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Abstract
BACKGROUND
In degenerative intervertebral disc (IVD), an unfavorable IVD environment leads to increased senescence of nucleus pulposus (NP)-derived mesenchymal stem cells (NPMSCs) and the inability to complete the differentiation from NPMSCs to NP cells, leading to further aggravation of IVD degeneration (IDD). Urolithin A (UA) has been proven to have obvious effects in delaying cell senescence and resisting oxidative stress.

AIM
To explore whether UA can alleviate NPMSCs senescence and to elucidate the underlying mechanism.

METHODS
[bookmark: _Hlk86696461]In vitro, we harvested NPMSCs from rat tails, and divided NPMSCs into four groups: the control group, H2O2 group, H2O2 + UA group, and H2O2 + UA + SR-18292 group. Senescence-associated β-Galactosidase (SA-β-Gal) activity, cell cycle, cell proliferation ability, and the expression of senescence-related and silent information regulator of transcription 1/PPAR gamma coactivator-1α (SIRT1/PGC-1α) pathway-related proteins and mRNA were used to evaluate the protective effects of UA. In vivo, an animal model of IDD was constructed, and X-rays, magnetic resonance imaging, and histological analysis were used to assess whether UA could alleviate IDD in vivo.

RESULTS
We found that H2O2 can cause NPMSCs senescence changes, such as cell cycle arrest, reduced cell proliferation ability, increased SA-β-Gal activity, and increased expression of senescence-related proteins and mRNA. After UA pretreatment, the abovementioned senescence indicators were significantly alleviated. To further demonstrate the mechanism of UA, we evaluated the mitochondrial membrane potential and the SIRT1/PGC-1α pathway that regulates mitochondrial function. UA protected mitochondrial function and delayed NPMSCs senescence by activating the SIRT1/PGC-1α pathway. In vivo, we found that UA treatment alleviated an animal model of IDD by assessing the disc height index, Pfirrmann grade and the histological score.

CONCLUSION
In summary, UA could activate the SIRT1/PGC-1α signaling pathway to protect mitochondrial function and alleviate cell senescence and IDD in vivo and vitro.
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Core Tip: In degenerative intervertebral disc (IVD), an unfavorable IVD environment leads to increased senescence of nucleus pulposus-derived mesenchymal stem cells (NPMSCs), which seriously affects endogenous repair of IVD. Urolithin A (UA) alleviated oxidative stress-induced NPMSCs senescence by activating the silent information regulator of transcription 1/PPAR gamma coactivator-1α signaling pathway and protecting mitochondrial function in vitro. UA could also delay extracellular matrix degradation and IVD degeneration (IDD) in vivo. The results provide the possibility to promote endogenous repair and retard IDD.

INTRODUCTION
Low back pain seriously affects the quality of life and increases the economic burden on families and society[1,2]. Intervertebral disc degeneration (IDD) is the main pathogenic factor of low back pain, but its pathological mechanism has not yet been elucidated[3]. Therefore, exploring the pathological mechanism of IDD and seeking new methods for the prevention and treatment of degenerative disc diseases is of great significance to human health and social development.
Nucleus pulposus (NP) cells play an important role by secreting a large amount of extracellular matrix (ECM) such as aggrecan and collagen type II to maintain the normal physiological function of the intervertebral disc (IVD) under physiological conditions. However, NP cells are terminal cells with low proliferation ability and no differentiation and self-renewal ability. In degenerative IVD, the number of NP cells is reduced, and their function is impaired, leading to a decrease in ECM secretion and aggravation of IDD. Endogenous repair is a specific repair mediated by tissue-specific stem cells and has been found to exist in a variety of tissues, such as the skin, liver and nervous system[4,5]. In 2007, Risbud et al[6] isolated and identified NP-derived mesenchymal stem cells (NPMSCs) in degenerative IVD, which provided a basis for the endogenous repair of IDD. However, the unfavorable microenvironment of degenerative IVD, such as inflammation, oxidative stress, and increased catabolism, leads to increased senescence and apoptosis of NPMSCs, which seriously affects endogenous repair[7]. Therefore, rescuing the activity of NPMSCs and delaying cell senescence is of great significance to alleviate IDD.
To date, natural metabolically active products have been widely found as important sources for drug discovery in antiaging and senescence-related diseases. Urolithin is a type of dibenzopyran-6-one derivative with different phenolic hydroxyl groups produced by intestinal microbial metabolism from foods rich in ellagitannins (pomegranate, strawberry, walnut, raspberry, etc.)[8]. Among them, urolithin A (UA) (Figure 1) was the first to be isolated and identified from the feces and urine of mice fed ellagic acid[9]. Previous studies found that UA can show biological effects, such as regulating estrogen secretion and antioxidant and anti-inflammatory activities[10-12]. Recently, the antiaging effect of UA has drawn considerable attention. Ryu et al[13] found that UA has a unique effect in inducing mitophagy, prolonging the lifespan of C. elegans and increasing muscle function in rodents. A previous study also found that UA could exert antiapoptotic and antiaging effects on NP cells[14,15].
However, there are few studies of the protective effect of UA on NPMSCs to date. In this study, we investigated whether UA could alleviate H2O2-induced NPMSCs senescence in vitro and in IDD animal models in vivo and elucidated the mechanisms involved in this progress.

MATERIALS AND METHODS
Isolation and culture of NPMSCs
This study was approved by the Ethical Committee of the Clinical Medical College of Yangzhou University (SBYY2020-023). Sprague-Dawley (SD) rats (weight, 200-300 g; age, 4-6 mo) were purchased from the Shanghai Institute of Family Planning Science [License No. SCXK (Hu) 2018-0006]. NPMSCs were harvested from the coccygeal IVD tissues of SD rats. Then, the NP tissues were isolated under a dissecting microscope and digested in 0.2% type II collagenase (Gibco, United States, catalog No. 17101015) for 12 h at 37 °C with 5% CO2. Then, the obtained cells and partially digested tissues were washed with phosphate-buffered saline (PBS) twice, and centrifuged at 1000 r/min for 5 min, and then cultured in Mesenchymal Stem Cell Complete Medium (Cyagen, United States, catalog No. RASMX-90011) at 37 °C with 5% CO2. The culture medium was changed every three days. The cells were passaged at a 1:3 ratio at 80%-90% confluence. NPMSCs used in the followed study was passage 3.

Surface marker identification of NPMSCs
The mesenchymal stem cell (MSC)-associated surface markers were examined by immunofluorescent staining. Cell slides with a diameter of 25 mm containing polylysine were placed in a 12-well plate, and NPMSCs were seeded and cultured in MSC complete medium. Then, the cells were fixed with 4% paraformaldehyde for 15 min and washed twice with PBS containing 0.5% Triton X-100 for 15 min. Then, the cells were blocked with 10% bovine serum albumin for 1 h at 37 °C and incubated with primary antibodies against CD 105 (Proteintech, China, catalog No. 10862-1-AP), CD90 (ABclonal, China, catalog No. A2126), CD73 (ABclonal, China, catalog No. A2029), CD34 (ABclonal, China, catalog No. A7429) and CD45 (ABclonal, China, catalog No. A2115) (1:100) at 4 °C overnight. The cell slides were washed twice with PBS and then incubated with secondary antibodies (Abcam, United Kingdom, catalog No. ab150077, ab150078) (1:500) for 1 h at room temperature. After treatment with the antifade mounting medium with 4’,6-diamidino-2’-phenylindole for 10 min, the cell slides were observed and recorded using a fluorescence microscope (Leica, Wetzlar, Germany).

Multilineage differentiation
To demonstrate the multilineage differentiation potential of NPMSCs, osteogenic, adipogenic and chondrogenic differentiation was induced. NPMSCs were seeded in 6-well plates and cultured until reaching approximately 80% confluency. Then, the culture medium was changed to osteogenic, cartilage and adipogenic differentiation medium (Cyagen, China, catalog No. RASMX-90021, RASMX-9004, RASMX-90031), and the medium was changed every 3 d according to the manufacturer’s instructions. After reaching the deadline of induction, the cells were washed with PBS and fixed with 4% paraformaldehyde for 20 min, and then the cells were processed with oil red O, alizarin red and alcian blue. Finally, the staining results were observed and imaged under a fluorescence microscope.

Cell viability assay
NPMSCs were seeded in 96-well plates at a density of 2 × 103 cells per well and incubated in complete medium overnight at 37 °C with 5% CO2. Then, NPMSCs were treated with different concentrations ((0-80 μM, 0-48 h) of UA (MedChem Express, China, catalog No. 1143-70-0). After that, 10% cell counting kit-8 (CCK-8) (Dojindo, Japan, catalog No. CK04) was added to each well at different time points, and the optical density (OD) value was read after 1 h of incubation at 480 nm by a microplate reader (Bio-Rad, United States). Cell viability was calculated as follows: Cell viability (of control) = [(Ae-Ab)/(Ac-Ab)]. Ae, Ab, and Ac represent the OD value of the treatment, blank and control groups, respectively. Similarly, to further determine whether UA works through the silent information regulator of transcription 1/PPAR gamma coactivator-1α (SIRT1/PGC-1α) pathway, different concentrations (0-160 μM, 0-36 h) of the PGC-1α inhibitor SR-18292 (MedChem Express, China, catalog No. HY-101491) were cocultured with NPMSCs. 
NPMSCs were divided into four groups in the following examinations: (1) Control group; (2) H2O2 group (80 μM H2O2); (3) H2O2 + UA group (80 μM H2O2 + 20 μM UA); and (4) H2O2 + UA + SR-18292 group (80 μM H2O2 + 20 μM UA + 20 μM SR-18292).

Cell proliferation assay
NPMSCs (5 × 104 cells/well) were seeded in a 12-well plate and cultured in MSC complete medium. An EdU Cell Proliferation Kit (Beyotime, China, catalog No. C0071S) was used to detect cell proliferation. Subsequently, NPMSCs were incubated with EdU for 2 h and fixed with 4% paraformaldehyde for 15 min, and then cells were incubated with 0.3% Triton X-100 for 10 min according to the manufacturer’s instructions. Then, the cells were incubated with Click Reaction Mixture for 30 min and then incubated with Hoechst 33342 for 10 min in the dark. Finally, cells were observed and recorded using a fluorescence microscope and analyzed by ImageJ software (NIH, United States). 

Cytotoxicity assay
Cytotoxicity was measured by the lactate dehydrogenase (LDH) activity in the supernatant using the LDH cytotoxicity assay kit (Beyotime, China, catalog No. C0016) according to the protocol. NPMSCs were seeded in 96-well plates (5 × 103 cells/well) and incubated in complete medium overnight at 37 °C with 5% CO2. Then, NPMSCs were treated with 80 μM H2O2, 80 μM H2O2 + 20 μM UA and 80 μM H2O2 + 20 μM UA + 20 μM SR-18292 in the H2O2 group, H2O2 + UA group and H2O2 + UA + SR-18292 group, respectively. After that, 10% LDH release reagent was added to each well and incubated for 1 h. Then, the supernatant was transferred to a new 96-well plate and mixed with LDH detection working solution in the dark for 30 min. Finally, the OD value was detected at 490 nm by a microplate reader. The cytotoxicity was calculated as follows: Cytotoxicity (of control) = [(Ae-Ab)/(Ac-Ab)]. Ae, Ab, and Ac represent the OD values of the treatment, blank and control groups, respectively.

Senescence-associated β-Galactosidase staining
NPMSCs were seeded in a 6-well plate (1 × 104 cells/well), and senescence-associated β-Galactosidase (SA-β-Gal) staining was performed according to the manufacturer’s instructions from the SA-β-Gal staining Kit (Beyotime, China, catalog No. C0602). NPMSCs were observed under a fluorescence microscope and analyzed by ImageJ software.

Cell cycle assay
NPMSCs were seeded in 6-well plates with serum-free medium overnight. After that, cells were collected and fixed with 75% ethanol overnight. Then, the cells were incubated with a mixed solution of propidium iodide (PI) dye and RNase A (Keygen, China, catalog No. KGA511) for 30 min, and the cell cycle phases were analyzed by flow cytometry (BD Company, United States).

JC-1 assay for mitochondrial membrane potential
Mitochondrial membrane potential (MMP) was measured using the JC-1 (5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolcarbocyanine iodide) Detection Kit (Keygen, China, catalog No. KGA603). NPMSCs from different groups were washed with PBS and incubated with 2 μM JC-1 dye for 20 min. Then, the cells were washed twice with incubation buffer and observed using a fluorescence microscope. The ratio of green (depolarization) to red (polarized) fluorescence intensity was calculated using ImageJ.

Reactive oxygen species
The level of intracellular reactive oxygen species (ROS) in NPMSCs was measured by a ROS detection fluorescent probe-DHE kit (Keygen, China, catalog No. KGAF019). After different interventions in a 12-well plate, NPMSCs were washed twice with PBS and incubated with 20 μM DHE for 1 h at 37 °C according to the manufacturer’s instructions. Then, the cells were observed using a fluorescence microscope and analyzed by ImageJ.

Quantitative real-time polymerase chain reaction
Total RNA was extracted using TRIzol reagent (Invitrogen, United States, catalog No. 15596-026). Reverse transcription from whole RNA to complementary DNA (cDNA) and amplification of the cDNA were performed using a Prime Script-RT reagent kit (Vazyme Biotech, China, catalog No. R123-01) and SYBR Premix Ex Taq (Vazyme Biotech, China, catalog No. Q111-02) according to the manufacturer’s instructions. The expression of target genes of NPMSCs in different groups was calculated by the comparative Ct method. The primers were designed according to the sequences in GenBank using Prime 5.0 software and are listed in Table 1.

Western blot assay
Total protein was extracted from NPMSCs by Whole Cell Lysis Assay (Keygen, China, catalog No. KGP250), and the protein concentration was measured using the BCA protein assay kit (Beyotime, China, catalog No. P0010). Then, an equal protein sample of each group was subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto a polyvinylidene fluoride membrane. After that, the membranes were blocked with 5% nonfat milk for 2 h at room temperature and then incubated with primary antibodies against β-actin (Proteintech, China, catalog No. 20536-1-AP) (1:3000), p16 (Proteintech, China, catalog No. 10883-1-AP) (1:1000) and p21 (Proteintech, China, catalog 10355-1-AP) (1:1000) overnight at 4 °C. After washing three times with Tris-buffered saline and 0.1% Tween 20 (TBST), the membranes were incubated with secondary antibodies (Proteintech, China, catalog No. SA00001-2) (1:5000) for 2 h on a shaker at room temperature. Then, the membranes were visualized using an enhanced chemiluminescence system, and the relative amount of protein was analyzed using ImageJ software.

IDD animal model induction
Fifteen SD rats (weight, 200-300 g; age, 4-6 mo) were randomly divided into three groups (n = 5 per group): the control group (no operation), IDD group (punctured and DMSO treatment), and UA group (punctured and UA treatment). The SD rat IDD model was established according to a previous method[16]. Briefly, the rats were anesthetized by an overdose of pentobarbital. After sterilization with povidone iodine, the coccygeal IVD (CO6-7) was percutaneously punctured by a 21 G needle at a depth of 5 mm, followed by rotation at 360° and holding for 30 s. The UA group was given water containing UA (25 mg/kg/d, dissolved in DMSO and diluted in water) for 4 wk from the first day after surgery[13]. The control group and IDD group were given an equivalent volume of DMSO for 4 wk.

Radiographic and magnetic resonance imaging evaluation
Radiographic and MRI scans were taken prepuncture and 4 wk after puncture, respectively. The rats were placed in a prone position after anesthesia by inhalation of 2% isoflurane. X-ray scans were performed, and the disc height index (DHI) was measured by ImageJ software[17].
The signal and structural change of the IVD were obtained by a 3.0-T clinical MR scanning system (Philips Intera Achieva 3.0 MR, Netherlands). Briefly, SD rats were maintained after inhalation of 2% isoflurane and then placed in a prone position. Sagittal T2-weighted images were evaluated according to the Pfirrmann grade[18].

Histologic analysis
All SD rats were euthanized by an overdose of pentobarbital after 4 wk of puncture. The IVD specimens were harvested and fixed with 4% paraformaldehyde, decalcified with 10% ethylenediaminetetraacetic acid solution, and embedded in paraffin. The specimens were cut into 5-μm sections, and the slices were stained with hematoxylin-eosin (HE), toluidine blue and safranin-O stains. Histologic images of HE were evaluated following histologic grading scale criteria reported by Norcross et al[19].

Immunofluorescent staining
After the rats were killed, IVD specimens were harvested and cut into 5 μm sections with a freezing microtome (Leica, Wetzlar, Germany). The sections were then fixed in 4% paraformaldehyde for 15 min and washed twice with PBS. Then, the sections were blocked with 10% bovine serum albumin for 1 h at 37 °C and incubated with primary antibodies at 4 °C overnight: rabbit polyclonal anti-collagen type II (ABclonal, China, Catalog No. A1560) (1:1000) and anti-aggrecan (ABclonal, China, Catalog No. A8536) (1:1000). After that, the sections were washed twice with PBS and incubated with secondary antibodies (Abcam, United Kingdom, catalog No. ab150077, ab150078) (1:500) for 1 h at room temperature in the dark. The sections were photographed by a fluorescence microscope and analyzed by ImageJ software.

Statistical analysis
All data were analyzed by Statistical Package for the Social Sciences (SPSS) software (version 26; IBM, Chicago, Illinois). The quantitative data are expressed as the mean ± SD. The data of multiple independent groups were analyzed by one-way ANOVA. Student’s t-test was used to analyze the differences between the two groups. P value < 0.05 was significant.

RESULTS
Identification of NPMSCs
The cells isolated from the rat coccygeal IVD presented with a long spindle shape and grew in flower formation (Figure 2A). As shown in Figure 2B, MSC-associated surface markers were identified by cellular immunofluorescence. CD105, CD90, and CD73 showed high fluorescent expression, but CD34 and CD45 showed low fluorescent expression. The multilineage differentiation ability was confirmed by multilineage differentiation in vitro (Figure 2C). The results indicated that the cells isolated from the rat NP meet the appraisal standards of stem cells proposed by the International Society for Cellular Therapy (ISCT).

Measurement of cell viability
An appropriate concentration of H2O2 to induce oxidative stress damage in NPMSCs was confirmed in our previous study[20]. The viability effects of UA and the PGC-1α inhibitor SR-18292 on NPMSCs were analyzed using a CCK-8 assay. NPMSCs were cocultured with different concentrations of UA and SR-18292 supplemented culture media at different time points. As shown in Figure 3A, UA (0-20 μM) showed an appropriate inhibitory effect on cell viability for 24 h, but UA (> 40 μM) exerted a significant inhibitory effect (P < 0.05). Therefore, 20 μM UA was used as the final drug intervention concentration. Similarly, after incubation with different concentrations of SR-18292 at different time points, 20 μM SR-18292 for 24 h exhibited appropriate inhibition of cell viability and was used as the final drug concentration and intervention time (Figure 3B) (P < 0.05).

Measurement of cell proliferation and cytotoxicity
To elucidate the effect of H2O2, UA and SR-18292 on the proliferation ability of NPMSCs, we performed EdU staining of NPMSCs. As shown in Figure 3C-D, the EdU-positive rate of the H2O2 group was significantly lower than that of the control group (32.1% ± 5.4% vs 47.9% ± 5.8%, P < 0.05), and EdU-positive rate was increased by 12% after UA pretreatment. However, the protective effects of UA were reversed by SR-18292 (44.9% ± 5.7% vs 34.4% ± 5.9%, P < 0.05).
LDH release is regarded as an important indicator of cell membrane integrity and is widely used to assess cytotoxicity. As a common oxidative stress-inducing agent, 80 μM H2O2 still had cytotoxicity compared to the control group (P < 0.01). However, the cytotoxicity induced by H2O2 was alleviated after pretreatment with 20 μM UA, which indicates that LDH release was alleviated after UA pretreatment (P < 0.05). After treatment with SR-18292, the protective effect of UA was partly blocked (Figure 3E) (P < 0.01).

Measurement of SA-β-Gal staining
SA-β-Gal is a parameter evaluating cellular senescence, and senescence cells with high SA-β-Gal activity are stained blue. NPMSCs of the H2O2 group demonstrated a higher percentage of SA-β-Gal staining positive than the control group (P < 0.01). The percentage of positive cells was decreased after UA pretreatment (P < 0.01). The percentage of SA-β-Gal-positive cells was increased when NPMSCs were cocultured with UA and SR-18292 before H2O2 treatment (Figure 4A-B) (P < 0.05).

Measurement of cell cycle
Cell cycle arrest is one of the common features of senescent cells. As shown in Figure 4C-D, a higher percentage of NPMSCs showed cell cycle arrest in G2/M phase in the H2O2 group than in the control group. The percentage of NPMSCs arrested in G2/M phase decreased after pretreatment with UA, indicating that UA could attenuate H2O2-induced cell cycle arrest. However, the percentage of cells arrested in G2/M phase increased after treatment with SR-18292 compared with UA pretreatment alone.

Measurement of MMP and ROS levels
The polarized MMP was stained orange-red fluorescence in the control group, whereas the red fluorescence intensity was weakened, and the green fluorescence was enhanced after H2O2 treatment (P < 0.01). Compared with the H2O2 group, the MMP of NPMSCs pretreated with UA was still in the orange-red polarization state (Figure 5A-B) (P < 0.01).
Excessive generation of ROS damages mitochondrial dynamics. As shown in Figure 5C-D, the ROS level of NPMSCs in the H2O2 group was significantly higher than that of the control group, and the ROS level of the H2O2 + UA group was significantly lower than that of the H2O2 group (P < 0.01). However, the protective effect of UA decreased after treatment with SR-18292 (P < 0.01). This result indicated that UA protected the dynamics of mitochondria through the PGC-1α signaling pathway and avoided the accumulation of ROS.

Measurement of senescence-related and SIRT1/PGC-1α pathway-related mRNA and proteins
We further evaluated the expression of senescence-related mRNA and proteins (P16 and P21) by western blotting and quantitative real-time polymerase chain reaction. As shown in Figure 6A-E, the expression of P16 and P21 in the H2O2 group was significantly increased compared with that in the control group (P < 0.05). However, the increased expression of P16 and P21 was alleviated by pretreatment with UA (P < 0.05). Moreover, pretreatment with SR-18292 weakened this protective effect of UA and decreased the expression of P16 and P21 (P < 0.05). 
To investigate whether UA plays a role by activating the SIRT1/PGC-1α signaling pathway, related mRNA expression was evaluated. The results showed that the mRNA expression of SIRT1 and PGC-1α decreased after H2O2 treatment, but their expression was upregulated after UA treatment (P < 0.05). Then, pathway-related mRNA expression was reversed by treatment with the inhibitor SR-18292, which indicated that UA might exert a protective effect by activating the SIRT1/PGC-1α pathway (Figure 6F-G) (P < 0.05).

Radiographic and MRI evaluation
X-ray images were performed to evaluate disc height at 0 wk and 4 wk after needle puncture, and DHI was used to assess the disc height. As shown in Figure 7A-B, there was no significant difference in DHI among the three groups at 0 wk (P > 0.05). However, the DHI of the IDD group (0.040 ± 0.001) was significantly decreased compared with that of the control group (0.104 ± 0.005) at 4 wk (P < 0.01). Furthermore, the DHI of the UA group (0.068 ± 0.003) was significantly higher than that of the IDD group (P < 0.01).
The degree of IVD degeneration was measured by MRI according to the Pfirrmann grade at 0 and 4 wk after puncture. As shown in Figure 7C-D, the Pfirrmann grade scores at 0 wk among the three groups did not show any significant difference (P > 0.05). However, the Pfirrmann grade scores of the IDD group were significantly higher than those of the control group, and the Pfirrmann grade scores of the UA group were lower than those of the IDD group at 4 wk (P < 0.01). The results indicated that UA intervention could alleviate IDD in vivo.

Histological analysis
As shown in Figure 8A-B, HE staining clearly showed inner well-structured gel-like NP and outer concentric ring-like annulus fibrosis, inner NP and cartilage endplates in the control group. In contrast, the well-structured IVD tissue was destroyed, and the NP tissue almost disappeared in the IDD group. However, a small number of NP cells and ECM still existed in the UA group. The histological score of the IDD group was also significantly lower than that of the control group, but UA treatment increased the histological score (P < 0.01).
Safranin-O staining showed that the proteoglycan matrix (red positive tissue) level was significantly lower in the IDD group than in the control group. However, UA treatment protected the proteoglycan matrix from decreasing, and the proteoglycan matrix level in the UA group was higher than that of the IDD group. Similarly, toluidine blue staining revealed more NP chondrocytes in the UA group than in the IDD group.

Measurement of collagen type II and aggrecan
The expression of collagen type II and aggrecan in the disc tissue was assessed by immunofluorescence. As shown in Figure 8C-E, only a small portion of NP tissues showed positive expression of collagen type II and aggrecan in the IDD group, which were significantly lower than those of the control group (P < 0.01). However, the expression of collagen type II and aggrecan was higher than that of the IDD group after treatment with UA for 4 wk, which indicates that UA treatment can delay the downward trend of collagen type II and aggrecan (P < 0.05).

DISCUSSION
Our data demonstrated that UA could alleviate oxidative stress-induced NPMSCs senescence by activating the SIRT1/PGC-1α signaling pathway. NPMSCs harvested from the rat tails presented long spindle shapes and grew in flower formation. The ISCT for MCS has proposed the minimal criteria to define MSCs: (1) Plastic adherence characteristics; (2) Expression of CD105, CD73 and CD90 and lack expression of CD45, CD34, CD14 or CD11b, CD79a or CD19 and HLA-DR surface molecules; and (3) Multilineage differentiation potential to osteoblasts, adipocytes and chondroblasts in vitro[21]. Acquired NPMSCs were also found to be positive for CD105, CD73 and CD90 and negative for CD45 and CD34 through immunofluorescence and to successfully differentiate into osteogenic, chondrogenic and adipogenic differentiation. According to the above results, the cells isolated from the NP tissues met the criteria stated by the ISCT.
H2O2 is commonly used to induce oxidative damage in mechanistic studies of IDD[20,22]. The inflammation, apoptosis and senescence of NP cells and the apoptosis and senescence of NPMSCs are important pathological models for exploring IDD, which can all be induced by H2O2 treatment[23-26]. In our previous study, we confirmed that H2O2 treatment could decrease the viability of NPMSCs in a dose- and concentration-dependent manner, and a concentration of 80 μM for 6 h could be used as a suitable concentration in vitro[20]. Cell senescence often exhibits the characteristics of irreversible cell cycle arrest, loss of proliferation capacity and reduced cell anabolic ability. We evaluated the senescence of NPMSCs induced by H2O2 through SA-β-Gal staining, cell cycle, cell proliferation ability and cytotoxicity. The results demonstrated that an increased positive rate of SA-β-Gal staining and cytotoxicity, arrested the cell cycle and weakened the cell proliferation ability were found after H2O2 treatment. As special markers, the expression of p16 and p21 is particularly important to reflect cell senescence and the cell cycle[27,28]. After H2O2 treatment, the decreased expression of p16 and p21 further confirmed that oxidative stress can induce NPMSCs senescence.
As a metabolite of ellagitannin and ellagic acid, UA shows anti-inflammatory, antioxidant and antiaging effects[10,11,13]. To explore the effect of UA on the senescence of NPMSCs, the effect of different concentrations and different time points of UA treatment on cell activity was assessed through CCK-8, and the results showed that 20 μM can be used as an appropriate intervention concentration. Then, NPMSCs were pretreated with UA before H2O2 intervention, and the results showed that the cell proliferation capacity was restored, the percentage of SA-β-Gal staining positive cells and the cytotoxicity induced by H2O2 was less than that of the H2O2 group, which indicated that UA might protect NPMSCs against oxidative stress damage. Moreover, the number of cells arrested in the G2/M phase decreased by 11.72% after UA pretreatment, allowing more cells to enter a new cell cycle.
A previous study found that UA potently prolongs the lifespan of C. elegans by activating mitochondrial biogenesis and mitochondrial functions[13]. Normal mitochondrial function is essential for maintaining intracellular energy metabolism[29]. During the process of senescence, cells show an increased number of mitochondria and decreased membrane potential of these mitochondria. Decreased mitochondrial function results in the release of mitochondrial enzymes and overdose production of ROS[30]. By detecting the MMP of NPMSCs, we found that the content of J-aggregates of MMP after H2O2 treatment was significantly reduced (red fluorescence downregulated), while the content of J-aggregates was partly recovered after UA treatment. Thus, UA might have an antiaging effect by regulating the function of mitochondria. Similarly, Cásedas et al[31] investigated the antioxidative and neuroprotective effects of UA on the murine Neuro-2a neuroblastoma cell line and found that UA could improve mitochondrial activity, decrease lipid peroxidation and enhance the activity of antioxidant-related enzymes in cells subjected to oxidative stress. Excessive accumulation of intracellular ROS is also an important factor in cell senescence[32]. Oxidative stress leads to excessive ROS production, which further leads to DNA damage, protein damage and mitochondrial dysfunction[33]. The intracellular ROS content of NPMSCs was also decreased after UA pretreatment. Therefore, regulating mitochondrial function and reducing ROS production may be the main mechanisms by which UA exerts antiaging effects on NPMSCs.
As a classic pathway regulating mitochondrial function, the SIRT1/PGC-1α pathway has been proven to be involved in the regulation of multiple pathological processes, such as antiaging and oxidative stress[34,35]. SIRT1, a member of the NAD+-dependent Sir2 histone deacetylase family, has been reported to regulate mitochondrial function and reduce oxidative stress[36]. PGC-1α is a key regulator of mitochondrial biogenesis and function that can be activated by SIRT1 through deacetylation[37]. SIRT1/PGC-1α pathway activation attenuates oxidative damage and protects against metabolic disease, whereas the decreased activation of the SIRT1/PGC-1α axis is often closely related to some diseases characterized by mitochondrial disorders[35,37,38]. To address whether UA regulates mitochondrial function by activating the SIRT1/PGC-1α pathway to delay the senescence of NPMSCs, NPMSCs were treated together with the PGC-1α pathway inhibitors SR-18292 and UA. The results showed that the protective effect of UA was reversed by SR-18292. We also further evaluated the mRNA expression of SIRT1 and PGC-1α, and the results showed that the expression of SIRT1 and PGC-1α was significantly upregulated in the H2O2 + UA group compared with the H2O2 group. However, the mRNA expression levels of SIRT1 and PGC-1α were downregulated after SR-18292 treatment, which indicated that UA may have an antiaging effect by activating the SIRT1/PGC-1α pathway.
To evaluate the protective effect of UA more comprehensively, we also administered UA to IDD animal models. Delaying the loss of disc height and signal intensity of NP tissue also confirmed that UA can relieve IDD in vivo. Liu et al[15] found that UA treatment decreased matrix metalloproteinase production and the loss of collagen type II. We evaluated the expression of ECM at the histological level and found that UA can indeed delay the degradation of collagen type II and aggrecan, which further confirms that UA has a protective effect on degenerative IVD.
Admittedly, UA is reported to have pleiotropic properties, including the activation of signal pathways involving phosphatidylinositide 3-kinases, c-jun N-terminal kinase, nuclear factor-erythroid 2-related factor 2 and AMP-activated protein kinase[14,39,40]. However, in senescent NPMSCs induced by oxidative stress, we observed expression changes in pathway-related genes. Since we have not evaluated additional signaling pathways involved in the regulation of NPMSCs senescence, it is difficult to determine whether SIRT1/PGC-1α is the only pathway that regulates oxidative stress-induced NPMSCs senescence. Therefore, more signaling pathways that regulate the senescence of NPMSCs are worth exploring and discovering.

CONCLUSION
In summary, as shown in Figure 9, this study evaluated the protective effect of UA on oxidative stress-induced senescence in NPMSCs for the first time. H2O2 exposure could induce NPMSCs senescence and mitochondrial dysfunction. UA could activate the SIRT1/PGC-1α signaling pathway to protect mitochondrial function and alleviate cell senescence in vitro. UA could also delay ECM degradation and IDD in vivo. The results provide the possibility of promoting endogenous repair and retarding IDD.

ARTICLE HIGHLIGHTS
Research background
Intervertebral disc degeneration (IDD) is the main pathogenic factor of low back pain, but its pathological mechanism has not yet been elucidated. The isolation and identification of nucleus pulposus-derived mesenchymal stem cells (NPMSCs) provided a basis for the endogenous repair of IDD.

Research motivation
An unfavorable microenvironment of degenerative intervertebral disc such as inflammation, oxidative stress, and increased catabolism leads to increased senescence NPMSCs, which seriously affects endogenous repair. Therefore, rescuing the activity of NPMSCs and delaying cell senescence is of great significance to alleviate IDD.

Research objectives
The present study investigated whether urolithin A (UA) could alleviate NPMSCs senescence induced by oxidative stress and the potential mechanism.

Research methods
The protective effects of UA against oxidative stress-induced senescence in NPMSCs were investigated by evaluating the senescence-associated β-Galactosidase (SA-β-Gal) activity, cell cycle, cell proliferation ability, mitochondrial function and reactive oxygen species (ROS). Additionally, the expression of senescence-related and the silent information regulator of transcription 1/PPAR gamma coactivator-1α (SIRT1/PGC-1α) pathway-related proteins and mRNA was also used to evaluate the protective effects of UA in vitro. In vivo, an animal model of IDD were constructed, and X-rays, magnetic resonance imaging, and histological analysis were used to assessed whether UA could alleviate IDD in vivo.

Research results
In vitro, UA could reduce SA-β-Gal activity and senescence-related proteins and mRNA (P16 and P21) expression, alleviate cell cycle arrest and ROS production, stimulate cell proliferation ability and mitochondrial function by activating the SIRT1/PGC-1α pathway. In vivo, UA could alleviate an animal model of IDD by assessed the disc height index, Pfirrmann grade and the histological score.

Research conclusions
UA could activate the SIRT1/PGC-1α signaling pathway to protect mitochondrial function and alleviate cell senescence, and further delay extracellular matrix degradation and IDD, which provide the possibility of promoting endogenous repair and retarding IDD.

Research perspectives
We demonstrated the positive role of UA in attenuating oxidative stress-induced NPMSCs senescence and delaying IDD. UA may be successfully applied to IDD endogenous repair.
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Figure 1 Chemical structure of Urolithin A.
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Figure 2 Identification of nucleus pulposus-derived mesenchymal stem cells. A: Isolated primary cells presented with a long spindle shape and grew in flower formation; B: Nucleus pulposus-derived mesenchymal stem cells (NPMSCs) exhibited high fluorescent expression of CD73, CD90, and CD105, but low fluorescent expression of CD34 and CD45; C: NPMSCs was positive for Alizarin red, Oil Red O, and Alcian blue staining after induced differentiation. Scale bar = 50 μm. NPMSCs: Nucleus pulposus-derived mesenchymal stem cells.
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Figure 3 Cell viability assay, cell proliferation assay and cytotoxicity assay. A: Cell counting kit-8 (CCK-8) results of nucleus pulposus-derived mesenchymal stem cells (NPMSCs) treated with different concentrations and times of urolithin A (UA); B: CCK-8 results of NPMSCs treated with different concentrations and times of SR-18292; C: EdU assay results of NPMSCs in different groups. Green fluorescence represents cells in a proliferating state, and blue fluorescence represents cell nucleus (scale bar = 25 μm); D: Quantitative analysis of EdU results; E: Cytotoxicity results of NPMSCs treated with H2O2, H2O2 + UA and H2O2 + UA + SR-18292. All data are expressed as the mean ± SD. aP < 0.05, bP < 0.01 compared with control group; cP < 0.05, dP < 0.01 compared with H2O2 group; eP < 0.05, fP < 0.01 compared with H2O2 + UA group. CCK-8: Cell counting kit-8; NPMSCs: Nucleus pulposus-derived mesenchymal stem cells; UA: Urolithin A.
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Figure 4 Senescence-associated β-Galactosidase staining assay and cell cycle assay. A: Senescence-associated β-Galactosidase (SA-β-Gal) staining results of nucleus pulposus-derived mesenchymal stem cells (NPMSCs) in different groups. Senescent cells exhibit blue-stained high expression of SA-β-Gal. (scale bar = 25 μm); B: Quantitative analysis of SA-β-Gal staining results; C: Cell cycle results of NPMSCs in different groups; D: Quantitative analysis of cell cycle results. All data are expressed as the mean ± SD. aP < 0.05, bP < 0.01 compared with control group; cP < 0.05, dP < 0.01 compared with H2O2 group; eP < 0.05, fP < 0.01 compared with H2O2 + UA group. SA-β-Gal: Senescence-associated β-Galactosidase; NPMSCs: Nucleus pulposus-derived mesenchymal stem cells; UA: Urolithin A.


[image: ]
Figure 5 Mitochondrial membrane potential assay and reactive oxygen species assay. A: Results of mitochondrial membrane potential (MMP) in different groups detected by fluorescence. Red fluorescence represents the mitochondrial aggregate JC-1 and green fluorescence indicates the monomeric JC-1 (scale bar = 50 μm); B: Quantitative analysis of MMP results; C: Results of reactive oxygen species (ROS) in different groups detected by fluorescence. Red fluorescence represents high level of ROS (scale bar = 50 μm); D: Quantitative analysis of ROS results. All data are expressed as the mean ± SD. aP < 0.05, bP < 0.01 compared with control group; cP < 0.05, dP < 0.01 compared with H2O2 group; eP < 0.05, fP < 0.01 compared with H2O2 + UA group. MMP: Mitochondrial membrane potential; ROS: Reactive oxygen species; UA: Urolithin A.
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Figure 6 Senescence-related and SIRT1/PGC-1α pathway-related mRNA and proteins assay. A: The expression of senescence-related proteins (P16 and P21) in different groups; B-C: Quantitative analysis of P16 and P21 protein expression results; D-E: Quantitative analysis of P16 and P21 mRNA expression results; F-G: Quantitative analysis SIRT1/PGC-1α pathway-related mRNA. All data are expressed as the mean ± SD. aP < 0.05, bP < 0.01 compared with control group; cP < 0.05, dP < 0.01 compared with H2O2 group; eP < 0.05, fP < 0.01 compared with H2O2 + UA group. SIRT1/PGC-1α: Silent information regulator of transcription 1/PPAR gamma coactivator-1α; UA: Urolithin A.
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Figure 7 X-ray and magnetic resonance imaging evaluation in intervertebral disc degeneration animal models. A: The X-ray in different groups at 0 wk and 4 wk after puncturing; B: Quantitative analysis of the disc height index in different groups; C: The magnetic resonance imaging results of different groups at 0 wk and 4 wk after puncture; D: Quantitative analysis of Pfirrmann grades in different groups. All data are expressed as the mean ± SD. aP < 0.05, bP < 0.01 compared with control group; cP < 0.05, dP < 0.01 compared with H2O2 group; eP < 0.05, fP < 0.01 compared with UA group. DHI: Disc height index; MRI: Magnetic resonance imaging; IDD: Intervertebral disc degeneration; UA: Urolithin A.
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Figure 8 Hematoxylin-eosin, Safranin-O and Toluidine blue staining. A: Hematoxylin-eosin staining at 4 wk after puncture in different groups; B: Quantitative analysis of histological score in different groups (scale bar = 1 mm); C: The expression of aggrecan and collagen type II in different groups (scale bar = 200 μm); D-E: Quantitative analysis of aggrecan and collagen type II in different groups. All data are expressed as the mean ± SD. aP < 0.05, bP < 0.01 compared with control group; cP < 0.05, dP < 0.01 compared with H2O2 group; eP < 0.05, fP < 0.01 compared with UA group. HE: Hematoxylin-eosin; NP: Nucleus pulposus; AF: Annulus fibrosus; IDD: Intervertebral disc degeneration; UA: Urolithin A.
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Figure 9 Schematic of protective effects of Urolithin A. Urolithin A activates the SIRT1/PGC-1α signaling pathway to protect mitochondrial function, alleviate nucleus pulposus-derived mesenchymal stem cells senescence in vitro, and delay intervertebral disc degeneration in vivo. SIRT1/PGC-1α: Silent information regulator of transcription 1/PPAR gamma coactivator-1α; NPMSCs: Nucleus pulposus-derived mesenchymal stem cells; UA: Urolithin A.
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Table 1 Sequences of primers used for real-time PCR
	[bookmark: OLE_LINK36]Gene
	Primer sequence

	GAPDH
	Forward 5ʹ-CTGGAGAAACCTGCCAAGTATG-3ʹ
Reverse 5ʹ-GGTGGAAGAATGGGAGTTGCT-3ʹ

	P16
	Forward 5ʹ-CCGATACAGGTGATGATGATGG-3ʹ
Reverse 5ʹ-CGGAGGAGAGTAGATACCGCAAA-3ʹ

	P21
	Forward 5ʹ-AGTTGGAGCTGGTGGCGTAG-3ʹ
Reverse 5ʹ-AATACACAAAGAAAGCCCTCCC-3ʹ

	SIRT1
	Forward 5ʹ-AGATTTCAAGGCTGTTGGTTCC-3ʹ
Reverse 5ʹ-CAGCATCATCTTCCAAGCCATT-3ʹ

	PGC-1α
	Forward 5ʹ-GAGAAGCGGGAGTCTGAAAGG-3ʹ
Reverse 5ʹ-GTCACAGGTGTAACGGTAGGTAATG-3ʹ


GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; SIRT1: Silent information regulator of transcription 1; PGC-1α: PPAR gamma coactivator-1α.
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