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ABSTRACT: The proinflammatory cytokine interleukin-1 β (IL-1β)-mediated cellular
senescence in chondrocytes is involved in the development and pathological progression of
osteoarthritis (OA). Feprazone, a nonsteroidal anti-inflammatory drug (NSAID) and a
cyclooxygenase (COX) inhibitor, is widely used in clinics. This study aims to investigate
whether Feprazone has a protective effect against IL-1β-induced cellular senescence in human
chondrocytes. In this study, C-28/I2 chondrocytes were stimulated with IL-1β (10 ng/mL) in the
presence or absence of Feprazone (10 and 20 μM). Cellular senescence was assessed using
senescence-associated β-galactosidase (SA-β-Gal) staining. The cell cycle was examined using
flow cytometry. Gene and protein expressions were determined with real-time polymerase chain
reaction (PCR) and western blot analysis. We found that treatment with Feprazone ameliorated
IL-1β-induced increase in cellular senescence. Feprazone increased telomerase activity and
prevented cell cycle arrest in the G0/G1 phase. We also found that Feprazone reduced the
expressions of plasminogen activator inhibitor-1 (PAI-1) and p21, two important regulators of
cellular senescence. Additionally, treatment with Feprazone reduced the expressions of matrix metalloprotein (MMP-13) and a
disintegrin-like and metalloproteinase with thrombospondin type-1 motif-5 (ADAMTS-5). Interestingly, Feprazone prevented the
activation of nuclear factor kappa-B (NF-κB) by preventing nuclear translocation of NF-κB p65 and the luciferase activity of the NF-
κB promoter. The results also show that Feprazone increased nuclear levels of nuclear factor erythroid 2-related factor-2 (Nrf2) and
reduced the production of reactive oxygen species (ROS). Importantly, silencing of Nrf2 abolished the protective effects of
Feprazone against IL-1β-induced NF-κB activation and cellular senescence. These findings shed light on the potential use of
Feprazone in the treatment of OA based on a novel mechanism.

■ INTRODUCTION:

Osteoarthritis (OA) is a joint disease commonly observed in
the elderly population and sportsmen. It is a degenerative
pathology of articular cartilage and is accompanied by the
formation of intra-articular osteophytes and synovial inflam-
mation around the joints.1 Clinically, OA is mainly
characterized by joint pain, swelling, and stiffness of limbs,
which restrict mobility and impact the normal lives of patients.
With the upcoming aging society, the morbidity of OA has
been increasing annually.2−4 Currently, the pathological
mechanism of OA remains unknown. However, it is
consistently considered that OA is not induced by a single
factor but by multiple factors, including aging, gender, joint
damage, inflammation, and heredity.5 Recently, the cell
senescence in chondrocytes has been reported to be involved
in the development and processing of OA.6,7 Cell senescence is
an irreversible cellular process, which is mainly characterized
by the decreased ability to proliferate.8 The cell senescence
induced by external elements is defined as stress-induced
senescence. These external factors include ultraviolet radiation,
oxidative stress, activation of oncogenes, and chronic
inflammation.9 The terminal structure of chromosomes is
sensitive to external changes, such as the upregulation of matrix

metalloproteinase (MMP)-13 and the excessive production of
reactive oxygen species (ROS). Therefore, when the cells
encounter injury during the process of replication, the
structure of DNA is easily changed, further contributing to
the shortening of telomeres and inducing cell senescence.10,11

The process of oxidative stress is mainly induced by the
excessive accumulation of ROS and can be regulated by the
Keap1/Nrf2 signaling pathway.12,13 In addition to oxidative
stress, cell senescence of chondrocytes is also accompanied by
the activation of inflammatory signaling pathways, such as the
NF-κB signaling pathway.14 Excessive production of proin-
flammatory cytokines, such as IL-1β, has been associated with
the progression of OA. IL-1β has been involved in a variety of
cellular activities. For example, IL-1β influences the ex-
pressions of essential structural proteins, including collagen
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type II and aggrecan, thereby interfering with the activity of
chondrocytes.15 Huang16 recently reported that the activated
NF-κB signaling pathway and cellular senescence in rat
chondrocytes can be induced by IL-1β, indicating that p-
coumaric acid might be a promising agent for the treatment of
OA. Therefore, alleviating inflammatory activation and IL-1β-
induced cellular senescence might provide a novel therapeutic
approach for the clinical treatment of OA.
Feprazone is a kind of nonsteroidal anti-inflammatory drug

(NSAID) with promising antipyretic, analgesic, and anti-
inflammatory effects.17 The dramatic therapeutic property of
Feprazone against rheumatic arthritis and rheumatoid arthritis
has been clinically proven.18,19 Currently, no further
fundamental investigations are being performed on Feprazone
to explore its potential anti-inflammatory property on novel
adaptation diseases. In the present study, the anti-oxidative
stress and antisenescence effects of Feprazone on the IL-1β-
treated chondrocytes will be investigated to explore the
potential therapeutic property of Feprazone against OA.

■ RESULTS
Feprazone Ameliorated Cellular Senescence in IL-1β-

Challenged C-28/I2 Chondrocytes. To evaluate the effect
of Feprazone on the cell senescence of chondrocytes, the cells
were stimulated with IL-1β (10 ng/mL) in the presence or
absence of Feprazone (10 and 20 μM) for 14 days. As shown
in Figure 1, significantly elevated positive SA-β-Gal staining

was observed in the chondrocytes stimulated with IL-1β but it
was dramatically suppressed by treatment with Feprazone in a
dose-dependent manner. For further confirmation, the
telomerase activity in the treated chondrocytes was evaluated.
As shown in Figure 2, the telomerase activities in the control,
IL-1β, IL-1β + 10 μM Feprazone, and IL-1β + 20 μM
Feprazone were 21.8, 12.5, 16.7, and 19.2 IU/L, respectively.

These data indicate that the cell senescence induced by IL-1β
was alleviated by Feprazone.

Feprazone Prevented Cell Cycle Arrest in the G0/G1
Phase in IL-1β-Challenged C-28/I2 Chondrocytes. As
shown in Figure 3, the cell fraction at the G0/G1 phase

elevated and the cell fraction at the S phase decreased by
stimulation with IL-1β but greatly reversed by the admin-
istration of Feprazone, indicating a promising acceleratory
effect of Feprazone on the replication of chondrocytes.
Results shown in Figure 4 indicate that the expressions of

PAI-1 and p21 were significantly elevated by stimulation with
IL-1β but greatly suppressed by treatment with Feprazone,
indicating an inhibitory effect of Feprazone against the
expression of senescence-related proteins.

Feprazone Reduced the Expressions of MMP-13 and
ADAMTS-5 in IL-1β-Challenged C-28/I2 Chondrocytes.
MMP-13 and ADAMTS-5 play an important role in mediating
IL-1β-induced degradation of the extracellular matrix (ECM).
As shown in Figure 5A, MMP-13 and ADAMTS-5 were
significantly upregulated by incubation with IL-1β but
dramatically downregulated by the administration of Fepra-
zone. As shown in Figure 5B, the concentrations of MMP-13
in the control, IL-1β, IL-1β + 10 μM Feprazone, and IL-1β +
20 μM Feprazone were 153.5, 525.6, 366.8, and 278.9 pg/mL,
respectively. Approximately 103.6, 305.7, 214.2, and 156.5 pg/
mL concentrations were detected in the chondrocytes treated

Figure 1. Feprazone ameliorated cellular senescence in IL-1β-
challenged C-28/I2 chondrocytes. Cells were stimulated with IL-1β
(10 ng/mL) in the presence or absence of Feprazone (10 and 20 μM)
for 14 days. Cellular senescence was assessed using senescence-
associated β-galactosidase (SA-β-Gal) staining. Scale bar, 100 μm (n =
5; ###, P < 0.001 vs the vehicle group; &, P < 0.05 vs the IL-1β
group; &&, P < 0.01 vs the IL-1β group).

Figure 2. Feprazone increased telomerase activity in IL-1β-challenged
C-28/I2 chondrocytes. Cells were stimulated with IL-1β (10 ng/mL)
in the presence or absence of Feprazone (10 and 20 μM) for 14 days.
Telomerase activity (n = 5 or 6; ###, P < 0.001 vs the vehicle group;
&, P < 0.05 vs the IL-1β group; &&, P < 0.01 vs the IL-1β group) was
assayed.

Figure 3. Feprazone prevented cell cycle arrest in the G0/G1 phase in
IL-1β-challenged C-28/I2 chondrocytes. Cells were stimulated with
IL-1β (10 ng/mL) in the presence or absence of Feprazone (20 μM)
for 14 days. The cell fraction in the G0/G1 phase, G2/M phase, and S
phase was calculated (n = 5; ###, P < 0.001 vs vehicle group; &, P <
0.05 vs IL-1β group; &&, P < 0.01 vs IL-1β group).
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with blank medium, IL-1β, IL-1β + 10 μM Feprazone, and IL-
1β + 20 μM Feprazone, respectively.
Feprazone Prevented the Activation of NF-κB in IL-

1β-Challenged C-28/I2 Chondrocytes. NF-κB is a central
regulator of the inflammatory signaling pathway. We further
investigated the activity of NF-κB in the treated chondrocytes.
As shown in Figure 6A, the nuclear level of NF-κB p65 was
significantly elevated by stimulation with IL-1β but greatly
suppressed by the treatment with Feprazone. The luciferase
activity of NF-κB in the chondrocytes was also dramatically

elevated by stimulation with IL-1β but greatly suppressed by
treatment with Feprazone. These data indicate that the
activation of NF-κB induced by IL-1β was significantly
ameliorated by Feprazone.

Feprazone Promoted the Activation of Nrf2 in IL-1β-
Challenged C-28/I2 Chondrocytes. To further investigate
the effect of Feprazone on oxidative stress, the nuclear level of
Nrf2 and the production of ROS were evaluated. As shown in
Figure 7A, the suppressed nuclear level of Nrf2 in the
chondrocytes induced by IL-1β was significantly elevated by
treatment with Feprazone. In addition, the production of
intracellular ROS (Figure 7B) was dramatically elevated by
stimulation with IL-1β but greatly suppressed by treatment
with Feprazone. These data indicate that the oxidative stress
induced by IL-1β was significantly alleviated by Feprazone.

Silencing of Nrf2 Abolished Feprazone-Induced NF-
κB Activation and Cellular Senescence. To explore the
possible mechanism underlying the anti-inflammatory and
antisenescence effects of Feprazone, the chondrocytes were
transfected with Nrf2 siRNA, followed by stimulation with IL-
1β (10 ng/mL) in the presence or absence of Feprazone (20
μM). As shown in Figure 8A, the expression of Nrf2 was
significantly suppressed by the introduction of Nrf2 siRNA,
indicating a successful establishment of Nrf2 knockdown
chondrocytes. As shown in Figure 8B, the elevated luciferase
activity of NF-κB in the chondrocytes induced by IL-1β was
significantly suppressed by the introduction of Feprazone but
greatly promoted by the transfection with Nrf2 siRNA. The
increased percentage of positive SA-β-Gal staining (Figure 8C)
induced by stimulation with IL-1β was dramatically inhibited

Figure 4. Feprazone reduced the expressions of p53 and p21 in IL-1β-challenged C-28/I2 chondrocytes. Cells were stimulated with IL-1β (10 ng/
mL) in the presence or absence of Feprazone (20 μM). (A) mRNAs of PAI-1 and p21 and (B) proteins of PAI-1 and p21 (n = 5; ###, P < 0.001 vs
the vehicle group; &, P < 0.05 vs the IL-1β group; &&, P < 0.01 vs the IL-1β group).

Figure 5. Feprazone reduced the expressions of MMP-13 and
ADAMTS-5 in IL-1β-challenged C-28/I2 chondrocytes. Cells were
stimulated with IL-1β (10 ng/mL) in the presence or absence of
Feprazone (20 μM) for 24 h. (A) mRNAs of MMP-13 and
ADAMTS-5 and (B) proteins of MMP-13 and ADAMTS-5 (n = 5;
###, P < 0.001 vs the vehicle group; &, P < 0.05 vs the IL-1β group;
&&, P < 0.01 vs the IL-1β group).

Figure 6. Feprazone prevented the activation of NF-κB in IL-1β-challenged C-28/I2 chondrocytes. Cells were stimulated with IL-1β (10 ng/mL)
in the presence or absence of Feprazone (20 μM) for 6 h. (A). Nuclear levels of NF-κB p65 and (B) luciferase activity of NF-κB (n = 5; ###, P <
0.001 vs vehicle group; &, P < 0.05 vs IL-1β group; &&, P < 0.01 vs IL-1β group).
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by the introduction of Feprazone but greatly elevated by the
transfection with Nrf2 siRNA.

■ DISCUSSION
The pathogenesis of OA is closely related to the degradation of
the chondrocyte extracellular matrix and articular cartilage
tissues and the sustainable inflammation induced by senescent
chondrocytes.20 Cell senescence can be triggered by multiple
complicated factors, such as the shortening of telomerase,
genomic damage, and oxidative stress.21 SA-β-Gal is currently
considered as the most reliable biomarker for identifying cell
senescence. Li reported that SA-β-Gal is highly expressed in
the cartilage tissues isolated from OA patients, while no
expression of SA-β-Gal was observed in the cartilage tissues of
healthy people. Severer OA clinical symptoms are observed as
the expression of SA-β-Gal increases.22 The length of the
telomere is another biomarker of cell senescence and is
regulated by the activity of telomerase. With the increase of the
activity of telomerase, the cellular self-repairment ability of
chondrocytes is elevated to slow down the progression of cell
senescence.23 The rate of cell senescence is mediated by
inflammation. The NF-κB signaling pathway can be activated
by DNA injury, further inducing the excessive production of

proinflammatory factors, such as IL-6, IL-1β, and TNF-α. As a
consequence, the process of cell senescence is accelerated by
these proinflammatory factors through inhibiting the cell cycle
and the inflammatory cascade signaling in the inflammatory
cells.24 In the present study, an in vitro cell senescence model
in the human chondrocytes was successfully established by
stimulation with IL-1β and verified by the upregulation of SA-
β-Gal, activated telomerase activity, G0/G1 phase arrest,
elevated expressions of senescence-related proteins (PAI-1 and
p21), and the activated NF-κB signaling pathway. By the
introduction of Feprazone, we found that the cell senescence in
the chondrocytes was significantly alleviated. We further
investigated the expressions of MMP-13 and ADAMTS-5,
which are the inducers of the degradation of the extracellular
matrix (ECM) and reported to be involved in the development
and progression of OA.25,26 We found that the elevated
expressions of MMP-13 and ADAMTS-5 in the chondrocytes
induced by IL-1β were significantly reversed by Feprazone,
indicating a promising inhibitory effect of Feprazone against
the degradation of ECM. However, in vivo experiments will be
performed to verify the anti-OA property of Feprazone in our
future work.

Figure 7. Feprazone promoted the activation of Nrf2 in IL-1β-challenged C-28/I2 chondrocytes. Cells were stimulated with IL-1β (10 ng/mL) in
the presence or absence of Feprazone (20 μM) for 6 h. (A) Nuclear levels of Nrf2 and (B) intracellular ROS was measured using DCFH-DA
staining. Scale bar, 100 μm (n = 4 or 5; ##, P < 0.01 vs the vehicle group; ###, P < 0.001 vs the vehicle group; &&, P < 0.01 vs the IL-1β group).

Figure 8. Silencing of Nrf2 abolished Feprazone-induced NF-κB activation and cellular senescence. Cells were transfected with Nrf2 siRNA,
followed by stimulation with IL-1β (10 ng/mL) in the presence or absence of Feprazone (20 μM). (A) Western blot analysis revealed successful
knockdown of Nrf2, (B) luciferase activity of NF-κB, and (C) cellular senescence (n = 5; ####, P < 0.0001 vs vehicle group; &&, P < 0.01 vs IL-1β
group; $$, P < 0.01 vs IL-1β + Feprazone group).
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Under the physiological state of hypoxia, chondrocytes can
produce ROS to maintain cellular functions. However,
excessive production of ROS is induced under the OA
pathological state, further inhibiting the synthesis of
proteoglycan and type II collagens via activating the serine-
derived activated protein kinase. As a result, the ECM is
destroyed and the degeneration of cartilage tissues is
accelerated. The expression of matrix metalloproteinase is
also elevated by ROS, further inducing the excretion of
proinflammatory factors and contributing to the development
of OA.27 Oxidative stress can be triggered by the excessive
production of ROS, which is negatively expressed by the Nrf2
signaling pathway. Activated Nrf2 is released from the complex
of Keap1−Nrf2 and transferred into the nucleus to upregulate
the expression of HO-1, further suppressing the production of
ROS.12,28 In the present study, we found that the activated
oxidative stress induced by IL-1β was significantly suppressed
by Feprazone, accompanied by the upregulation of Nrf2. When
Nrf2 was knocked down in the chondrocytes, the anti-
senescence and anti-inflammatory effects of Feprazone were
abolished, indicating that Feprazone might exert antisenes-
cence and anti-inflammatory effects through upregulating Nrf2
to suppress oxidative stress.
Taken together, our data indicate that Feprazone mitigates

IL-1β-induced cellular senescence in chondrocytes through
upregulating Nrf2.

■ MATERIALS AND METHODS

Cell Culture and Treatment. The human chondrocytes,
C-28/I2 cells, were cultured in DMEM/F12 medium
containing 10% fetal bovine serum. A total of 4 × 106 cells
were cultured in T-75 flasks and incubated in an incubator at
37 °C and 5% CO2. For the treatment experiment, cells were
stimulated with IL-1β (10 ng/mL)29 in the presence or
absence of Feprazone (10, 20 μM). Feprazone was
commercially purchased from GLFBIO (CAT#GC40565),
and the powder was dissolved in DMSO and then stored in a
−20 °C freezer before use.
SA-β-Gal Staining. A total of 1.2 × 106 cells were seeded

on a six-well cell culture plate. Then, the treated C-28/I2 cells
were fixed with a senescence β-galactosidase staining kit
(Cat#9860, Cell Signaling Technology) for approximately 15
min at room temperature, followed by being stained using the
β-gal dye for 12 h. After washing three times, a phase-contrast
microscope was used to take images of the stained
chondrocytes to determine the percentage of positive cells.
Telomerase Activity Evaluation. A total of 5 × 104 cells

were seeded on a 96-well cell culture plate. A telomerase
ELISA kit (Cat#11854666910, Roche) was used to detect the
telomerase activity in the treated chondrocytes as previously
reported.30 Briefly, the treated chondrocytes were lysed with a
RIPA lysis buffer (Beyotime, Shanghai, China), followed by
mixing the protein supernatant and the reaction buffer to
detect the telomerase activity according to the instructions of
the manufacturer. Subsequently, the absorbance values at 450
nm were read using a microreader (Thermo, Massachusetts).
Based on the standard curve, the telomerase activity (IU/L) of
the treated chondrocytes was calculated.
Cell Cycle Analysis. Flow cytometry was used to detect

the cell cycle of the treated chondrocytes. Briefly, cold ethanol
was used to fix the cells overnight, followed by being stained
with 50 μg/mL PI solution (Beyotime, Shanghai, China) for

half an hour; then, flow cytometry was used to analyze each
cell cycle phase (G0/G1, G2/M, S) of the cell fraction.

ELISA Assay. A total of 5 × 104 cells were seeded on a 96-
well cell culture plate. The concentrations of MMP-13 and
ADAMTS-5 in the treated chondrocytes were evaluated using
the ELISA assay. Briefly, cells lysed with the lysis buffer were
incubated with 5% bovine serum albumin (BSA) to remove the
nonspecific binding proteins. The antibodies against MMP-13
and ADAMTS-5 were immobilized onto the 96-well microtiter
plates, followed by adding the samples for approximately 30
min. Subsequently, the plates were added with HRP-
conjugated anti-mouse immunoglobulin, washed, and further
incubated with a TMB substrate solution for 30 min to
terminate the reaction. Finally, the absorbance at 450 nm was
measured using a spectrophotometer (Thermo, Massachu-
setts).

Real-Time PCR Analysis. The TRI reagent (Sigma,
Massachusetts), an RNA isolation reagent, was used to extract
total RNA from the treated chondrocytes, followed by being
transformed into cDNA using a first-strand cDNA synthesis kit
(Pharmacia LKB, Uppsala, Sweden). In the present study, a
TaqMan system (Thermo, Massachusetts) was used to
perform the real-time PCR. An ABI PRISM 7300 sequence
detection system (Thermo, Massachusetts) was utilized to
conduct the PCR amplification and product detection. The
relative gene expression was normalized to GAPDH, and the
2−ΔΔCt method was used to calculate the relative expression.
The following primers were used: ADAMTS-5: forward, 5′-
GCAGAACATCGACCAACTCTACTC-3′, reverse, 5′-
CCAGCAATGCCCACCGAAC-3′; MMP-3: forward, 5′-
CCTCTATGGACCTCCCACAGAATC-3′, reverse, 5′-
GGTGCTGACTGCATCGAAGGACAAA-3′; PAI-1: forward,
5′-AGCTCCTTGTACAGATGCCG-3′, reverse, 5′-ACAA-
CAGGA GGAGAAACCCA-3 ′ ; p21: forward , 5 ′ -
GCGCCATGTCAGAACCGGCTGG-3′ , reverse: 5′-
TTAGGGCTTCCTCTTGGAGA-3′; and GAPDH: forward,
5′-ACT GGCGTCTTCACCACCAT-3′, reverse, 5′-AAGGC-
CATGCCAGTGAGCTT-3′.

Western Blot Assay. The protein in the treated
chondrocytes was isolated using a cell lysis buffer (Beyotime,
Shanghai, China), which was quantified with a BCA kit
(Beyotime, Shanghai, China). Approximately 50 μg of protein
was loaded and separated with sodium dodecyl sulfate−
polyacrylamide gel electrophoresis (SDS-PAGE), followed by
being transferred onto a PVDF membrane (Thermo,
Massachusetts). Subsequently, the membrane was incubated
with 5% BSA to remove the nonspecific binding proteins,
followed by incubation with the primary antibodies against
PAI-1 (1:1000, #11907, CST, USA), p21 (1:2000, #2947,
CST, USA), NF-κB p65 (1:2000, #8242, CST, USA), Nrf2
(1:2000, #12721, CST, USA), or β-actin (1:10 000, CST,
USA), followed by incubation with HRP-linked rabbit (1:2000,
#7074, CST, USA) or mouse (1:2000, #7076, CST, USA) IgG
secondary antibodies. After being washed using the TBST
buffer, the membrane was incubated with ECL solution and
exposed using a Tanon 5200 system (Tanon, Shanghai,
China). Finally, the densitometric analysis was performed
using Image J software (National Institutes of Health, USA).

Luciferase Activity Assay. A total of 1.2 × 106 cells were
seeded on a 6-well cell culture plate. A luciferase assay system
(Promega, Wisconsin) was used to determine the luciferase
activity of NF-κB in the treated chondrocytes. The NF-κB
promoter plasmid was transfected into C-28/I2 cells. After
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treatment, the cell lysates were centrifuged at 4 °C for 5 min at
13 200 rpm, followed by being collected and seeded onto an
opaque 96-well plate. Subsequently, each sample was added
with 100 μL of a luciferase assay substrate (Promega,
Wisconsin), followed by measuring the luminescence over 5
s using a microplate luminometer with an automatic injector
(PolarStar, Medina).
DCFH-DA Staining Assay. The treated C-28/I2 cells were

plated in a 24-well plate, followed by replacing the medium
with DCFH-DA (Invitrogen, Paisley, U.K.) solution at a
concentration of 10 μmol/L for 30 min. Subsequently, the
chondrocytes were washed with phosphate-buffered saline
(PBS) buffer, and the production of ROS was detected using a
fluorescence microscope (Thermo, Massachusetts). Software
Image J was used to quantify ROS. First, we characterized the
regions of interest (ROI). We then assessed the integrated
density value (IDV) of target cells. The number of cells (N)
presented in the ROI was calculated. Average levels of ROS =
IDV/N.
Statistical Analysis. Data are shown as mean ± standard

deviation (S.D.). GraphPad Prism Software version 7.00 (San
Diego, CA) was used for statistical analysis. The method of
statistical analysis used was one-way analysis of variance
(ANOVA). P < 0.05 was regarded as statistically significant.
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