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Physiological mechanical stimulation has been shown to promote chondrogenesis, but excessive mechanical loading results in cartilage degradation. Currently, the underlying mechanotransduction pathways in the context of physiological and injurious loading are not fully understood. In this study, we aim to identify the critical factors that dictate chondrocyte response to mechanical overloading, as well as to develop therapeutics that protect chondrocytes from mechanical injuries. Specifically, human chondrocytes were loaded in hyaluronic hydrogel and then subjected to dynamic compressive loading under 5% (DL-5% group) or 25% strain (DL-25% group). Compared to static culture and DL-5%, DL-25% reduced cartilage matrix formation from chondrocytes, which was accompanied by the increased senescence level, as revealed by higher expression of p21, p53, and senescence-associated beta-galactosidase (SA-β-Gal). Interestingly, mitophagy was suppressed by DL-25%, suggesting a possible role for the restoration mitophagy in reducing cartilage degeneration with mechanical overloading. Next, we treated the mechanically overloaded samples (DL-25%) with Urolithin A (UA), a natural metabolite previously shown to enhance mitophagy in other cell types. qRT-PCR, histology, and immunostaining results confirmed that UA treatment significantly increased the quantity and quality of cartilage matrix deposition. Interestingly, UA also suppressed the senescence level induced by mechanical overloading, demonstrating its senomorphic potential. Mechanistic analysis confirmed that UA functioned partially by enhancing mitophagy. In summary, our results show that mechanical overloading results in cartilage degradation partially through the impairment of mitophagy. This study also identifies UA’s novel use as a compound that can protect chondrocytes from mechanical injuries, supporting high-quality cartilage formation/maintenance.
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INTRODUCTION
Osteoarthritis (OA) is the most common degenerative joint disease affecting up to 240 million people around the world (Vos et al., 2016). While OA now is accepted as a disease affecting all joint elements, cartilage quality and quantity still represent a central criterion when assessing OA severity and treatment efficacy (Deveza and Loeser 2018). The exact mechanisms of OA pathogenesis remain largely unclear, but known risk factors include aging, gender, obesity, genetic predisposition, acute trauma, chronic overload, hormone profile, and metabolic syndrome (He, Li, et al., 2020; Sun et al., 2021). As a result of the limited knowledge of OA pathogenic mechanisms, there are no disease-modifying osteoarthritis drugs (DMOADs) that can halt or reverse OA progression.
Given that the main function of the knee joint is to bear weight, mechanical overloading and overuse may result in damage to cartilage, which initiates cartilage degradation and increases the likelihood of OA (Merkely et al., 2018). How these injurious mechanical cues are converted into biochemical signals and subsequently cause detrimental activities in cartilage and chondrocytes has been limited, but insightful. For example, gremlin-1 was identified as a mechanical loading-inducible factor in chondrocytes. In response to cyclic strain or hydrostatic pressure loading, elevated gremlin-1 activates the nuclear factor kappa-light-chain-enhancer of activated B cells(NF-KB), leading to catabolic enzyme induction and subsequent cartilage degradation (Chang et al. 2019, Tong et al. 2015). Other mechanisms involved in overloading-induced OA progression include primary cilia destruction, mitochondrial dysfunction, and impaired autophagy (He, Makarczyk, et al. 2020, He et al. 2016, Tong et al. 2019, Zheng et al. 2019).
Mitochondrion is a semi-autonomous organelle surrounded by a double membrane. In addition to energy generation, mitochondria has emerged as key participants in sensing and integrating cues from the environment to trigger adaptive and compensatory responses in cells (Galvan et al., 2017). Dysfunctional mitochondria are identified by decreased mitochondrial membrane potential, increased proton leak and increased generation of ROS (Chapman et al., 2019). Increased level of PTEN induced kinase 1 (PINK1), parkin, and lysosome related proteins are also indicators of mitochondrial malfunction (López de Figueroa et al., 2015). Since the accumulation of damaged mitochondria is often observed in OA chondrocytes, removal of damaged mitochondria to restore overall mitochondrial quality and function has been suggested as a new target for DMOAD development (Mao et al., 2020). Mitophagy is a type of autophagy that selectively degrades damaged mitochondria, preventing dysfunctional mitochondria accumulation and thus protecting cells from cellular degeneration (Palikaras et al., 2018). Defective mitophagy is thought to be associated with apoptosis, aging, and a range of pathological processes, including arthritis and disc degeneration (Hu et al., 2020). However, exactly how mitochondrial function and mitophagy are modulated by mechanical loading is unclear and the interaction between mitochondrial function and mechanotransduction-relevant molecules in the context of mechanical damaging-induced cartilage degradation remains unknown.
Urolithin A (UA), a natural dietary, microflora-derived metabolite resulting from ellagitannin transformation by gut bacteria (Muku et al., 2018), has been shown to induce mitophagy and thus prevent dysfunctional mitochondria accumulation (Ryu et al., 2016). A recent clinical study indicated that UA was biosafe and improved mitochondrial and cellular health (Andreux et al., 2019). Moreover, intra-articular UA injection was shown to reduce OA severity in animal models (Ding S-l et al., 2020), in which UA primarily functioned by suppressing inflammation. Whether UA is able to target other OA-relevant pathways, such as restoration of mitophagy in OA chondrocytes, is unreported.
In this study, it was hypothesized that 1) excessive mechanical loading causes dysfunctional mitochondria accumulation, increases cellular senescence and inflammation level, and impairs chondrogenic potential of chondrocytes; 2) UA treatment can restore mitophagy in mechanically injured chondrocytes, thus preserving their capacity in generating high-quality cartilage. To test the hypotheses, we first established an in vitro mechanical injury-induced cartilage degradation model. Specifically, human chondrocytes were encapsulated in hyaluronic acid (HA) scaffold and subjected to mechanical loading with 5% or 25% strains for 14 days. As the first step towards understanding chondrocyte responses to mechanical signals, we used this model to analyze level changes in molecules associated with chondrogenesis, cartilage degradation, mitochondrial function, cellular senescence, and inflammation. Next, UA was supplemented into culture medium and its ability to protect mechanically injured chondrocytes was examined. Lastly, we conducted a mechanistic study to understand the molecular pathways influenced by UA treatment.
MATERIALS AND METHODS
Cell Isolation and Expansion
With the approval from the University of Pittsburgh Committee for Oversight of Research and Clinical Training Involving Decedents (CORID), cartilage tissues were harvested from the knee joints of deidentified donors without joint disease. To isolate chondrocytes, fresh articular cartilage tissues were rinsed with dissection medium containing high glucose Dulbecco's Modified Eagle Medium (DMEM, Gibco/Thermo Fisher Scientific, Waltham, MA, United States) containing 2 × Antibiotics-Antimycotics (Life Technologies, Carlsbad, CA, United States) and cut into ∼1-mm3 pieces and digested in 10 ml/g wet weight cartilage dissection medium with collagenase type II (Worthington Biochemical Corporation, Lakewood, NJ, United States) at 1 mg/ml (w/v) for 16 h in a shaker at 37°C. The mixture was then passed through a 70 μm cell strainer to collect single chondrocytes. The isolated chondrocytes were seeded in tissue-culture flasks at a density of 1 × 104 cells/cm2 and maintained in growth medium (GM, DMEM containing 10% fetal bovine serum (FBS, Life Technologies) and 1% Antibiotics-Antimycotics). After cells were fully attached to the culture substrate (usually after 7 days), the medium was changed every three days until cells reached 70–80% confluency. The cells were then detached with Trypsin/EDTA (Gibco/Thermo Fisher Scientific) and passaged. Passage 1 (P1) chondrocytes from six donors were pooled (Supplementary Table S1). P2 chondrocytes were used in all experiments.
Hydrogel Synthesis and Cell Encapsulation
The photoinitiator, lithium phenyl-2,4,6-tri-methylbenzoylphosphinate (LAP), was synthesized as previously reported (Lin et al., 2014). The methacrylated hyaluronic acid (HA, Advanced BioMatrix, CA, United States) was dissolved in phosphate-buffered saline (PBS) at a concentration of 2% (w/v) with 0.15% LAP added as the photoinitiator. As shown in Figure 1, pooled P2 human chondrocytes were suspended in the 2% HA solution at 20 × 106 cells/ml. The suspension was pipetted into a silicone mold with 6 mm (D) × 2 mm (H) cylindrical void space and photocrosslinked for 2 min using a flashlight (395 nm wavelength, 7w, LED Wholesaler, Hayward, CA, United States). Constructs were cultured in chondrogenic medium overnight in NUNC 6-well plates that were not treated for cell culture (Thermo Fisher Scientific, Waltham, MA, United States). These cell-loaded hydrogels were subjected to the dynamic loading over the next day for 14 days.
[image: Figure 1]FIGURE 1 | Schematic illustration of the experimental process. Human chondrocytes were isolated from healthy cartilage, expanded to passage 2, and then loaded in hyaluronic acid (HA) hydrogel. The cell-laded constructs were placed between the static post and loading piston, and then subjected to dynamic loading. Through controlling the travel distance of the piston, cyclic loading at 5% or 25% strain was achieved.
Mechanical Loading
Dynamic compressive loading was performed in a Mechano-Active Transduction and Evaluation (MATE) bioreactor (Apex Biomedical LLC, Wilsonville, OR, United States) (Figure 1). Dynamic cyclic compression was applied to cell-loaded gels with controlled strain and displacement within a tissue culture incubator (37°C, 5% CO2) (Iseki et al., 2019). To mimic a cadence of daily walking, the MATE system was operated at 1 Hz with different strains (5 and 25%) for 1 h per day over 14 consecutive days. All samples were maintained in 3 ml chondrogenic medium [CM: high-glucose DMEM supplemented with 1% Antibiotics-Antimycotics, 40 μg/mL L-proline (Sigma, St. Louis, MO, United States), 10 μg/ml ITS+ (Thermo Fisher Scientific), 50 μg/ml ascorbate 2-phosphate, 10 ng/ml transforming growth factor (TGF)-β3 (Peprotech, Rocky Hill, NJ, United States)]. Medium for all groups was changed every 3 days. The non-loaded samples in static culture were used as the control. Chondrogenesis was analyzed after 14 days.
RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
Samples were washed with PBS twice. An electric pestle was applied to crash the gels. Cells were released from the gels and homogenized in Qiazol (Qiagen, Germantown, MD, United States). Total RNA was isolated and purified using an RNeasy Plus Universal Mini Kit (Qiagen, Cat. No. 74104) according to the manufacturer’s protocol. The reverse transcription to the complementary DNA (cDNA) was completed using SuperScript IV VILO Master Mix (Invitrogen, Waltham, MA, United States). qRT-PCR was performed on a real-time PCR instrument (QuantStudio 3, Applied Biosystems, Foster City, CA, United States) using the SYBR Green Reaction Mix (Applied Biosystems) with custom primers ordered from Integrated DNA Technologies (IDT, Newark, NJ, United States). Relative gene expression levels were calculated through the 2−ΔΔCt method. Ribosomal protein L13A (RPL13A) was used as the housekeeping gene. Full names and abbreviations of genes and their corresponding proteins are listed in Supplementary Table S2. Primer sequences are listed in Supplementary Table S3.
Safranin O/Fast Green Staining
Safranin O/Fast green staining was used to assess glycosaminoglycans (GAGs) content. Samples were fixed in 10% buffered formalin phosphate solution (Fisher Chemical, Fair Lawn, NJ, United States) overnight and dehydrated with an increasing ethanol gradient. After being soaked in xylene for 2 h and then in liquid paraffin overnight, samples were embedded in paraffin. The blocks were sectioned at 6 μm thickness using the RM 2255 Fully Automated Rotary Microtome (Leica Biosystems, Buffalo Grove, IL, United States). Slides were dried and subjected to Safranin O/Fast green counterstaining (Sigma-Aldrich, St. Louis, MO, United States). Cell nuclei were stained with Hematoxylin solution (Sigma-Aldrich).
Immunohistochemistry Staining (IHC)
Samples were prepared and sectioned as described in Safranin O/Fast Green Staining section. After rehydration in a decreasing alcohol gradient and distilled water, slides were blocked with 10% horse serum (Vector Labs, Burlingame, CA, United States) in PBS for 1 h and then incubated overnight at 4°C with a primary antibody. All antibodies used in this study were listed in Supplementary Table S4. Afterward, the sections were sequentially incubated with biotinylated secondary antibodies for 30 min, and then horseradish peroxidase (HRP)-conjugated streptavidin for another 30 min using the Vectastain Elite ABC-HRP Kit (Vector Labs). Lastly, peroxidase substrate (NovaRed substrate kit) was added for various time periods appropriate for different antigenic targets. After counterstaining with hematoxylin, slides were dehydrated, mounted, and cover-slipped.
Senescent Associated β-Galactosidase Staining (SA-β-Gal Staining)
After being fixed with 4% Paraformaldehyde aqueous solution (Gibco/Thermo Fisher Scientific), samples were dehydrated with increasing gradient sucrose solutions and then frozen in Cryo-Gel (LeicaBiosystems, Richmond, IL, United States). Cryosectioning was done using the Leica CM1850 Cryostat (Mercedes Scientific, Lakewood Ranch, FL, United States) at 12 μm thickness. Senescence β-Galactosidase Staining Kit (BioVision, Milpitas, CA, United States) was used to assess β-galactosidase activity according to the manufacturer’s instructions.
Western Blot
Samples were washed with pre-cold PBS for three times. A pestle was used to homogenize the gels. Total proteins were extracted by suspending the homogenate in RIPA buffer (Sigma-Aldrich) supplemented with protease and phosphatase Inhibitor Single-Use Cocktail (Gibco/Thermo Fisher Scientific) and then centrifuging at 10,000 g at 4°C for 10 min. Protein concentration of the supernatant was determined by the Pierce™ BCA Protein Assay Kit BCA kit (Thermo Scientific). The samples were diluted in RIPA as required for equal loading, mixed with Laemmli buffer (Bio-Rad, Hercules, CA, United States), and then denatured at 95°C for 5 min. Proteins were fractionated electrophoretically on the NuPAGE 4–12%, Bis-Tris Mini Protein Gel (Gibco/Thermo Fisher Scientific) and then transferred to a polyvinylidene fluoride (PVDF) membrane using the iBlot Dry Blotting System (Invitrogen). The membrane was blocked with 3% non-fat milk (BioRad Hercules, CA, United States), diluted with TBST (0.1% Tween 20 (Sigma-Aldrich) in 1 × Tris buffered saline (TBS, Gibco/Thermo Fisher Scientific) at room temperature for 1 h, washed, and incubated with a primary antibody at 4 °C overnight on a rotating shaker. Next, the membrane was washed 5 times with TBST buffer and incubated with horseradish peroxidase (HRP)-linked secondary antibodies (GE Healthcare Life Sciences, Malborough, MA, United States) for 1.5 h at room temperature. After being washed 5 times with TBST, the membrane was incubated with the chemiluminescence substrate SuperSignal West Dura Extended Duration Substrate (Thermo Fisher Scientific). Images were acquired using the ChemiDocTM Touch Imaging System (Bio-Rad, Hercules, CA, United States).
Drug Testing
Urolithin A, 3,8-Dihydroxy-6H-benzo [c]chromen-6-one (UA, Sigma-Aldrich), was dissolved in Dimethyl Sulfoxide (DMSO, Sigma-Aldrich) at 20 mg/ml to make a stock. To optimize dosage, chondrocyte-laded scaffolds were cultured in chondrogenic medium containing 1 ng/ml interleukin-1β (IL-1 β, PeproTec, company information) and assigned to four groups. UA was added into the medium of different groups with the final concentration of 0, 1, 10, and 100 μM, respectively. After 7 days, samples were collected for PCR and western blot analysis.
We used ImageJ Analysis Toolbox to conduct deconvolution and downstream analysis of semi-quantitative histological staining and western blotting results. After the background color pixels were eliminated, we selected and calculated the integrated density (ImtDen) of the remaining color pixels of histological images using the statistical color model. Automatic Nuclei Segmentation was implemented for the detection of positively stained nuclei in DAB stained images. The pre-defined parameters included a window size of 25 × 25 pixels (half size of nuclei), a minimum size constraint of 100 pixels, and a final size constraint of 150 pixels. For each type of protein and staining, we analyzed three WB bands or three slides of each experimental group.
UA Treatment
Medium for the UA treatment group was CM with 10 µM UA. The medium for the control group was CM only. Medium for the experimental groups was changed every 3 days. Using the method described in Mechanical Loading section, dynamic cyclic compression was applied to all groups at 1 Hz with 25% strains for 1 h per day over 14 consecutive days.
Statistical Analysis
We applied GraphPad Prism eight for comparation. Quantitative data were expressed as mean ± standard deviations (S.D.). Statistics were analyzed by t-test for two-group comparison, and One-way or two-way analysis of variance (ANOVA) for multi-comparison between groups. We used Tukey's post hoc multiple comparisons test as the posttest method for ANOVA. p values < 0.05 were considered statistically significant.
RESULTS
Dynamic Loading Under 5 and 25% Strain Displays Beneficial and Detrimental Influences on Chondrogenesis, Respectively
The experimental process is shown in Figure 1. Human chondrocytes were encapsulated within 2% HA hydrogel and then subjected to dynamic compressive loading at a strain of 5% or 25%. After 14 days of chondrogenic culture, samples were collected and analyzed. As shown in Figure 2A, dynamic loading at 5% strain (DL-5%) resulted in significantly higher expression of COL2 when compared to static culture without compression (Static group). A similar trend was observed in ACAN and SOX9 expression, although no significant difference was observed. Safranin O/Fast green staining and COL2 IHC staining further indicated that DL-5% resulted in more cartilage matrix production from human chondrocytes than static culture (Figures 2B,C).
[image: Figure 2]FIGURE 2 | Influence of dynamic loading on chondrogenesis. (A) Relative gene expression levels of representative anabolic and catabolic genes. Dynamic compressive loadings with 5% (DL-5%) and 25% (DL-25%) strains were used. Data were normalized to that from the non-loaded static culture group (Static) (set as 1); N = 4. (B) Safranin O/Fast green staining and COL2 immunohistochemistry (IHC) to assess the deposition of cartilage matrix. Scale bar: 100 µm. (C) Based on the staining density, the levels of GAGs and COL2 were semi-quantitated using ImageJ software. N = 3. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
When the magnitude of dynamic compressive loading strain increased to supraphysiological 25% (DL-25% group), anabolic gene expression levels were reduced, which concomitantly accoupled increased catabolic gene expression, such as MMP1, MMP13, and ADAMTS5 (Figure 2A). Compared to the other two groups, samples from the DL-25% group displayed a significantly less histologically evident sGAG protein and COL2 protein deposition, suggesting impaired chondrogenesis (Figures 2B,C).
Dynamic Loading Under 25% Strain Results in Significantly Increased Senescence Level
The extent of cellular senescence and inflammation after dynamic loading was assayed by examining gene expression and protein levels. Compared to the other two groups, cells in cartilage created under DL-25% expressed more CDKN1A, TP53, IL-6, and IL-8 as well generated higher levels of SA-β-Gal, p21 and NF-κB p65 (Figure 3 and Supplementary Figure S1). We did not observe noticeable p16 level changes in response to dynamic loading.
[image: Figure 3]FIGURE 3 | Assessment of dynamic loading on the levels of cellular senescence and inflammation. (A) Relative gene expression levels of representative senescence and inflammation-associated markers. Data were normalized to that from the Static culture group (set as 1). N = 4. (B) SA-β-Gal staining, p21 and NF-кB p65 IHC for samples from different groups. Scale bar: 100 µm. (C) Based on staining density, the levels of SA-β-Gal and p21 were semi-quantitated using ImageJ software. N = 3. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Taken together, DL-25% significantly impaired cartilage formation from human chondrocytes, which also reduced neo-cartilage quality by upregulating the degradation, inflammation, and senescence-relevant molecules.
Dynamic Loading Influences the Expression Levels of Factors That Are Associated With Chondrogenesis, Senescence and Mitochondrial Function
To understand the mechanism underlying chondrocyte response to mechanical loading, samples cultured under three conditions were assessed by western blot analysis of molecules known to be relevant with chondrogenesis, degradation, apoptosis, and senescence (Figure 4). We also examined the levels of factors associated with mitochondrial function. Consistent with the observation above, the DL-25% group had reduced COL2 & ACAN levels and increased MMP13 level, confirming its detrimental effect on chondrogenesis. p21 and p53 were also upregulated upon DL-25% treatment. We did not observe alternation of p16 protein level. Bcl-2-associated X protein (BAX) and caspase 3 (CASP 3) protein levels were noticeably increased in the DL-25% groups, but the difference was not statistically significant in the semi-quantitative analysis.
[image: Figure 4]FIGURE 4 | Examination of molecules that were regulated by mechanical loading. Chondrocyte-laden scaffolds were maintained in Static culture or dynamic compressive loadings with 5% (DL-5%) or 25% (DL-25%) strains for 14 days. (A) Western blot with GAPDH as the loading control (B) Relative protein levels normalized to GAPDH were semi-quantitated using ImageJ software. N = 3. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Regarding the association between mechanical loading and mitochondrial function, levels of microtubule-associated proteins 1A/1B light chain 3B (LC3B) and Lysosomal-associated membrane protein 1 (LAMP1), markers of autophagy, were found to be significantly reduced upon DL-25% treatment, which indicates the impaired capacity of cells in removing damaged mitochondria. In contrast, Parkinson’s disease-associated protein (Parkin) and PTEN-induced kinase 1 (PINK1) were upregulated when DL-25% was applied, suggesting a protective action in response to mechanical stress-induced mitochondrial dysfunction. Interestingly, phosphorylated ERK1/2 (p-ERK1/2) level was downregulated under DL-5%, but upregulated under DN-25%. The level of nuclear factor erythroid 2-related factor 2 (NRF2), a protein that regulates the expression of antioxidant proteins, decreased in the DL-25% group. Lastly, DL-25% results in a significant increase of NF-κB p65 level (Supplementary Figure S1). The findings collectively indicated that DL-25% impaired chondrogenesis and mitophagy, which also caused cellular stress and increased the tread toward apoptosis. In fact, an increased level of damaged mitochondria was observed in the DL-25% group (Supplementary Figure S2).
Urolithin A at 10 µM Suppresses IL-1β Induced Injuries to Chondrocytes in 3D Culture
Although the anti-inflammatory potential of UA has been reported on chondrocyte monolayer culture, it was not validated in 3D culture. In this study, we thus examined the influence of UA treatment on chondrocytes cultured in scaffolds. As shown in Figure 5, UA did not promote the expression of chondrogenic genes in chondrocytes. At 100 μM, UA was even detrimental to chondrogenesis. As expected, UA reduced the expression of pro-inflammatory cytokines and cartilage-degrading enzymes, which may function through suppressing NF-κB (Figures 5A,B). Interestingly, we did not observe changes in p16, p21, and p53 levels after UA treatment. Since UA at 10 µM displayed anti-inflammatory capacity without affecting chondrogenesis, this dose was selected for the following studies.
[image: Figure 5]FIGURE 5 | Effect of UA treatment on chondrocytes-laden scaffold challenged by IL-1β. Constructs were treated with IL-1β only (CON), or co-treated with 1, 10, or 100 μM UA. (A) qRT-PCR analysis to examine the expression levels of representative chondrogenesis, cellular senescence, and inflammation-relevant genes. Data were normalized to that from the untreated control group (CON) (set as 1). (B) Western blot and (C) semi-quantitative analysis for assessing protein levels using ImageJ software. N = 3; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Urolithin A Treatment Protects Chondrocytes From the Damage Caused by DL-25%
UA’s effect on chondrocytes, under injurious conditions induced by DL-25%, was evaluated. Compared to the control without being treated with UA (CON group), the experimental group with UA treatment significantly inhibited DL-25%-induced injures to chondrocytes, revealed by higher COL2 and ACAN expression levels and lower ADAMTS5, MMP-13, IL-6, IL-8, CDKN1A, and CDKN2A expression levels (Figure 6A). Results from COL2 & p16 IHC and Safranin O/Fast green staining indicated that UA not only promoted cartilage matrix deposition, but also increased cartilage quality by suppressing senescence (Figures 6B,C).
[image: Figure 6]FIGURE 6 | UA treatment on the chondrocytes-laden scaffold that was subjected to mechanical overloading (DL-25%). (A) Relative expression levels of representative anabolic and catabolic genes after UA treatment (UA). Data were normalized to that from the untreated control group (CON) (set as 1), in which samples were subjected to DL-25% without UA treatment. N = 4. (B) Safranin O/Fast green staining, COL2 and p16 IHC. Scale bar: 100 µm. (C) Based on staining density, the levels of COL2 and p16 were semi-quantitated using ImageJ. N = 3. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Urolithin A Displays Chondro-Supportive, Anti-senescent, Anti-inflammatory, and Mitophagy-Enhancing Potentials
Western blot was performed to assess selective protein expression levels (Figure 7A). UA treatment enhanced SOX9, ACAN, and COL2 levels, which was consistent with its chondro-promotive function observation above. TOM20, LAMP1, LC3B, and CASP 3 levels increased after UA treatment, implying the restoration of previously suppressed mitophagy and functional mitochondrial by DL-25%. UA also significantly downregulated p-ERK1/2. Moreover, the antioxidative protein, NRF2, was upregulated after UA treatment. Interestingly, no statistically significant difference was observed regarding PINK1 and Parkin expression levels. But, the increasing trend indicated that UA treatment was related to the up-regulated mitophagy level. We also used IF and IHC staining to examine TOM20, LAMP1 and NRF2 levels (Figure 7B), and results implied that UA elevated mitochondrial function as well as increased capacity against oxidative damage triggered by mechanical injury. Lastly, we did not observe an influence of UA treatment on p65 level (Supplementary Figure S3).
[image: Figure 7]FIGURE 7 | Protein levels in samples with (UA) or without (CON) UA treatment (A) Representative western blot and semi-quantitative analysis of protein levels. N = 3. (B) Representative images from immunofluorescence or IHC for TOM2O, LAMP1 and NRF2. Scale bar: 100 µm. N = 3. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
On the basis of the results above, we proposed the pathways that mediated chondrocyte response to mechanical overloading (Figure 8). The potential mechanism of UA treatment on these signaling pathways was also shown.
[image: Figure 8]FIGURE 8 | The pathways that mediate mechanical overloading-induced damage to chondrocytes. Urolithin A protects chondrocytes from mechanical injuries through targeting multiple pathways.
DISCUSSION
Physiological mechanical stimulation is critical to chondrocytes in maintaining extracellular matrix homeostasis (Chen et al., 2016). However, excessive mechanical loading induces apoptosis or stimulates inflammatory cascades within the tissue (Jørgensen et al., 2017), which has been recognized as an OA risk factor. Understanding how injurious loading contributes to cartilage degradation and OA development has thus been attracting research interests for years. In this study, we found damaging dynamic loading results in increased cellular senescence, elevated inflammation, reduced mitochondrial quality, and impaired mitophagy in chondrocytes, which together leads to a poor cartilage formation. We also demonstrated that UA, a mitophagy activator, is able to partially reverse the inferior phenotype in chondrocytes resulting from supraphysiological loading through targeting multiple signaling pathways.
To model the in vivo biomechanical environment, cyclic tensile system, osmotic loading system, hydrostatic pressure loading system, and load/strain-controlled cyclic loading system have been previously used (Samvelyan et al., 2020; Fu et al., 2021). In this study, we aimed to develop a 3D hydrogel scaffold to perform dynamic loading that mimics cartilage compression during daily activity. Data from healthy human knee joints shows that the overall compressive strain of tibial cartilage increases in a nonlinear fashion with walk duration. Starting from 10 min of walking to 40 min, the overall compressive strain increases from 2 ± 1% to 6 ± 8% (Paranjape et al., 2019). Though chondrocytes laying in different layers of cartilage respond differently to the compressive loading, it is believed that loading strain below 5% represents the physiological situation as walking while strain above 20% exceeds the normal range (Madden et al., 2013). As for the frequency choice, data from the Multicenter Osteoarthritis Study (MOST) showed that the range of moderate daily walking steps is 6,000 to 7,900 (Voinier et al., 2020), indicating that the cartilage in each knee joint bears 3,000 to 4,000 compressions per day. Thus, we selected a condition that resulted in 3,600 times of loading per day in this study. Regarding the loading intensity, parameters vary in different studies. In general, cyclic compression at frequencies of 0.01–1 Hz, with strain amplitudes of 1–5%, is beneficial to in vitro chondrogenesis (Griffin et al., 2005), which was further confirmed in our study.
To create an injurious mechanical loading, there is a discrepancy between studies. Quiroga et al. observed that local cartilage degradation started when it was exposed to compression with 10% strain, and 40% collagen fibers were damaged when loading strain was above 15% (Párraga Quiroga et al., 2017). However, Patwari et al. showed that compression with 65% strain was needed to induce injuries to human osteochondral plugs (Patwari et al., 2007). In other studies, strains ranging from 10 to 35% created mechanical damage on cartilage (Henao-Murillo et al., 2019). The differences in conditions and outcomes were partially due to the difference in the models being used. In this study, mechanical loading with 25% strain was sufficient to induce a markedly reduced chondrogenesis within HA hydrogel. It should be noted that the beneficial or detrimental influence of loading on cells also highly depends on the cell environment, such as native cartilage vs. engineered cartilage, or scaffolds with different physical and biochemical properties (Raghunath et al., 2007).
With the establishment of physiological and damaging loading conditions, we next examined the underlying mechanism responsible for converting mechanical cues into biochemical signals. As the major transcription factor that dictates chondrogenesis, SOX9 level in chondrocytes is remarkably reduced in the articular cartilage of osteoarthritis patients (Ouyang et al., 2019). In this study, though mechanical loading seemed to affect the SOX9 gene expression, the protein level remained unchanged when compared to the non-loaded control group. This may be due to TGF-β presence in chondrogenic medium during loading, which was supplemented to maintain chondrocyte phenotype and promote cartilage matrix synthesis. It is well known that TGF-β significantly promotes the SOX9 upregulation (Coricor and Serra 2016). The active TGF-β concentration (10 ng/ml) used exceeded normal physiological levels (Albro et al., 2012). Therefore, mechanical loading’s effect on SOX9 level was most likely masked by TGF-β.
Chondrocyte senescence is now considered an important feature in OA cartilage (Coryell et al., 2021). However, whether compressive loading can directly induce senescence phenotype generation in chondrocytes is rarely reported. Hallmarks of senescent cells included increased p53, p21, and p16 expression, enhanced SA-β-Gal generation, upregulated MMP and ADAMTS expression, and increased pro-inflammatory cytokine secretion, such as IL-6, IL-17, and IL-1β (Hernandez-Segura et al., 2018). Based on our results, these senescent hallmarks were observed in the excessive loading group, thus providing, for the first time, direct evidence of compressive overloading inducing chondrocyte senescence. Recently, the mechanically sensitive ion channel, transient receptor potential vanilloid 4 (TRPV4), was shown to mediate mechanical loading-induced inflammation, which could also participate in generating senescent phenotype (Nims et al., 2020). Of note, we did not observe a p16 level change in response to the mechanical stimuli. Similar results were reported in a study that tested cyclic mechanical tension on the nucleus pulposus cells (Feng et al., 2018), in which the condition that resulted in 20% elongation of cells led to senescent phenotype, revealed by elevated SA-β-Gal staining. However, p16 expression was not affected. This inconsistency between unchanged p16 level and increased senescence may be due to p16’s multiple roles in different cellular processes. Besides, a recent study showed that the effects of chondrocyte senescence on OA are more likely driven by the senescence-associated secretory phenotype (SASP) factors than by the loss of replicative function in chondrocytes, and that p16 is not essential for SASP production (Diekman et al., 2018). Therefore, p16’s exact role in cartilage degradation and OA pathogenesis requires further investigation.
Similar to p16, p21 is another senescence marker (Xiong et al., 1993). As a major target of p53, p21 is activated in response to a variety of cellular stresses, such as DNA damage, resulting in cell-cycle arrest, senescence, and apoptosis to prevent the proliferation of damaged cells (Benson et al., 2014). Cyclic mechanical overloading is believed to cause oxidant-dependent mitochondrial dysfunction in chondrocytes (Coleman et al., 2016). This mitochondrial dysfunction leads to the accumulation and release of lethal amounts of reactive oxygen species (ROS), resulting in DNA damage and cell death (Brouillette et al., 2014). Therefore, it is not surprising that p53/p21 was activated and upregulated in the DL-25% group, which was consistent with another study that used cyclic mechanical tension to create cellular senescence (Feng, Yang, Zhang, Lan, Huang, Liu and Zhou 2018).
Preclinical studies using chondrocyte cultures and animal models have provided evidence that mitochondrial dysfunction participates in OA onset and progression by increasing ROS production (Collins et al., 2018). Increased ROS level disrupts homeostatic signaling and promotes OA via modifying proteins and lipids, damaging DNA, inducing catabolic changes, and eventually resulting in cell death (Arra et al., 2020). NRF2 is a stress response protein that protects chondrocytes from oxidative damage, hyperoxia, and endoplasmic reticulum stress by inducing cytoprotective and antioxidant gene expression and elevating intracellular glutathione levels (Trachootham et al., 2008). Decreased NRF2 levels were observed in the DL-25% group, indicating that mechanical overloading hindered NRF2’s antioxidant mechanism in chondrocytes. Thus, upregulating the NRF2 level represents a reasonable approach to OA disease modification (Xue et al., 2017). In this study, UA treatment increased NRF2 levels (Figure 7), indicating its potential application in OA treatment.
In addition to impairing cell antioxidative defense, excessive loading also increases ROS via directly causing mitochondrial dysfunction (Delco et al., 2018). PINK1 is a mitochondrial serine/threonine-protein kinase, which accumulates on the outer membrane of damaged mitochondria (Lin and Kang 2008). However, there are inconsistent conclusions regarding the effects of PINK1 in cells. Wang et al. reported that PINK1 played a protective role by clearing damaged mitochondrial and alleviating cell senescence under oxidative stress (Wang et al., 2018). However, Shen H.J. et al. found that PINK1 mediated mitophagy in chondrocytes, contributing to cartilage degeneration in OA (Shin et al., 2019). Besides, compression-induced PINK1/Parkin-mediated mitophagy might not be a protective response (Huang et al., 2020). In our study, UA, the mitophagy activator, did not affect PINK1 and Parkin levels.
In contrast, LC3B and LAMP1 levels were regulated by UA treatment. LC3B, a common autophagosome marker, is a central protein in the autophagy pathway, functioning in autophagy substrate selection and autophagosome biogenesis (Sun et al., 2020). LAMP1 is a lysosomal membrane protein, which is responsible for maintaining lysosomal integrity, pH, catabolism, and forming autophagy-lysosomal organelles (Eskelinen 2006). Compared to the static group, DL-25% dramatically suppressed LC3B and LAMP1 expression, which is believed to have inhibited autophagic vacuole formation (Cheng et al., 2018). UA treatment significantly elevated LC3B and LAMP1 expression, thus restoring autophagy and dysfunctional mitochondria clearance.
Currently, therapeutic regimens applied in today's clinical OA management are only partially effective and cannot reverse the process underlying OA. Senolytics and senomorphics are two promising therapeutic classes that alleviate aging-associated pathologies. Senolytics are a class of small molecules that can selectively induce senescent cell death and improve health in humans (Childs et al., 2015). Instead of killing cells, senomorphics are small molecules that repress SASP by inhibiting protein activity related to inflammation, or inhibiting the production of SASP factors such as IL-6 (Coryell, Diekman and Loeser 2021). Chondrocytes are the unique cellular component of adult human articular cartilage responsible for matrix component turnover, therefore maintaining healthy chondrocytes is important for cartilage health. Thus, senomorphics may be more beneficial than senolytics in OA treatment by enhancing cell quality rather than removing cells entirely.
UA is an active metabolite of polyphenol ellagic acid, resulting from ellagitannin transformation by specific intestinal flora. In addition to its antisenescence, antioxidant, anticancer, anti-inflammatory, and antimicrobial properties (Espín et al., 2013; Liu et al., 2019), UA is well-tolerated, non-toxic, and has no adverse effects following dietary intake (Heilman et al., 2017; Andreux, Blanco-Bose, Ryu, Burdet, Ibberson, Aebischer, Auwerx, Singh and Rinsch 2019), making it an attractive DMOAD candidate. Currently, two studies have reported UA use for OA treatment in animal models, and both studies only focused on its anti-inflammatory potential (Fu et al., 2019; Ding SL. et al., 2020). In this study, it was reported for the first time that, UA’s protective effect on overloading-induced cartilage damage. Moreover, our results revealed UA's new function on anti-senescence and mitochondrial homeostasis maintenance. Considering its demonstrated capacity in reducing SASP, UA may represent a novel senomorphic for OA treatment.
Our in vitro mechanical loading model is advantageous for controlling the cartilage loading history and examining mechanisms and biochemical factors that affect cartilage metabolism. Still, there are some disadvantages. First, although cartilage degradation is the major feature (Peters et al., 2018), OA is now widely accepted as a whole-joint disease. In this study, we only investigated chondrocyte responses to mechanical loading. The crosstalk between cartilage and other joint components such as subchondral bone, synovium, and other joint elements needs to be further addressed. Particularly, the recently emerging microphysiological system can be adopted to study mechanical loading and UA treatment in the context of the "whole joint" (Makarczyk et al., 2021). Second, 14-days loading is still a relatively short investigation time compared to a mammal’s life span. Particularly, OA is a chronic disease, and long-term assessment will be more informative for future clinical trials. Lastly, though we identified several molecules participating in the regulation of chondrocyte response to mechanical loading, whether a direct causal relationship exists is still missing. In the future, methods that can manipulate protein levels, such as gene silencing, are needed to further confirm their roles in mechanotransduction.
Our study highlights several findings that have important implications for understanding the intricate relationship between mechanical loading and OA progression. Specifically, it is concluded that 1.) moderate loading, under 5% strain, displays beneficial influences on chondrogenesis; 2.) excessive loading, under 25% strain, results in mitochondrial dysfunction, ROS accumulation, senescence, ECM degradation, and inflammation in chondrocytes; 3.) UA represents a novel senomorphic and DMOAD, that alleviates and reverses overloading-induced chondrocyte damage by targeting multiple signaling pathways.
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