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Different Effects on Chondrocytes

Introduction

Articular cartilage includes the superficial, middle, deep, 
and calcified cartilage zones, characterized by different 
structures, compositions, and biomechanical features.1,2 
The superficial zone (SFZ) is the first structure to be 
destroyed in the progression of osteoarthritis (OA).2 The 
previous studies demonstrated that SFZ cells (SFZCs) are 
self-renewal cartilage stem/progenitor cells, which play a 
key role in the formation of adult cartilage and cartilage 
homeostasis.2-4 However, the specific mechanisms underly-
ing the phenotypes of SFZCs remain to be fully elucidated 
in the OA environment.

Cellular senescence is a stable terminal state in which 
cells irreversibly enter growth arrest while remaining meta-
bolically active.5 In recent years, numerous studies have 
demonstrated that cellular senescence plays a significant 
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Abstract
Objective. The superficial zone cells in articular cartilage (SFZCs) have been identified as stem/progenitor chondrocytes 
and promoted cell self-renewal in the osteoarthritis (OA). Several studies emphasized the involvement of senescence 
and autophagy in OA. Interleukin-1β (IL-1β) is one of the main inflammatory mediators of OA, and whether it induces 
senescence and autophagy in SFZCs remains unclear. The present study aimed to investigate autophagy flux, mitochondrial 
function, and intracellular reactive oxygen species (ROS) that resulted in senescence in SFZCs induced by IL-1β. Methods. 
Using western blotting, reverse transcription-quantitative PCR, immunofluorescence, intracellular ROS detection, 
mitochondrial staining, and determination of mitochondrial membrane potential, we tested senescence and autophagy 
markers in SFZCs induced by IL-1β in vitro. The consequences of mitochondrial function and ROS were also studied with 
IL-1β-induced senescence. Results. IL-1β treatment decreased SFZC proliferation, induced SFZC senescence, and reduced 
SFZCs’ chondrogenic differentiation capacity. Moreover, IL-1β impaired autophagy flux, and the autophagy activator, 
rapamycin, attenuated the senescence of SFZCs. IL-1β-induced autophagy defect resulted in mitochondrial dysfunction 
and overproduction of ROS, and autophagy activation notably protected against mitochondrial dysfunction and reduced 
the levels of ROS. Moreover, antioxidant N-acetylcysteine reversed the senescence of IL-1β in SFZCs. Conclusion. IL-1β 
promotes autophagy impairment and subsequently results in dysfunctional mitochondria and overproduction of ROS, 
which finally causes SFZC senescence.
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role in the occurrence of OA.6-8 Senescent cells (SnCs) 
accumulated in articular cartilage, subchondral bone, syno-
vial membrane, and sub-patellar fat pads with age, thus 
facilitating the development of OA.8 SnCs secrete senes-
cence-associated secretory phenotype (SASP) factors, 
including a variety of inflammatory factors (e.g., IL-1, IL-6, 
IL-8) and matrix-degrading enzymes (e.g., metallopepti-
dase [MMP]-1, MMP-3, MMP-13), and cause imbalances 
in the anabolic and catabolic activities of the extracellular 
matrix, resulting in cartilage degradation and destruction.8

Autophagy is a cytoprotective process in which dam-
aged intracellular components, such as long-lived proteins 
and dysfunctional mitochondria, are captured by autopha-
gosomes and transported to lysosomes to be scavenged to 
maintain intracellular homeostasis.9 Autophagy dysfunc-
tion is associated with aging and numerous types of degen-
erative diseases, including OA. The results of previous 
studies have demonstrated that autophagy dysfunction leads 
to the occurrence of OA, and activation of autophagy allevi-
ates the degeneration of articular cartilage.10-12

The association between autophagy and senescence has 
been widely studied, and the results of numerous previous 
studies suggested that autophagy is positively associated 
with senescence.13-16 Previous studies have demonstrated 
that basal autophagy is essential for sustaining the stem 
cell capacity. Garcia-Prat et al.14 reported that autophagy 
dysfunction induced senescence in young satellite cells by 
accelerated mitochondrial dysfunction and reactive oxygen 
species (ROS) overproduction, resulting in a decline in the 
function and number of satellite cells. Ma et al.13 demon-
strated that autophagy controlled mesenchymal stem cell 
function and senescence during bone aging, and activation 
of autophagy may alleviate mesenchymal stem cell senes-
cence and partially reverse bone loss in elderly mice.

Inflammatory cytokine interleukin-1β (IL-1β) plays cru-
cial roles in cartilage catabolism and OA progression.17 
IL-1β participates in numerous cellular activities that 
induce chondrocyte oxidative stress and senescence.18,19 
However, the effects of IL-1β on SFZCs and the specific 
associated mechanisms remain to be fully clarified. We 
hypothesized that IL-1β may lead to autophagy impairment, 
thus resulting in the excessive accumulation of dysfunc-
tional mitochondria and the overproduction of ROS, caus-
ing senescence of SFZCs.

Materials and Methods

Isolation and Culture of SFZCs and Chondrocyte

SFZCs were isolated as previously described.20 Briefly, the 
knee joints were dissected from a neonatal mouse, and soft 
tissue surrounding the articular cartilage was removed 
under a stereomicroscope. Articular cartilage was digested 
using 0.25% trypsin (Gibco; Thermo Fisher Scientific, Inc., 

Shanghai, China) for 1 hour and subsequently incubated 
using 173-U/ml type Ι collagenase (Gibco; Thermo Fisher 
Scientific, Inc) for 1.5 hours. A total of 5 × 105 isolated 
cells were plated on 10-cm2 culture dishes, which were pre-
coated using 0.1% fibronectin (Sigma-Aldrich, Shanghai, 
China) for 2 hours, and subsequently blocked using 3% 
bovine serum albumin for 30 minutes. Unattached cells 
were removed twice following washing with DMEM/high 
glucose for 20 minutes after seeding, and the attached cells 
were cultured in Dulbecco’s Modified Eagle’s Medium 
(DMEM)/high glucose containing 10% fetal bovine serum 
(Gibco; Thermo Fisher Scientific, Inc). SFZCs were sub-
cultured into uncoated culture dishes when sub-confluent at 
a 1:10 ratio. Chondrocytes were isolated by additional over-
night collagenase II digestion of residual cartilage tissue as 
previously described.21 In short, after further incubation 
with 0.1% collagenase II (Gibco; Thermo Fisher Scientific, 
Inc) overnight at 37 °C, isolated chondrocytes were plated 
into 12-well plates in DMEM/F12 containing 10% fetal 
bovine serum. All studies were carried out in accordance 
with the policies and approval to the Institutional Animal 
Care and Use Committee of the General Hospital of Western 
Theater Command (no. 2021EC1-14). The studies of this 
article were performed and reported in accordance with the 
ARRIVE (Animal Research: Reporting of In Vivo 
Experiments) guidelines.

3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide Assay

SFZCs were cultured in 96-well plates at a density of 5 × 
103 cells per well. Following incubation for 12 hours, cells 
were treated with rapamycin (100 nM; Sigma-Aldrich) or 
IL-1β (20 ng/ml; Peprotech; New Jersey, USA) for 5 days. 
Subsequently, a total of 20 μl of 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazoliumbromide solution (5 mg/ml; 
Sigma-Aldrich) was added to each well, and the cultures 
were incubated at 37 °C for 4 hours. The culture medium 
was discarded, and 150 μl of DMSO (Dimethyl sulfoxide) 
was added to each well for the complete solubilization of 
the purple formazan crystals. The optical density of the 
samples was measured using a microplate reader at 490 nm 
(Thermo Fisher Scientific, Inc.).

Senescence-Associated β-Galactosidase Staining

SFZCs were cultured in 12-well plates at a density of 1 × 
105 cells per well. At 50%-60% fusion, cells were treated 
with IL-1β (20 ng/ml; Peprotech), rapamycin (100 nM; 
Sigma-Aldrich), antioxidant N-acetylcysteine (NAC, 2 
μM; Beyotime Institute of Biotechnology; Shanghai, 
China), or hydroxychloroquine (HCQ, 10 μM; Sigma-
Aldrich) for the indicated times. Senescence-associated β-
galactosidase (SA-β-gal) activity was assessed using an 
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SA-β-gal staining kit (cat. no. 9860S; Cell Signaling 
Technology; Boston, USA). The number of SnCs was cal-
culated using ImageJ software (National Institutes of 
Health; version 1.47).

Western Blotting

SFZCs were lysed using (Radio Immunoprecipitation Assay 
Lysis buffer) lysis buffer with protease inhibitors (Roche 
Diagnostics GmbH; Basel, Switzerland), and total protein 
concentration was assessed using a BCA protein assay 
reagent (Beyotime Institute of Biotechnology). The primary 
antibodies were as follows: p53 (cat. no. 2524S; dilution 
1:1000; Cell Signaling Technology), p62 (cat. no. 23214S; 
dilution 1:1000; Cell Signaling Technology), microtubule-
associated light-chain 1 protein 3 (LC3; cat. no. L7543; 
dilution 1:1000; Sigma-Aldrich), and GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase) (cat. no. 5174S; dilution 
1:2000; Cell Signaling Technology). Following primary 
incubation, membranes were incubated with horseradish 
peroxidase-labeled secondary antibodies (cat. no. ZB-2301; 
dilution 1:5000; Zhongshan Jinqiao Biotechnology; Beijing, 
China) at 37 °C for 30 minutes. Signals were detected using 
ECL (enhanced chemiluminescence) reagent (Thermo 
Fisher Scientific, Inc.).

Reverse Transcription-Quantitative PCR

Total RNA was extracted from SFZCs and chondrocytes 
using the TRIzol reagent (Invitrogen, Thermo Fisher 
Scientific, Inc.). Subsequently, single-stranded complemen-
tary DNA was synthesized from total RNA using the 
PrimeScript RT Reagent Kit containing gDNA Eraser 
(Takara Bio, Inc. Kyoto, Japan). qPCR Was carried out 
using a Max3000 PCR machine (Agilent Technologies, 
Inc. California, USA) and SYBR Premix Ex Taq Kit 
(Takara Bio, Inc.). Thermocycling conditions were used 
as follows: initial denaturation for 30 seconds at 95 °C, 
followed by 40 cycles at 95 °C for 30 seconds, 60 °C  
for 30 seconds, and 72 °C for 30 seconds, followed by  
the final extension at 95 °C for 30 seconds, 60 °C for 30 
seconds, and 95 °C for 30 seconds. Sequences for the 
primers used were as follows: Tenascin C forward 
5’-TTTGCCCTCACTCCCGAAG-3’ and reverse 5’-AG 
GGTCATGTTTAGCCCACTC-3’; Ets-related gene (Erg) 
forward 5’-AGCGTCCTCAGTTAGATCCTTAC-3’ and 
reverse 5’-TCATGTTGGGCTTGCTCTTCC-3’; Matrix 
metallopeptidase-3 (Mmp-3) forward 5’-TTAAAGACA 
GGCACTTTTGGCG-3’ and reverse 5’-CCCTCGTATAG 
CCCAGAACT-3’; Mmp-13 forward 5’-CTTCTTCTTGT 
TGAGCTGGACTC-3’ and reverse 5’-CTGTGGAGGTCA 
CTGTAGACT-3’; Sox9 forward 5’-CACAAGAAAGA 
CCACCCCGA-3’ and reverse 5’-ATGTGAGTCTGTT 
CCGTGGC-3’; Aggrecan forward 5’-CCTGCTACTTCAT 
CGACCCC-3’ and reverse 5’-AGATGC TGTTGACTCGAA 

CCT-3’; type II collagen (Col II) forward 5’-CTGGTGGA 
GCAGCAAGAGCAA-3’ and reverse 5’-CAGTGGACA 
GTAGACGGAGGAAAG-3’; proteoglycan 4 (Prg4)  
forward 5’-GAA AATACTTCCCGTCTGCTTGT-3’ and 
reverse 5’-ACTCCATGTAGTGCTGACAG TTA-3’; 
autophagy-related gene 7 (Atg7) forward 5’-ACCTCGC 
TGGGACTTGTGC-3’ and reverse 5’-GGTGAATCCTT 
CTCGCTCGT-3’; Beclin1 forward 5’-CAGTACC 
AGCGGGAGTATAGTGA-3’ and reverse 5’-TGTGGA 
AGGTGGCATTGAAGA-3’; serine/threonine protein-
kinase Ulk1 (Ulk1) forward 5’-AAGTTCGAGTTCT 
CTCGCAAG-3’ and reverse 5’-ACCTCCAGGTCGT 
GCTTCT-3’; and Cyclophili A forward 5’-CGAGCTCT 
GAGCACTGGAGA-3’ and reverse 5’-TGGCGTGTA 
AAGTCACCACC-3’. Cyclophili A was used as an internal 
control as previously described.1,21 The experiment was 
independently repeated three times for all samples.

Immunofluorescence

SFZCs were cultured on 12-well slides and treated with 
IL-1β (20 ng/ml; Peprotech) or rapamycin (100 nM; Sigma-
Aldrich) for 5 days and in the absence or presence of bafilo-
mycin (10 nM; Sigma-Aldrich). Cells were blocked in 0.8% 
BSA (Bovine Serum Albumin) in PBS (Phosphate buffered 
saline) for 30 minutes and incubated overnight at 4 °C with 
LC3 antibody (cat. no. L7543; dilution 1:200; Sigma-
Aldrich) or IgG controls. A fluorescent dye-conjugated sec-
ondary antibody (Thermo Fisher Scientific, Inc.) was 
incubated. The slides were mounted using ProLong Gold 
Antifade Reagent (Thermo Fisher Scientific, Inc.) and 
observed using fluorescence microscopy (Olympus 
Corporation, Tokyo, Japan). The number of LC3 puncta 
was quantified using the Image software (National Institutes 
of Health; version 1.47).

Intracellular ROS Detection

ROS was assessed using an ROS Assay Kit (cat. no. 
S0033S; Beyotime Institute of Biotechnology). Briefly, 
2’-7’dichlorofluorescin diacetate (DCFH-DA; final con-
centration 10 μM) was added, and the cells were incubated 
for 20 minutes at 37 °C. Subsequently, DCFH-DA fluores-
cence was detected using fluorescence microscopy. 
Alternatively, the fluorescence intensity was measured by 
flow cytometry at an excitation wavelength of 488 nm and 
an emission wavelength of 525 nm.

Mitochondrial Staining

Mitochondrial staining was performed following cell incu-
bation at 37 °C with 100-nM MitoTracker Red CMXRos 
(cat. no. M7512; Invitrogen, Thermo Fisher Scientific, 
Inc.). Samples were directly analyzed using confocal 
microscopy without fixing.
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Determination of Mitochondrial Membrane Potential

Mitochondrial membrane potential was monitored using a 
Mitochondrial Membrane Potential Assay Kit with JC-1 
(cat. no. C2006; Beyotime Institute of Biotechnology). 
Mitochondrial membrane potential was expressed as a ratio 
of red to green fluorescence.

Statistical Analysis

Numerical data are presented as mean ± standard devia-
tion. Differences between two groups were evaluated using 
unpaired Student t test. One-way analysis of variance was 
used for comparisons between three or more groups, fol-
lowed by a Tukey’s post hoc test. Statistical analysis was 
carried out using SPSS (version, 18.0; IBM Corp., Armonk, 
NY). P < 0.05 was considered to indicate a statistically sig-
nificant difference.

Result

IL-1β Induces Senescence of SFZCs with Decreased 
Proliferation and Chondrogenic Differentiation

First, in order to verify the phenotypic characterization of 
SFZCs in this study, total RNAs extracted from SFZCs and 
chondrocyte cultures were processed for reverse transcrip-
tion-quantitative PCR analysis. Prg4, Erg, and Tenascin C 
are abundantly expressed in SFZCs.20,22,23 The gene expres-
sion levels of Prg4, Erg, and Tenascin C were significantly 
higher in SFZC cultures than in chondrocyte cultures 
(Suppl. Fig. S1). These findings indicated that the isolated 
SFZC phenotype is conserved in this study.

SnCs accumulate in the SFZ and contribute to 
OA-associated pathologies.24 To investigate the role of 
IL-1β in the induction of senescence in SFZCs, SA-β-gal 
staining analysis was carried out. Most IL-1β-treated 
SFZCs were positive for SA-β-gal staining from day 3  
(Fig. 1A). IL-1β led to a significant reduction in the cell 
proliferation of SFZCs (Fig. 1B). P53 protein expression 
levels were increased in IL-1β-treated SFZCs from day 3 
(Fig. 1C). The mRNA expression levels of Mmp-3 and 
Mmp-13 were markedly increased in IL-1β-treated SFZCs 
(Fig. 1D and E). The gene expression levels of four chon-
drogenic markers (Sox9, Prg4, Col II, and Aggrecan) were 
quantified to investigate the chondrogenic differentiation 
capacity of SFZCs. The results demonstrated reduced 
mRNA expression levels of chondrogenic marker genes in 
IL-1β-treated SFZCs (Fig. 1F). These findings indicated 
that IL-1β induces senescence of SFZCs with decreased 
proliferation and chondrogenic differentiation.

Autophagy Levels Decline in SFZCs Following 
IL-1β Treatment

A reduction in the protein expression levels of LC3II and  
an increase in the protein expression levels of p62 were 

detected in IL-1β-treated SFZCs, compared with those of 
the control (Fig. 2A). Moreover, the mRNA expression lev-
els of key autophagy genes Atg7, Beclin1, and Ulk1 were 
reduced in IL-1β-treated SFZCs, compared with the control 
(Fig. 2B). The number of LC3 puncta was significantly 
reduced in IL-1β-treated SFZCs with or without bafilomy-
cin (Fig. 2C and D).

Inhibition of Autophagy Induces Senescence in 
SFZCs

SFZCs were treated with HCQ, a lysosome inhibitor that 
inhibits autophagy, to examine its effects on the senes-
cence of SFZCs. HCQ markedly increased the percent-
age of SA-β-gal-positive cells (Fig. 3A), increased the 
protein expression levels of p53 (Fig. 3B), and increased 
the mRNA expression levels of Mmp-3 and Mmp-13 
(Fig. 3C and D).

Activation of Autophagy Using Rapamycin 
Attenuates Senescence and Restores 
Proliferation and Chondrogenic Differentiation of 
IL-1β-Treated SFZCs

The LC3 immunofluorescent staining suggested that 
rapamycin treatment resulted in restoration of autoph-
agy flux in IL-1β-treated SFZCs, as treatment with 
rapamycin markedly increased the LC3 puncta number 
(Fig. 4A).

Rapamycin attenuated the senescence of IL-1β-treated 
SFZCs, and rapamycin treatment markedly reduced  
the percentage of SA-β-gal-positive cells (Fig. 4B), 
decreased the protein expression levels of p53 (Fig. 4C), 
and decreased the mRNA expression levels of Mmp-3 
and Mmp-13 (Fig. 4D and E). Moreover, the rapamycin 
promoted the proliferation of IL-1β-treated SFZCs  
(Fig. 4F). Furthermore, treatment with rapamycin sig-
nificantly restored the chondrogenic differentiation 
capacity of IL-1β-treated SFZCs, demonstrated using 
RT-qPCR detection of chondrogenic markers, such as 
Sox9, Prg4, Col II, and Aggrecan (Fig. 4G).

Autophagy Activation Attenuates Mitochondrial 
Dysfunction and Decreases ROS Production in 
IL-1β-Treated Senescent SFZCs

The excessive production of ROS (Fig. 5A and C), accu-
mulation of mitochondria (Fig. 5B), and decreased mito-
chondrial membrane potential (Fig. 5D) occurred  
in IL-1β-treated SFZCs. In addition, pharmacological 
disruption of autophagy by HCQ in SFZCs resulted in  
a phenotype similar to that observed in IL-1β-treated 
SFZCs with mitochondrial dysfunction and ROS over-
production (Fig. 5A-D). Furthermore, autophagy 
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activation following treatment with rapamycin resulted 
in a significantly decreased production of ROS, a 
decreased accumulation of mitochondria, and an 
increased mitochondrial membrane potential (Fig. 
5A-D).

ROS Inhibition Alleviates Senescence in IL-1 
β-Treated SFZC

The effects of the antioxidant NAC on the development of 
IL-1β-induced senescence in SFZCs were investigated. 

Figure 1. E ffects of IL-1β on the proliferation, chondrogenic differentiation, and senescence of SFZCs. SFZCs were treated with 
IL-1β (20 ng/ml) for the indicated number of days. (A) Cellular morphology and SA-β-gal staining. (B) Cell proliferation capacity was 
evaluated using cell counting and cell growth curves. (C) Protein levels of p53 were determined using western blot analysis. (D and 
E) mRNA Levels of SASP factors Mmp-3 and Mmp-13 were determined using RT-qPCR. (F) RT-qPCR analysis of four chondrogenic 
differentiation markers Sox9, Prg4, Aggrecan, and Col II at day 5. IL-1β = interleukin-1β; SFZCs = superficial zone cells in articular 
cartilage; SA-β-gal = senescence-associated β-galactosidase; mRNA = messenger RNA; SASP = senescence-associated secretory 
phenotype; RT-qPCR = reverse transcription-quantitative PCR. **P < 0.01 and ***P < 0.001.
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IL-1β-induced SFZC senescence was partially attenuated 
following NAC treatment (Fig. 6A). NAC treatment 
reduced the protein expression levels of p53 (Fig. 6B). 
NAC treatment decreased the mRNA expression levels of 
Mmp-3 and Mmp-13 (Fig. 6C and D).

Discussion

OA is a degenerative disease that causes irreversible 
destruction of articular cartilage, and at present, there is no 
effective treatment method. Although articular cartilage 
exhibits a poor ability to self-repair following injuries, 
numerous previous studies have verified the presence of 
chondrogenic stem cells in the SFZ of articular cartilage. 
Kozhemyakina et al.4 reported that Prg4-positive cells in 
the SFZ of articular cartilage served as progenitor cells for 
all deeper layers of the mature chondrocytes. Li et al.2 fur-
ther demonstrated that SFZCs were self-renewal progenitor 
cells which were able to sustain their own population, thus 
fulfilling the criteria of unipotent adult stem cells. SFZCs 

play critical roles in cartilage homeostasis and OA progres-
sion. In SFZ-specific β-catenin-knockout mice, OA pro-
gression was markedly accelerated, and this was 
accompanied by reduced levels of Prg4 expression and SFZ 
degradation.13 Moreover, Tan et al.1 demonstrated that defi-
ciency of activin receptor-like kinase 5 (ALK5) in SFZCs 
promoted the development of OA. Inflammatory cytokine 
IL-1β exerts a profound impact on cartilage catabolism and 
OA progression.17 Previous studies revealed that human 
SFZCs were more susceptible to IL-1-induced damage than 
the chondrocytes from deep cartilage,25 and in situ hybrid-
ization of cartilage organ cultures revealed that IL-1 stimu-
lated human SFZC transcribed monocyte chemoattractant 
protein-1 mRNA.26 However, the underlying mechanism of 
IL-1β in regulating the biological functions of SFZCs is 
poorly understood.

First, the results demonstrated that IL-1β induced 
senescence in SFZCs with decreased proliferation and 
chondrogenic differentiation. Moreover, autophagic flux 
was impaired in IL-1β-induced senescent SFZCs, and 

Figure 2.  Defective autophagy in SFZCs following IL-1β. (A and B) SFZCs were treated with IL-1β (20 ng/ml) for 3 or 5 days. (A) 
Protein expression levels of autophagy markers, p62 and LC3, were determined using western blotting. (B) RT-qPCR analysis of 
autophagy genes Atg7, Beclin1, and Ulk1 at day 5. (C and D) SFZCs were treated with IL-1β (20 ng/ml) for 5 days and in the absence 
or presence of bafilomycin for 4 hours. Immunofluorescent staining of LC3 and quantitative analysis of LC3 puncta. SFZCs = 
superficial zone cells in articular cartilage; IL-1β = interleukin-1β; LC3 = light-chain 1 protein 3; RT-qPCR = reverse transcription-
quantitative PCR; Baf = bafilomycin; GAPDH = glyceraldehyde-3-phosphate dehydrogenase. *P < 0.05, **P < 0.01, and ***P < 0.001.
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upregulation of autophagy using rapamycin attenuated 
senescence and restored the chondrogenic differentiation of 
IL-1β-treated SFZCs. In addition, mitochondrial dysfunc-
tion and ROS overproduction occurred during senescence 
of IL-1β-induced SFZCs. These findings suggested that 
IL-1β leads to autophagy impairment, resulting in excessive 
accumulation of dysfunctional mitochondria and ROS. In 
turn, this causes senescence of SFZCs. Thus, autophagy 
activation and antioxidants may be potential strategies to 
counteract cellular senescence and OA.

Second, we found that IL-1β induced senescence in 
SFZCs with decreased proliferation and chondrogenic dif-
ferentiation. SnCs exist in most tissues of the knee joint, 
and these SnCs exhibit common senescence-related 

characteristics, such as telomere shortening, upregulated 
cyclin-dependent kinase inhibitors (p21, p16, and p53), 
mitochondrial dysfunction, and increased production of 
ROS and SASP.8,27,28 The results of previous studies dem-
onstrated that cellular senescence is responsible for OA 
development, and selectively eliminating SnCs reduces car-
tilage degradation. Xu et al.29 reported that intra-articular 
injection of SnCs induced an OA-like condition in mice. 
Carbone and Rodeo30 revealed that SnCs accumulated in 
the articular cartilage and synovium following anterior cru-
ciate ligament transection, and selectively eliminating these 
cells attenuated cartilage degradation of post-traumatic OA, 
reduced pain, and promoted cartilage development. Tan 
et al.1 demonstrated that ALK5 deficiency in SFZCs 

Figure 3. I nhibition of autophagy induces senescence in SFZCs. SFZCs were treated with HCQ (10 μM) for 5 days. (A) SA-β-gal 
staining and quantitative analysis of SA-β-gal positive cells. (B) Western blot analysis of senescence marker p53. (C and D) mRNA 
Expression levels of SASP factor Mmp-3 and Mmp-13 were determined using RT-qPCR. SFZCs = superficial zone cells in articular 
cartilage; HCQ = hydroxychloroquine; SA-β-gal = senescence-associated β-galactosidase; mRNA = messenger RNA; SASP = 
senescence-associated secretory phenotype; RT-qPCR = reverse transcription-quantitative PCR; GAPDH = glyceraldehyde-3-
phosphate dehydrogenase. **P < 0.01 and ***P < 0.001.
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Figure 4. R apamycin restores the proliferation and chondrogenic differentiation capacity and attenuates senescence of IL-1β-treated 
SFZCs. SFZCs were treated with IL-1β (20 ng/ml) and (or) RA (100 nM) for 5 days. (A) Immunofluorescent staining of LC3 and 
quantitative analysis of LC3 puncta. (B) SA-β-gal staining and quantitative analysis of SA-β-gal-positive cells. (C) Western blot analysis 
of senescence marker p53. (D and E) mRNA Expression levels of SASP factors Mmp-3 and Mmp-13 were determined using RT-qPCR. 
(F) Cell proliferation capacity was evaluated using a 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide assay. (G) RT-qPCR 
analysis of four chondrogenic differentiation markers: Sox9, Prg4, Aggrecan, and Col II. IL-1β = interleukin-1β; SFZCs = superficial 
zone cells in articular cartilage; LC3 = light-chain 1 protein 3; SA-β-gal = senescence-associated β-galactosidase; mRNA = messenger 
RNA; SASP = senescence-associated secretory phenotype; RT-qPCR = reverse transcription-quantitative PCR; RA = rapamycin. *P 
< 0.05, **P < 0.01, and ***P < 0.001.
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induced senescence of SFZCs, which was characterized by 
a decreased proliferation and differentiation, an increase in 
SA-β-gal-positive cells, and ROS overproduction. The 
results of the present study indicated that senescence of 
SFZCs under an inflammatory environment may play a role 
in OA development; however, further investigations are 
required.

In addition, these findings demonstrate that autophagy 
exerts a protective effect against senescence of SFZCs 
under an inflammatory environment. Autophagy is a highly 
conserved catabolic process used to sustain cellular 
homeostasis and promote cellular survival and function. 
Autophagy is crucial for maintaining the homeostasis and 
function of chondrocytes. In the early stages of OA, 
autophagy flux is enhanced in OA chondrocytes as an 
adaptive reaction to cellular stress; however, in the later 

stages of OA, autophagy flux is decreased.10 The results of 
previous studies demonstrated that rapamycin activated 
autophagy, decreasing the catabolic events of human chon-
drocytes and alleviating articular cartilage destruction in 
post-traumatic OA models.31,32 The results of the present 
study demonstrated that treatment with IL-1β blocked the 
autophagic flux in SFZCs, and upregulation of autophagy 
using rapamycin restored the IL-1β-induced disruption of 
autophagic flux and attenuated senescence in SFZCs.

Notably, the results of the present study indicated that 
ROS inhibition using antioxidant NAC alleviated senes-
cence in IL-1β-treated SFZCs. Autophagy dysfunction is 
inadequate in eliminating damaged and dysfunctional 
organelles and proteins, leading to cellular senescence. 
However, the underlying mechanisms by which autophagy 
dysfunction contributes to cellular senescence under 

Figure 5.  Mitochondrial dysfunction and intracellular ROS elevation occur during autophagy defect, and autophagy activation 
attenuates mitochondrial dysfunction and decreases ROS production in IL-1β-treated SFZCs. SFZCs were treated with HCQ 
(10 μM), RA (100 nM), or IL-1β (20 ng/ml) for 5 days. (A) ROS assessment using DCFH-DA fluorescence. (B) Mitochondrial 
staining using MitoTracker. (C) DCFH-DA fluorescence quantified using flow cytometry. (D) Mitochondrial membrane potentials 
were measured using JC-1 staining, expressed as the ratio of red to green fluorescence. ROS = reactive oxygen species; IL-1β = 
interleukin-1β; SFZCs = superficial zone cells in articular cartilage; HCQ = hydroxychloroquine; RA = rapamycin; DCFH-DA = 
2’-7’dichlorofluorescin diacetate. *P < 0.05, **P < 0.01, and ***P < 0.001.
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inflammatory environments and its implications into human 
diseases remain to be fully clarified.33,34 ROS is a vital 
marker and regulator of cellular senescence.15 The mito-
chondrion is the main origin of ROS, and mitochondrial 
dysfunction contributes to excessive production of ROS. 
This gives rise to further mitochondrial dysfunction and 
subsequent cellular senescence.15 Autophagy impairment in 
chondrocytes resulted in ROS overproduction and increased 
oxidative stress.35 Guillen et al.19 reported that autophagy 
defects induced the senescence of young satellite cells using 
mitochondrial dysfunction and ROS overproduction. The 
present study aimed to explore the effects of mitochondrial 
function and ROS production in the autophagy process dur-
ing senescence of IL-1β-induced SFZCs. The results of the 
present study demonstrated that mitochondrial dysfunction 

and excessive production of ROS occurred in IL-1β-treated 
SFZCs, and autophagy activation removed dysfunctional 
mitochondria and decreased the production of ROS.

SFZCs are perfect cell source for progenitor cell-based 
cartilage regeneration and OA therapy, as they have mighty 
chondrogenic capacity, extensive proliferative potential, 
and apparent resistance to hypertrophy.36,37 Several studies 
have applied SFZCs for in vivo cartilage regeneration.36,37 
However, our results showed that SFZCs exhibit senes-
cence phenotype with decreased proliferation and chondro-
genic capacity under an inflammatory environment. This 
drawback could prevent further application of SFZCs for 
cell-based cartilage regeneration and OA therapy. Finding 
methods to prevent SFZC senescence under an inflamma-
tory environment could be of considerable value for the 

Figure 6. R OS inhibition alleviates senescence in IL-1β-treated SFZCs. SFZCs were treated with IL-1β (20 ng/ml) and (or) NAC 
(2 μM) for 5 days. (A) SA-β-gal staining and quantitative analysis of SA-β-gal positive cells. (B) Western blot analysis of senescence 
marker p53. (C and D) mRNA Expression levels of SASP factors Mmp-3 and Mmp-13 were determined using RT-qPCR. ROS = 
reactive oxygen species; IL-1β = interleukin-1β; SFZCs = superficial zone cells in articular cartilage; NAC = N-acetylcysteine; SA-
β-gal = senescence-associated β-galactosidase; mRNA = messenger RNA; SASP = senescence-associated secretory phenotype; RT-
qPCR = reverse transcription-quantitative PCR; GAPDH = glyceraldehyde-3-phosphate dehydrogenase. *P < 0.05 and **P < 0.01.
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application of SFZCs in cartilage regeneration and OA ther-
apy. Our results indicated that autophagy activation and 
ROS inhibition alleviated senescence in IL-1β-treated 
SFZCs, which provides an experimental basis for the pre-
vention of SFZC senescence from the perspective of 
autophagy activation and ROS inhibition.

Conclusion

In summary, autophagy impairment and ROS overproduc-
tion are crucial for IL-1β-induced senescence of SFZCs. 
IL-1β promotes autophagy impairment and subsequently 
results in dysfunctional mitochondria and overproduction 
of ROS, which finally causes senescence in SFZCs. The 
present study furthers the current understanding of the asso-
ciation among autophagy, oxidative stress, and senescence 
in SFZCs under an inflammatory environment.
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