was performed (n = 7 per group); the number of SA-β-gal+ cells are presented as a percentage of the number of total cells. (L,M) Cells were stained with anti-γH2AX antibody (n = 4 per group). The number of cells with three or more γH2AX+ foci (shown with arrowhead) is presented as a percentage of the total number of cells. Data are shown as mean ± SEM. Statistical significance was tested using a two-way ANOVA with post hoc multiple comparisons; *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar; 50 µm.
Effect of GPX3 on stress-induced senescence model in rat tenocytes
The role of GPX3 in cellular senescence was also investigated using the stress-induced senescence model created via treatment with H2O2 (Figure 7G). The increased ROS levels due to H2O2 treatment were suppressed by the overexpression of GPX3, and this effect was not as strong as that by dexamethasone; however, it was correlated with the expression level of GPX3 (Figures 7H, I). The increase in the number of SA-β-gal+ and γH2AX+ cells was partly suppressed by the overexpression of GPX3 (Figures 7J–M).
DISCUSSION
To the best of our knowledge, this is the first study to report that glucocorticoid dexamethasone can mitigate fluoroquinolone-induced and age-related tendinopathy in humans. These findings were observed in our analysis of four independent large clinical datasets, and the hypothesis was further validated via in vivo and in vitro studies on rats. Dexamethasone treatment suppressed oxidative stress related to fluoroquinolone-induced and age-related tendinopathy by upregulating the expression of the antioxidant enzyme GPX3.
Our data mining of the FAERS, JADER, and CVARD data showed that fluoroquinolone use resulted in specific signals of tendinopathy, with high ROR values in thousands of cases across all three databases. These signals were considered sufficiently robust because they were based on large datasets, irrespective of the diversity of the clinical circumstances. We focused on the effect of dexamethasone because it was the only common drug with a significantly low ROR value among all three databases.
The resultant hypothesis after the analysis of data from these spontaneous reporting systems was further validated in a retrospective cohort analysis using the IBM MarketScan data. The results revealed that dexamethasone treatment mitigated the risk of developing fluoroquinolone-induced tendinopathy. Moreover, dexamethasone alleviated the risk of age-related tendinopathy. The suppressive effect of dexamethasone was less strong in age-related tendinopathy than in fluoroquinolone-induced tendinopathy, which may be due to the age difference. Tendons are consistently under mechanical stress in daily life, and repetitive strain can lead to the accumulation of microdamage, increasing the risk of developing tendinopathy (Wu et al., 2017). The healing ability of tendons decreases with age (Zhou et al., 2014); hence, there may be more microtears in the tendons of older adults than those of younger adults. In our analysis, the median age of the fluoroquinolone cohort was 51–52 years, whereas the median age of the cohort of older adults was 73 years. Owing to this large age gap, the beneficial effect of dexamethasone may have been partly masked in the older adult cohort.
However, several previous retrospective analyses have shown that glucocorticoid use increases the risk of tendinopathy (Wong et al., 2003; Zhang et al., 2013; Ge et al., 2020), and FDA has warned of a high risk of developing fluoroquinolone-induced tendinopathy in those consuming steroids (Tanne, 2008). This discrepancy may be due to the length of the dexamethasone administration period. In a previous clinical study, the Achilles tendons of patients with rheumatoid arthritis who received dexamethasone treatment for at least 3 months had a low density of collagen type 1 (Abraham et al., 2019). In vitro analyses have shown that dexamethasone treatment reduces the gene expression of collagen type 1, collagen synthesis, and proliferation of tenocytes (Wong et al., 2003; Zhang et al., 2013). Further, our RNA-seq analysis of the Achilles tendons from drug-administered rats revealed that dexamethasone downregulated collagen subtypes with high expression in tendon tissues. Therefore, long-term administration of dexamethasone may harm tendons by reducing collagen production. Nonetheless, the effect of its short-term treatment remains unclear. A previous case-control study showed that continuous glucocorticoid treatment increased the odds ratio of tendinopathy, whereas intermittent use exhibited low odds ratio (Spoendlin et al., 2015). In a recent clinical trial, local injections of steroids (maximum three times at 4-week intervals) combined with exercise showed better outcomes in the treatment of tendinopathy than with placebo injections and exercise at 6 months (Johannsen et al., 2022). In the rat tendon injury model, tendon healing was enhanced, and their mechanical properties improved when dexamethasone was administered for 5 days (Dietrich-Zagonel et al., 2022). In our analysis of fluoroquinolone-induced and age-related tendinopathy from the IBM MarketScan data, the median administration period of dexamethasone was 12 and 10 days in the fluoroquinolone and older adult cohort, respectively. In our in vivo study, dexamethasone alone did not influence the maximum stress of Achilles tendons after 15 times of its administration. Because the turnover of tendons is slow (Heinemeier et al., 2013), the negative effect of dexamethasone did not appear at the time of the investigation. Whether dexamethasone is beneficial or disadvantageous to tendons may rely on its administration duration.
Accumulating evidence has indicated the involvement of oxidative stress in tendinopathy. In previous studies, ROS levels were increased in patients with tendinopathy (Yoshida et al., 2020), and an in vivo study showed that tendinopathic changes in the patellar tendon are attributed to H2O2 (Fu et al., 2018). Fluoroquinolones cause oxidative stress in tenocytes (Pouzaud et al., 2004; Lowes et al., 2009). According to a previous report, fluoroquinolones generated ROS in human tenocytes through mitochondrial membrane damage, which was mitigated by MitoQ, a mitochondria-targeted antioxidant (Lowes et al., 2009). Furthermore, patients taking fluoroquinolones showed an increase in lipid peroxide and a decrease in plasma antioxidant contents, both suggesting an increase in ROS levels (Talla and Veerareddy, 2011). Oxidative stress is also related to several age-related conditions, and an age-related increase in ROS production and oxidative stress has been reported in various tissues, including tendons (Cadenas and Davies, 2000; Radák et al., 2002). The production of reactive carbonyl derivatives, a well-known biomarker for oxidative damage, significantly increases in aged Achilles tendons (Radák et al., 2002). Consistent with previous findings, our gene ontology analysis of the gene expression in Achilles tendons from drug-administered rats revealed that oxidative stress was involved in fluoroquinolone-induced tendinopathy. Aging-related pathways were also enriched, possibly because fluoroquinolones and aging are related to oxidative stress. ROS, related to the increased expression of matrix metalloproteinases (Wunderli et al., 2020), activate several pathways, including the c-Jun N-terminal kinase (JNK) (Wang et al., 2007) and NF-κB pathways (Best et al., 2020); however, further studies are required to elucidate the manner in which oxidative stress leads to tendinopathy.
We found that dexamethasone mitigated fluoroquinolone-induced oxidative stress primarily through the upregulation of GPX3, an antioxidant belonging to the glutathione peroxidase family. GPX3 is a selenoprotein containing selenocysteine in its active site. Its major role is to eliminate H2O2, hydroperoxides, and lipid hydroperoxides by catalyzing the conversion of glutathione to oxidized glutathione (Chang et al., 2020). GPX3 is mostly secreted and therefore abundant in plasma; additionally, it is present intracellularly in various tissues, including the kidney, heart, lung, and liver (Nirgude and Choudhary, 2021). The promoter region of the GPX3 gene contains glucocorticoid-binding elements (GRE). Therefore, the substantial upregulation of GPX3 by dexamethasone observed in our in vitro study may be mediated by GRE. Additionally, a binding site for hypoxia-inducible factor-1 (HIF-1) is present in the promoter region. Because tendons are under low O2 pressure because of hypovascularity, we speculate that HIF-1 is activated constantly, leading to the upregulation of GPX3. Our in vivo study and GEO data analysis showed that the gene expression of GPX3 was relatively high among antioxidant enzymes in both rat Achilles and human tendons. Although several studies have been conducted on other musculoskeletal tissues, only a few have focused on GPX3 in tendons. In human myocytes, GPX3 plays a crucial role in maintaining cell viability (El Haddad et al., 2012). Furthermore, methylation in the promoter region of GPX3 and downregulation of GPX3 have been observed in patients with Kashin–Beck disease, an endemic osteoarthropathy (Han et al., 2018). Further studies are required to determine the role of GPX3 in tendons and tendinopathy.
Our in vitro study showed that dexamethasone treatment also suppressed the cellular senescence induced by H2O2. However, a slight increase in the number of SA-β-gal+ cells was observed after dexamethasone treatment. In a previous study, dexamethasone treatment increased the number of SA-β-gal+ tenocytes when treated for 3 days (Poulsen et al., 2014). We did not observe an increase in ROS levels or the number of γH2AX+ cells by dexamethasone treatment; hence, we speculated that dexamethasone could have increased the number of SA-β-gal+ cells through pathways other than oxidative stress. Examining cellular senescence in GPX3-overexpressing tenocytes revealed that GPX3 mitigated cellular senescence. The expression of GPX3 reportedly declines with age (Pastori et al., 2016), possibly increasing ROS levels in older adults. In our in vitro study, the effect of GPX3 overexpression on H2O2-induced cellular senescence was not as strong as that of dexamethasone; nevertheless, it correlated with the expression of GPX3. The optimum expression of GPX3 required for preventing tendinopathy needs to be investigated further.
Our study has some limitations. First, the role of GPX3 was not validated in the rat model. We were not able to inject lentivirus to rat Achilles tendon due to practical issue of injection. Overexpression and/or knockdown of GPX3 in tendon tissues by lentivirus or examination of tendons from Gpx3 knockout mice may provide valuable information regarding the effect of GPX3 on tendinopathy. Second, the protein levels of GPX3 in drug-treated tenocytes or rat Achilles tendons were not investigated. GPX3 is a selenoprotein, and its translation is highly sensitive to the level of selenium (Chang et al., 2020). The level of selenite in tendons is unknown, and the activity of GPX in chondrocytes reportedly increases by adding sodium selenite (50 nM) for 24 h (Yan et al., 2013). Hence, we added sodium selenite (100 nM) in the media, whose concentration was presumably sufficient for the translation of GPX3, when it was changed to serum-free media to conduct drug treatment. Future studies should include a way to measure the protein level or activity of GPX3. Third, we did not investigate the cell cycle or apoptosis in the oxidative stress-induced senescence model. A stable cell cycle arrest and resistance to apoptosis are other phenotypes of cellular senescence. The proliferation rate of tenocytes is slow, requiring more than 1 week as a doubling time. Therefore, exploring the cell cycle was not suitable for our administration schedule, where H2O2 was treated for only 4 h. However, these phenotypes will be examined in the future for an in-depth analysis.
In conclusion, our findings demonstrated that dexamethasone treatment effectively reduced tendinopathy in both human retrospective analyses and experimental models. Nonetheless, the long-term use of dexamethasone may have hazardous effects on the tendon, including a reduction in the content of collagen and other well-known side effects, such as osteoporosis and sleep disturbance. Thus, a novel molecule that selectively upregulates or activates GPX3 needs to be identified for treatment (Figure 8).
[image: Figure 8]FIGURE 8 | Graphical summary of the study. Created with BioRender.com.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.
ETHICS STATEMENT
The animal study was reviewed and approved by Kyoto University Animal Research Committee.
AUTHOR CONTRIBUTIONS
HF, TN, and SK designed the project. HF and TN performed the clinical data analysis. HF and MY conducted experiments and analyzed data. HF and SK wrote the manuscript. SM, KN, HS, and SK provided materials and technical advice.
FUNDING
This work was supported by the Japan Agency for Medical Research and Development (grant numbers 20ak0101088h0003, 21ak0101153h0001) and JST SPRING (grant number JPMJSP2110).
ACKNOWLEDGMENTS
We thank Dr H. Miyoshi and Dr A. Miyawaki (RIKEN, Japan) for providing pCSII-EF-Venus-WPRE.
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1137952/full#supplementary-material
REFERENCES
 Abate, M., Silbernagel, K. G., Siljeholm, C., Di Iorio, A., De Amicis, D., Salini, V., et al. (2009). Pathogenesis of tendinopathies: Inflammation or degeneration?Arthritis Res. Ther. 11, 235. doi:10.1186/ar2723
 Abraham, A. C., Shah, S. A., Golman, M., Song, L., Li, X., Kurtaliaj, I., et al. (2019). Targeting the NF-κB signaling pathway in chronic tendon disease. Sci. Transl. Med. 11, eaav4319. doi:10.1126/scitranslmed.aav4319
 Arvind, V., and Huang, A. H. (2021). Reparative and maladaptive inflammation in tendon healing. Front. Bioeng. Biotechnol. 9, 719047. doi:10.3389/fbioe.2021.719047
 Banda, J. M., Evans, L., Vanguri, R. S., Tatonetti, N. P., Ryan, P. B., and Shah, N. H. (2016). A curated and standardized adverse drug event resource to accelerate drug safety research. Sci. Data 3, 160026. doi:10.1038/sdata.2016.26
 Best, K. T., Nichols, A. E. C., Knapp, E., Hammert, W. C., Ketonis, C., Jonason, J. H., et al. (2020). NF-κB activation persists into the remodeling phase of tendon healing and promotes myofibroblast survival. Sci. Signal 13, eabb7209. doi:10.1126/scisignal.abb7209
 Bolon, B. (2017). Mini-review: Toxic tendinopathy. Toxicol. Pathol. 45, 834–837. doi:10.1177/0192623317711614
 Cadenas, E., and Davies, K. J. (2000). Mitochondrial free radical generation, oxidative stress, and aging. Free Radic. Biol. Med. 29, 222–230. doi:10.1016/s0891-5849(00)00317-8
 Carr, A. J., and Norris, S. H. (1989). The blood supply of the calcaneal tendon. J. Bone Jt. Surg. Br. 71, 100–101. doi:10.1302/0301-620X.71B1.2914976
 Chang, C., Worley, B. L., Phaëton, R., and Hempel, N. (2020). Extracellular glutathione peroxidase GPx3 and its role in cancer. Cancers (Basel) 12, 2197. doi:10.3390/cancers12082197
 Dakin, S. G., Martinez, F. O., Yapp, C., Wells, G., Oppermann, U., Dean, B. J. F., et al. (2015). Inflammation activation and resolution in human tendon disease. Sci. Transl. Med. 7, 311ra173. doi:10.1126/scitranslmed.aac4269
 Dakin, S. G., Newton, J., Martinez, F. O., Hedley, R., Gwilym, S., Jones, N., et al. (2018). Chronic inflammation is a feature of Achilles tendinopathy and rupture. Br. J. Sports Med. 52, 359–367. doi:10.1136/bjsports-2017-098161
 de Mos, M., Koevoet, W., van Schie, H. T., Kops, N., Jahr, H., Verhaar, J. A. N., et al. (2009). In vitro model to study chondrogenic differentiation in tendinopathy. Am. J. Sports Med. 37, 1214–1222. doi:10.1177/0363546508331137
 Dietrich-Zagonel, F., Aspenberg, P., and Eliasson, P. (2022). Dexamethasone enhances Achilles tendon healing in an animal injury model, and the effects are dependent on dose, administration time, and mechanical loading stimulation. Am. J. Sports Med. 50, 1306–1316. doi:10.1177/03635465221077101
 El Haddad, M., Jean, E., Turki, A., Hugon, G., Vernus, B., Bonnieu, A., et al. (2012). Glutathione peroxidase 3, a new retinoid target gene, is crucial for human skeletal muscle precursor cell survival. J. Cell Sci. 125, 6147–6156. doi:10.1242/jcs.115220
 Frippiat, C., Chen, Q. M., Remacle, J., and Toussaint, O. (2000). Cell cycle regulation in H(2)O(2)-induced premature senescence of human diploid fibroblasts and regulatory control exerted by the papilloma virus E6 and E7 proteins. Exp. Gerontol. 35, 733–745. doi:10.1016/s0531-5565(00)00167-4
 Fu, S. C., Yeung, M. Y., Rolf, C. G., Yung, P. S., Chan, K. M., and Hung, L. K. (2018). Hydrogen peroxide induced tendinopathic changes in a rat model of patellar tendon injury. J. Orthop. Res. 36, 3268–3274. doi:10.1002/jor.24119
 Ge, Z., Tang, H., Chen, W., Wang, Y., Yuan, C., Tao, X., et al. (2020). Downregulation of type I collagen expression in the Achilles tendon by dexamethasone: A controlled laboratory study. J. Orthop. Surg. Res. 15, 70. doi:10.1186/s13018-020-01602-z
 Han, L., Yang, X., Sun, W., Li, Z., Ren, H., Li, B., et al. (2018). The study of GPX3 methylation in patients with Kashin-Beck Disease and its mechanism in chondrocyte apoptosis. Bone 117, 15–22. doi:10.1016/j.bone.2018.08.017
 Heinemeier, K. M., Schjerling, P., Heinemeier, J., Magnusson, S. P., and Kjaer, M. (2013). Lack of tissue renewal in human adult Achilles tendon is revealed by nuclear bomb (14)C. FASEB J. 27, 2074–2079. doi:10.1096/fj.12-225599
 Jelinsky, S. A., Rodeo, S. A., Li, J., Gulotta, L. V., Archambault, J. M., and Seeherman, H. J. (2011). Regulation of gene expression in human tendinopathy. BMC Musculoskelet. Disord. 12, 86. doi:10.1186/1471-2474-12-86
 Johannsen, F., Olesen, J. L., Øhlenschläger, T. F., Lundgaard-Nielsen, M., Cullum, C. K., Jakobsen, A. S., et al. (2022). Effect of ultrasonography-guided corticosteroid injection vs placebo added to exercise therapy for Achilles tendinopathy: A randomized clinical trial. JAMA Netw. Open 5, e2219661. doi:10.1001/jamanetworkopen.2022.19661
 Kato, M., Takada, S., Kashida, Y., and Nomura, M. (1995). Histological examination on Achilles tendon lesions induced by quinolone antibacterial agents in juvenile rats. Toxicol. Pathol. 23, 385–392. doi:10.1177/019262339502300315
 Kaux, J. F., Forthomme, B., Goff, C. L., Crielaard, J. M., and Croisier, J. L. (2011). Current opinions on tendinopathy. J. Sports Sci. Med. 10, 238–253. Available at: https://www.jssm.org/volume10/iss2/cap/jssm-10-238.pdf
 Kendal, A. R., Layton, T., Al-Mossawi, H., Appleton, L., Dakin, S., Brown, R., et al. (2020). Multi-omic single cell analysis resolves novel stromal cell populations in healthy and diseased human tendon. Sci. Rep. 10, 13939. doi:10.1038/s41598-020-70786-5
 Khaliq, Y., and Zhanel, G. G. (2003). Fluoroquinolone-associated tendinopathy: A critical review of the literature. Clin. Infect. Dis. 36, 1404–1410. doi:10.1086/375078
 Kim, D., Langmead, B., and Salzberg, S. L. (2015). Hisat: A fast spliced aligner with low memory requirements. Nat. Methods 12, 357–360. doi:10.1038/nmeth.3317
 Kostrominova, T. Y., and Brooks, S. V. (2013). Age-related changes in structure and extracellular matrix protein expression levels in rat tendons. Age (Dordr) 35, 2203–2214. doi:10.1007/s11357-013-9514-2
 Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie 2. Nat. Methods 9, 357–359. doi:10.1038/nmeth.1923
 Lewis, T., and Cook, J. (2014). Fluoroquinolones and tendinopathy: A guide for athletes and sports clinicians and a systematic review of the literature. J. Athl. Train. 49, 422–427. doi:10.4085/1062-6050-49.2.09
 Li, B., and Dewey, C. N. (2011). Rsem: Accurate transcript quantification from RNA-seq data with or without a reference genome. BMC Bioinforma. 12, 323. doi:10.1186/1471-2105-12-323
 Li, Q., Peng, S., Sheng, Z., and Wang, Y. (2010). Ofloxacin induces oxidative damage to joint chondrocytes of juvenile rabbits: Excessive production of reactive oxygen species, lipid peroxidation and DNA damage. Eur. J. Pharmacol. 626, 146–153. doi:10.1016/j.ejphar.2009.09.044
 Lowes, D. A., Wallace, C., Murphy, M. P., Webster, N. R., and Galley, H. F. (2009). The mitochondria targeted antioxidant MitoQ protects against fluoroquinolone-induced oxidative stress and mitochondrial membrane damage in human Achilles tendon cells. Free Radic. Res. 43, 323–328. doi:10.1080/10715760902736275
 Millar, N. L., Silbernagel, K. G., Thorborg, K., Kirwan, P. D., Galatz, L. M., Abrams, G. D., et al. (2021). Tendinopathy. Nat. Rev. Dis. Prim. 7, 1. doi:10.1038/s41572-020-00234-1
 Minetto, M. A., Giannini, A., McConnell, R., Busso, C., Torre, G., and Massazza, G. (2020). Common musculoskeletal disorders in the elderly: The star triad. J. Clin. Med. 9, 1216. doi:10.3390/jcm9041216
 Miyoshi, H., Blömer, U., Takahashi, M., Gage, F. H., Verma, I. M., and Blomer, U. (1998). Development of a self-inactivating lentivirus vector. J. Virol. 72, 8150–8157. doi:10.1128/JVI.72.10.8150-8157.1998
 Nagai, T., Ibata, K., Park, E. S., Kubota, M., Mikoshiba, K., and Miyawaki, A. (2002). A variant of yellow fluorescent protein with fast and efficient maturation for cell-biological applications. Nat. Biotechnol. 20, 87–90. doi:10.1038/nbt0102-87
 Nagaoka, K., Nagashima, T., Asaoka, N., Yamamoto, H., Toda, C., Kayanuma, G., et al. (2021). Striatal TRPV1 activation by acetaminophen ameliorates dopamine D2 receptor antagonist-induced orofacial dyskinesia. JCI Insight 6, e145632. doi:10.1172/jci.insight.145632
 Nagashima, T., Shirakawa, H., Nakagawa, T., and Kaneko, S. (2016). Prevention of antipsychotic-induced hyperglycaemia by vitamin D: A data mining prediction followed by experimental exploration of the molecular mechanism. Sci. Rep. 6, 26375. doi:10.1038/srep26375
 Nirgude, S., and Choudhary, B. (2021). Insights into the role of GPX3, a highly efficient plasma antioxidant, in cancer. Biochem. Pharmacol. 184, 114365. doi:10.1016/j.bcp.2020.114365
 Ohberg, L., Lorentzon, R., and Alfredson, H. (2001). Good clinical results but persisting side-to-side differences in calf muscle strength after surgical treatment of chronic Achilles tendinosis: A 5-year follow-up. Scand. J. Med. Sci. Sports 11, 207–212. doi:10.1034/j.1600-0838.2001.110403.x
 Pastori, D., Pignatelli, P., Farcomeni, A., Menichelli, D., Nocella, C., Carnevale, R., et al. (2016). Aging-related decline of glutathione peroxidase 3 and risk of cardiovascular events in patients with atrial fibrillation. J. Am. Heart Assoc. 5, e003682. doi:10.1161/JAHA.116.003682
 Poulsen, R. C., Watts, A. C., Murphy, R. J., Snelling, S. J., Carr, A. J., and Hulley, P. A. (2014). Glucocorticoids induce senescence in primary human tenocytes by inhibition of sirtuin 1 and activation of the p53/p21 pathway: In vivo and in vitro evidence. Ann. Rheum. Dis. 73, 1405–1413. doi:10.1136/annrheumdis-2012-203146
 Pouzaud, F., Bernard-Beaubois, K., Thevenin, M., Warnet, J. M., Hayem, G., and Rat, P. (2004). In vitro discrimination of fluoroquinolones toxicity on tendon cells: Involvement of oxidative stress. J. Pharmacol. Exp. Ther. 308, 394–402. doi:10.1124/jpet.103.057984
 Radák, Z., Takahashi, R., Kumiyama, A., Nakamoto, H., Ohno, H., Ookawara, T., et al. (2002). Effect of aging and late onset dietary restriction on antioxidant enzymes and proteasome activities, and protein carbonylation of rat skeletal muscle and tendon. Exp. Gerontol. 37, 1423–1430. doi:10.1016/s0531-5565(02)00116-x
 Rees, J. D., Wilson, A. M., and Wolman, R. L. (2006). Current concepts in the management of tendon disorders. Rheumatol. Oxf. 45, 508–521. doi:10.1093/rheumatology/kel046
 Riley, G. (2008). Tendinopathy-from basic science to treatment. Nat. Clin. Pract. Rheumatol. 4, 82–89. doi:10.1038/ncprheum0700
 Seeger, J. D., West, W. A., Fife, D., Noel, G. J., Johnson, L. N., and Walker, A. M. (2006). Achilles tendon rupture and its association with fluoroquinolone antibiotics and other potential risk factors in a managed care population. Pharmacoepidemiol Drug Saf. 15, 784–792. doi:10.1002/pds.1214
 Spoendlin, J., Meier, C., Jick, S. S., and Meier, C. R. (2015). Oral and inhaled glucocorticoid use and risk of Achilles or biceps tendon rupture: A population-based case-control study. Ann. Med. 47, 492–498. doi:10.3109/07853890.2015.1074272
 Talla, V., and Veerareddy, P. (2011). Oxidative stress induced by fluoroquinolones on treatment for complicated urinary tract infections in Indian patients. J. Young Pharm. 3, 304–309. doi:10.4103/0975-1483.90242
 Tanne, J. H. (2008). FDA adds "black box" warning label to fluoroquinolone antibiotics. BMJ 337, a816. doi:10.1136/bmj.a816
 Thirupathi, A., Freitas, S., Sorato, H. R., Pedroso, G. S., Effting, P. S., Damiani, A. P., et al. (2018). Modulatory effects of taurine on metabolic and oxidative stress parameters in a mice model of muscle overuse. Nutrition 54, 158–164. doi:10.1016/j.nut.2018.03.058
 Tryfidou, D. V., McClean, C., Nikolaidis, M. G., and Davison, G. W. (2020). DNA damage following acute aerobic exercise: A systematic review and meta-analysis. Sports Med. 50, 103–127. doi:10.1007/s40279-019-01181-y
 Tsai, W. C., and Yang, Y. M. (2011). Fluoroquinolone-associated tendinopathy. Chang. Gung Med. J. 34, 461–467. Available at: http://cgmj.cgu.edu.tw/3405/340502.pdf
 Wan, M., Gray-Gaillard, E. F., and Elisseeff, J. H. (2021). Cellular senescence in musculoskeletal homeostasis, diseases, and regeneration. Bone Res. 9, 41. doi:10.1038/s41413-021-00164-y
 Wang, F., Murrell, G. A., and Wang, M. X. (2007). Oxidative stress-induced c-Jun N-terminal kinase (JNK) activation in tendon cells upregulates MMP1 mRNA and protein expression. J. Orthop. Res. 25, 378–389. doi:10.1002/jor.20294
 Wang, Y., Jin, S., Luo, D., He, D., Shi, C., Zhu, L., et al. (2021). Functional regeneration and repair of tendons using biomimetic scaffolds loaded with recombinant periostin. Nat. Commun. 12, 1293. doi:10.1038/s41467-021-21545-1
 Wong, M. W., Tang, Y. Y., Lee, S. K., Fu, B. S., Chan, B. P., and Chan, C. K. (2003). Effect of dexamethasone on cultured human tenocytes and its reversibility by platelet-derived growth factor. J. Bone Jt. Surg. Am. 85, 1914–1920. doi:10.2106/00004623-200310000-00008
 Wu, F., Nerlich, M., and Docheva, D. (2017). Tendon injuries: Basic science and new repair proposals. EFORT Open Rev. 2, 332–342. doi:10.1302/2058-5241.2.160075
 Wunderli, S. L., Blache, U., Beretta Piccoli, A., Niederost, B., Holenstein, C. N., Passini, F. S., et al. (2020). Tendon response to matrix unloading is determined by the patho-physiological niche. Matrix Biol. 89, 11–26. doi:10.1016/j.matbio.2019.12.003
 Yan, J., Zheng, Y., Min, Z., Ning, Q., and Lu, S. (2013). Selenium effect on selenoprotein transcriptome in chondrocytes. Biometals 26, 285–296. doi:10.1007/s10534-013-9610-x
 Yokoyama, S., Tanaka, Y., Nakagita, K., Hosomi, K., and Takada, M. (2018). Bleeding risk of warfarin and direct oral anticoagulants in younger population: A historical cohort study using a Japanese claims database. Int. J. Med. Sci. 15, 1686–1693. doi:10.7150/ijms.28877
 Yoshida, K., Itoigawa, Y., Wada, T., Maruyama, Y., Nojiri, H., Kawasaki, T., et al. (2020). Association of superoxide-induced oxidative stress with rotator cuff tears in human patients. J. Orthop. Res. 38, 212–218. doi:10.1002/jor.24472
 Yousefzadeh, M., Henpita, C., Vyas, R., Soto-Palma, C., Robbins, P., and Niedernhofer, L. (2021). DNA damage-how and why we age?Elife 10, e62852. doi:10.7554/eLife.62852
 Zhang, J., Keenan, C., and Wang, J. H. (2013). The effects of dexamethasone on human patellar tendon stem cells: Implications for dexamethasone treatment of tendon injury. J. Orthop. Res. 31, 105–110. doi:10.1002/jor.22193
 Zhao, S., Nishimura, T., Chen, Y., Azeloglu, E. U., Gottesman, O., Giannarelli, C., et al. (2013). Systems pharmacology of adverse event mitigation by drug combinations. Sci. Transl. Med. 5, 206ra140. doi:10.1126/scitranslmed.3006548
 Zhou, B., Zhou, Y., and Tang, K. (2014). An overview of structure, mechanical properties, and treatment for age-related tendinopathy. J. Nutr. Health Aging 18, 441–448. doi:10.1007/s12603-014-0026-2
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.
Copyright © 2023 Furuta, Yamada, Nagashima, Matsuda, Nagayasu, Shirakawa and Kaneko. 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-14-1137952-g005.gif





OPS/images/fphar-14-1137952-g006.gif





OPS/images/fphar-14-1137952-g003.gif





OPS/images/fphar-14-1137952-g004.gif





OPS/images/fphar-14-1137952-g007.gif





OPS/images/fphar-14-1137952-g008.gif
Tencinopathy

%%% %






OPS/xhtml/nav.xhtml
Contents

		Cover

		Increased expression of glutathione peroxidase 3 prevents tendinopathy by suppressing oxidative stress		Introduction

		Materials and methods		Analysis of the spontaneous reporting system database

		Analysis of the IBM MarketScan research database

		Animals

		Biomechanical examination

		Hematoxylin and eosin staining

		RNA sequencing

		Analysis of gene expression omnibus

		Cell isolation and culture

		RNA isolation and quantitative reverse transcription-polymerase chain reaction

		Immunofluorescence

		Measurement of reactive oxygen species

		Senescence-associated β-galactosidase (SA-β-gal) staining

		Vector construction

		Lentiviral production and infection

		Statistical analysis





		Results		Drug-induced tendinopathy in spontaneous reporting systems

		Confounding effects of dexamethasone on the ROR of fluoroquinolone-induced tendinopathy

		Effect of dexamethasone on the incidence rate of fluoroquinolone-induced and age-related tendinopathy in the IBM MarketScan data

		Effects of dexamethasone on fluoroquinolone-induced tendinopathy in rats

		Molecular mechanisms underlying the effect of dexamethasone on pefloxacin-induced tendinopathy

		Effects of fluoroquinolone and dexamethasone on oxidative stress in rat tenocytes

		Effect of dexamethasone on stress-induced senescence in rat tenocytes

		Effect of GPX3 on fluoroquinolone-induced oxidative stress in rat tenocytes

		Effect of GPX3 on stress-induced senescence model in rat tenocytes





		Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









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






OPS/images/fphar-14-1137952-g001.gif





OPS/images/fphar-14-1137952-g002.gif









OPS/images/crossmark.jpg
©

|





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





