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Abstract
Purpose: Osteoarthritis (OA) is a common joint disease characterized by cartilage degeneration, synovial inflammation, osteophytes, and subchondral osteosclerosis. This study investigated the effects of resveratrol (RES) on extracellular matrix (ECM), autophagy, and apoptosis in OA pathogenesis via the SIRT1/FOXO1 pathway.
Methods: The microenvironment of OA chondrocytes was stimulated in vitro by adding 10 ng/mL of IL-1β to
primary Wistar rat chondrocyte. Western blotting, immunofluorescence, quantitative real-time PCR, and transmission
electron microscopy (TEM) were used for analysis.
Results: In the presence of IL-1β, RES increased the expression of silent information regulator (SIR) 1 protein and the
phosphorylation level of forkhead transcription factor (FOXO) 1. It also promoted chondrocyte autophagy, increased
the expression of SOX9 and aggrecan, inhibited chondrocyte apoptosis and matrix breakdown, and protected
chondrocytes from IL-1β damage. After a SIRT1 inhibitor or FOXO1 inhibitor was added, the protective effect of RES
on chondrocytes was significantly weakened. Our results suggest that RES regulates the ECM metabolism, autophagy,
and apoptosis of OA chondrocytes through the SIRT1/FOXO1 pathway to ameliorate IL-1β-induced chondrocyte
injury.
Conclusion: RES protects chondrocytes from IL-1β-induced damage by activating SIRT1/FOXO1 signaling and holds
potential in OA treatment.
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Introduction
Osteoarthritis (OA) is a chronic joint disease that can
lead to chronic pain and limited joint function. Current treatment options cannot reverse OA progression and can only improve the patient’s joint pain. The
degenerative cartilage change is the primary pathological change in OA [1–5]. Under normal conditions, cartilage extracellular matrix (ECM) metabolism is in a
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dynamic equilibrium. In OA, the activity of chondrocyte
catabolic-related enzymes is increased, including matrix
metalloproteinase (MMPs) and A Disintegrin and Metalloproteinase with Thrombospondin motifs (ADAMTS)
[6, 7]. Lentivirus-mediated overexpression of SOX9
can downregulate the levels of some catabolic proteins,
including MMP13 and ADAMTS5 [8]. Thus, maintaining
or reinforcing SOX9 expression in chondrocytes can be
an important therapeutic approach for regenerating cartilage tissue or delaying OA progression.
An imbalance between the autophagy and apoptosis of articular chondrocytes forms an essential part
of the pathological progression of OA, where a marked
increase in the level of apoptosis and a significant
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decrease in the level of autophagy in OA articular chondrocytes is observed [9, 10]. Autophagy is essential in
maintaining normal cellular functions, mainly by regulating cellular metabolism and clearing cells with damaged organelles [11]. Therefore, regulating the balance
between autophagy and apoptosis levels in chondrocytes
is considered an effective approach for OA treatment.
The silent information regulator (SIR) gene family significantly affects gene silencing, genome stability, and
cellular lifespan. SIRT1 promoted matrix synthesis in
mouse articular chondrocytes, suggesting that it is also
an intervention target for cartilage metabolism [12]. The
forkhead transcription factor (FOXO) family comprises
four members, FOXO1, FOXO3, FOXO4, and FOXO6.
Among these, FOXO1 most heavily influences chondrocytes and has essential functions in regulating chondrocyte development, senescence, and oxidative stress [13].
Resveratrol (RES) is the strongest SIRT1 activator among polyphenolic compounds [14], and further
research into the role of SIRT1 and FOXO1 in the antiOA effect of RES is warranted. Herein, we studied the
effect of RES on OA chondrocytes by simulating OA
chondrocytes in vitro. The effect of RES on cartilage
through the SIRT1/FOXO1 pathway provides a theoretical basis for elucidating the pathogenesis of OA and finding effective preventive and curative measures.

Materials and methods
Clinical cartilage specimens

Three cases of OA cartilage tissue were obtained from
patients with OA who underwent knee or hip replacement surgery at the Wuhan University People’s Hospital.
Two males and four females aged 61–76 years (average age 72.39 ± 3.57 years) were enrolled in the study,
and normal cartilage tissue was obtained from patients
who had undergone hip replacement for femoral neck
fractures. All patients provided informed consent, and
the research was approved by the Ethics Committee of
Wuhan University.
Handling and culturing chondrocytes

We isolated chondrocytes from the knee joints of twoweek-old Wistar rats. Bilateral knee cartilage tissues were
extracted and cut up using scissors in a sterile environment. The cartilage was bathed in 0.1% trypsin (Beyotime,
Shanghai, China) for 60 min, followed by overnight incubation in 0.2% collagen II (Sigma, St. Louis, MO, USA) in
a cell culture incubator. The digested cells were collected
and resuspended in chondrocyte medium (DMEM/F-12)
for culturing (BI, Kibbutz Beit Haemek, Israel). The
chondrocytes in the medium were then placed in a cell
culture incubator for passaging. Subsequent experiments
were performed using second-generation chondrocytes.
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To inhibit the SIRT1/FOXO1 signaling pathway, serumstarved cartilage cells were pretreated with SIRT1 inhibitors EX-527 (10 μM/mL) or FOXO1 inhibitors AS (1 μM/
mL) for 6 h and then exposed to IL-1β (10 ng/mL) in the
presence or absence of resveratrol (50 μM) for 24 h.
Transmission electron microscopy (TEM)

Cells were assigned to five groups: IL-1β, control,
IL-1β + RES, IL-1β + RES + AS, and IL-1β + RES + EX-527
groups. Chondrocyte fixation was carried out with 2.5%
glutaraldehyde for 3–4 h, followed by scraping with a cell
scraper. Then, 2.5% glutaraldehyde was added for 2–4 h
at 4 °C, followed by rinsing thrice with 0.1 M phosphate
buffer. The mixture was fixed at room temperature (20 °C)
for 2 h and rinsed again. Finally, dehydration, permeabilization, embedding, sectioning, and staining were performed sequentially, and electron microscopy (HITACHI,
Japan/FEI, USA) was carried out.
Immunofluorescence staining

The chondrocytes were fixed in 4% paraformaldehyde
for 20 min, then washed with PBS, blotted dry, and permeabilized with phosphate Tween 20 buffer (PBST) for
20 min. Volume fraction 5% fetal bovine serum albumin
was added at room temperature. Diluted primary antibody collagen (Affinity, AF0135) (1:1500) and p-FOXO1
(Affinity, AF3416) (1:1000) were added dropwise, followed by overnight incubation at 4 °C. After washing
thrice, the diluted Goat Anti-Rabbit IgG antibody (Affinity, AF0135) (1:5000) was added dropwise. The samples were incubated for 1 h at 37 °C in a wet box and
washed thrice with PBS. DAPI solution was added, and
images were acquired using an inverted fluorescence
microscope. The experiment was performed with three
replications.
Quantitative real‑time PCR

The mRNA levels of aggrecan, MMP13, ADAMTS5,
SOX9, SIRT1 FOXO1, LC3, ATG5, BAX, Beclin 1,
caspase-3, and Bcl-2 were analyzed. TRIzol reagent
(Ambion, China) was used to extract total cellular RNA.
The cDNA synthesis kit (VAZYME, Nanjing, China) was
used to synthesize complementary strand DNA. Target
genes were amplified using the SYBR Premix ExTaq kit
(VAZYME, Nanjing, China). Oligonucleotide primers
used in quantitative real-time PCR are shown in Table 1.
Protein extraction and western blotting

The protein expression levels of SIRT1, FOXO1,
ADAMTS5, SOX9, aggrecan, caspase-3, p-FOXO1,
BAX, MMP13, and BCL-2 in chondrocytes were measured by the western blotting. Chondrocytes were lysed
by adding cell lysis solution 24 h after cell culture,
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Table 1 Oligonucleotide primers used in real-time PCR
Gene

Forward primer (5′-3′)

Reverse primer (5′-3′)

Rat GAPDH

5′-ACAGCAACAGGGTGGTGGAC-3′

5′-TTTGAGGGTGCAGCGAACT T-3′

Rat LC3

5′-AAAATGGGGCACGGATGAAG-3′

5′-GCAGGTC TTCAAAATGCCCA-3′

Rat MMP13

5′-CCCGAGACCTCATGTTCATCT-3′

5′-CTTC TTC TATGAGGCGGGGAT-3′

Rat Foxo1

5′-CCATGCC TCACACATC TGCC-3′

5′-TTAAAATCCAAGGTATCTCCGTCCA-3′

Rat SOX9

5′-CACAAGAAAGACCACCCCGA-3′

5′-TGCACGTCTGTTT TGGGAGT-3′

Rat Aggrecan

5′-TGAC TTTCCTCCGTCTACTGTC-3′

5′-AGGTCTTCTGTGATCGGTACTC-3′

Rat ATG5

5′-GTTAGTGAGATTTGGT TTGA-3′

5′-ATTT TCT TCTGGAGGGTAT T-3′

Rat Beclin 1

5′-GAGGTACCGACTTGTTCCC T-3′

5′-CCTT TCTCCACGTCCATCC T-3′

Rat Caspase-3

5′-TGGACTGCGGTAT TGAGACA-3′

5′-GCGCAAAGTGACTGGATGAA-3′

Rat SIRT1

5′-TGCCATCATGAAGCCAGAGA-3′

5′-CATCGCAGTC TCCAAGAAGC-3′

Rat BAX

5′-AAGAAGC TGAGCGAGTGTC T-3′

5′-CCAGTTGAAGTTGCCGTCTG-3′

Rat Bcl-2

5′-TGAC TGAGTACCTGAACCGGCATCT-3′

5′-GAGACAGCCAGGAGAAATCAAACAGA-3′

Homo GAPDH

5′-TCAAGAAGGTGGTGAAGCAGG-3′

5′-TCAAAGGTGGAGGAGTGGGT-3′

Homo SIRT1

5′-AGCAGAT TAGTAGGCGGCT T-3′

5′-GACTCTGGCATGTCCCACTA-3′

Homo FOXO1

5′-TGAAACGAGCAAC TATCAAAGAC-3′

5′-ATAAAAGAACCAGATGGAGGACT-3′

followed by protein extraction and measurement of the
target protein levels using the BCA Protein Level Assay
Kit (Beyoncé, China). The proteins were separated and
stored at − 20 °C. Subsequently, the proteins were electrophoresed, transferred, soaked in a warm blocking
solution for 1 h, and incubated overnight with the primary antibody. The membrane was washed and incubated with the secondary antibody (HRP-labeled sheep
anti-rabbit, Wuhan Boster Biological Technology, LTD.)
(1:50,000) for 1 h. After washing again, the proteins were
detected by chemiluminescence and developed by X-ray
film exposure. GAPDH was used as the endogenous protein for visualization and standardization. Densitometric
analysis was conducted with ImageJ software. The process was repeated thrice under identical experimental
conditions. Information on the antibodies used is listed
in Table 2.
Cell proliferation assay by CCK‑8 kit

The influence of different RES concentrations on chondrocyte growth was assayed using the Cell Counting
Kit-8 (CCK-8, MCE, China). The chondrocytes were
separated into six groups and treated with 0, 25, 50, 100,
200, and 400 μM of RES, respectively. Chondrocytes were
placed in 96-well plates at a concentration of 1 × 105/mL
and cultured in a 37 °C cell culture oven until the following day. The groups of chondrocytes were then treated
with various concentrations of RES for 24 h. The CCK-8
solution was inserted into the culture wells 3 h before
RES treatment and incubated for an additional 4 h. The
experiment was repeated three times.

Table 2 Information related to antibody used in the study
Antibodies company catalog dilution ratio
Aggrecan (250 KD)

Affinity

DF7561

1:2000

ADAMTS5 (72KD)

Affinity

DF13268

1:1000

Caspase-3 (1732KD)

Abcam

ab184787

1:2000

BAX (21KD)

Affinity

AF0120

1:2000

Bcl-2 (26KD)

Affinity

AF6139

1:1000

SIRT1 (130KD)

PROTEINTECH GROUP

60303-1-Ig

1:5000

FOXO1 (74KD)

ABclonal

A2934

1:1000

p-FOXO1 (78KD)

Affinity

AF3416

1:1000

SOX9 (56KD)

Abcam

ab185966

1:3000

MMP13 (54KD)

Abcam

Ab39012

1:3000

GAPDH (37KD)

GOODHERE

AB-P-R 001

1:1000

TUNEL analysis

Chondrocyte apoptosis was examined using TUNEL
analysis. Chondrocytes were divided into control, IL-1β, IL-1β + RES, IL-1β + RES + AS, and
IL-1β + RES + EX-527 groups. The TUNEL staining was carried out according to the manufacturer’s
instructions (Roche, IN, USA). Apoptotic cells were
imaged and measured under a fluorescence microscope. The number of positive cells was quantified in
three randomly selected fields of view of three sections
from each sample using Image J 8.0.
Reagents

Resveratrol (RES, no. R107315, CAS: 501-36-0, purity
99%), selisistat (EX-527, no. S1541, 99% purity),
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AS1842856 (AS, no. 88222, 99% purity) were purchased
from Maclean Biotech (Shanghai, China).
Statistical analysis

All experiments were repeated thrice. Data are
expressed as the mean ± SEM. Graphs were generated
using GraphPad Prism 8.0 (GraphPad Software Inc.,
CA, USA). The difference between two or multiple
groups was examined by Student’s t test or ANOVA,
respectively. A value of p < 0.05 was considered to indicate statistical significance.

Results
Downregulated SIRT1/FOXO1 pathway in OA cartilage
based on clinical specimens

We examined the expression levels of SIRT1 (Fig. 1A–
C), FOXO1 (Fig. 1A–C), and p-FOXO1 (Fig. 1A, B) in
normal (n = 3) and OA cartilage (n = 3) tissues using
quantitative real-time PCR, protein blotting, and
immunofluorescence techniques to confirm that low
activation of the SIRT1/FOXO1 pathway was associated with OA development. Furthermore, chondrocytes
were exposed to IL-1β (10 ng/mL) for 24 h to mimic the
in vitro OA microenvironment. As shown, the expression levels of SIRT1 (Fig. 1D–F), FOXO1 (Fig. 1D–F),
and p-FOXO1 (Fig. 1D, E, G, H) were consistent with
the results obtained for OA cartilage. The above results
suggest that low expression of the SIRT1/FOXO1 pathway is associated with OA development.
Effect of RES on chondrocyte proliferation

The molecular structure of RES is shown in Fig. 2A. The
cytotoxicity of RES on chondrocytes was studied using
the CCK-8 assay. As demonstrated in Fig. 1B, chondrocytes were treated with different concentrations (0, 25,
50, 100, 200, and 400 µM) of RES for 24 h. The maximum RES concentration not toxic to the cells, defined
as cell survival > 90%, was selected. This was found to
be 50 µM (Fig. 2B).
RES attenuates IL‑1β‑induced chondrocyte damage
via the SIRT1/FOXO1 pathway

Our study found that RES activated SIRT1 in IL-1β
cultured chondrocytes and increased p-FOXO1 and
FOXO1 expression. When IL-1β-cultured cells were
subjected to RES, AS, or RES and EX-527, SIRT1 and
p-FOXO1 expression levels were inhibited at the protein and mRNA levels. Surprisingly, after the addition
of EX-527, SIRT1 and p-FOXO1protein expression
levels were inhibited to a certain extent in the chondrocytes, suggesting an inter-regulatory relationship
between SIRT1 and FOXO1. We further investigated
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the effect of RES on IL-1β-induced chondrocytes by
examining the expression of MMP13, ADAMTS5,
aggrecan, and SOX9. Quantitative real-time PCR and
western blot results showed that protein and mRNA
levels of aggrecan (Fig. 3A, B, E) and SOX9 (Fig. 3A,
B, D) were significantly decreased in IL-1β-induced
chondrocytes compared to controls; mRNA and protein expression levels of MMP13 (Fig. 3A, B, H) and
ADAMTS5 (Fig. 3A, B, G) were increased. Compared to IL-1β-induced chondrocytes, the RES group
(RES + IL-1β) showed a marked enhancement in the
protein and mRNA expression levels of aggrecan
(Fig. 3A, B, E) and SOX9 (Fig. 3A, B, D). RES markedly decreased the protein and mRNA expression levels
of MMP13 (Fig. 3A, B, H) and ADAMTS5 (Fig. 3A, B,
G), attributed to the successful attenuation of IL-1βinduced ECM breakdown in chondrocytes. Compared
to the RES group, the addition of the SIRT1 inhibitor
EX-527 or the FOXO1 inhibitor AS to the RES group
significantly reduced protein and mRNA levels of
aggrecan (Fig. 3A, B, E) and SOX9 (Fig. 3A, B, D) and
increased the mRNA and protein levels of MMP13
(Fig. 3A, B, H) and ADAMTS5 (Fig. 3A, B, G). The protective effect of RES on chondrocytes was significantly
diminished. Thus, RES effectively alleviated IL-1βinduced chondrocyte damage and maintained chondrocyte homeostasis via the SIRT1/FOXO1 pathway.
Resveratrol improved IL‑1β‑induced autophagy
in chondrocytes via the SIRT1/FOXO1 pathway

We used real-time PCR and TEM to investigate the
impact of RES on autophagy levels in IL-1β-group chondrocytes. The mRNA levels of autophagy-related genes
LC3 (Fig. 4A), ATG5 (Fig. 4C), and Beclin 1 (Fig. 4B)
were markedly decreased in IL-1β-induced chondrocytes compared to normal chondrocytes. The RES group
(RES + IL-1β) demonstrated significantly increased
expression levels of autophagy-related genes in IL-1βinduced chondrocytes compared to the IL-1β group. The
addition of EX-527 or AS to the RES group significantly
reduced the upregulation of IL-1β-induced autophagyrelated genes in chondrocytes by RES compared to the
RES group. TEM imaging showed that cells in the IL-1β
group had fewer autophagosomes than the control
group. Cells in the RES group showed more autophagosomes than the IL-1β-treated group, and when the SIRT1
inhibitor or FOXO1 inhibitor was added, the number of
autophagosomes was significantly reduced (Fig. 4D). The
above results suggest that RES promotes the restoration
of chondrocyte autophagy levels through the SIRT1/
FOXO1 pathway.
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Fig. 1 The SIRT1/FOXO1 pathway was downregulated in OA cartilage cells from clinical specimens. A, D Western blot analysis shows the expression
of target proteins SIRT1, FOXO1, and p-FOXO1. B, E The relative expression of SIRT1, FOXO1, and p-FOXO1 was quantified by normalization
with GAPDH. C, F The mRNA expression levels of SIRT1 and FOXO1 in chondrocytes were quantified by quantitative real-time PCR. G, H The
concentration of P-Foxo1 protein in cartilage tissues was detected by immunofluorescence, and quantitative immunofluorescence analysis was
performed using ImageJ software. All data are presented as the mean ± SEM (n = 3), *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001
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Fig. 2 Effect of RES on chondrocyte proliferation. A Chemical structure of RES. B The effect of RES on chondrocyte proliferation was assayed using
CCK-8 to determine the optimal drug concentration for intervening cells, and the RES concentration was selected at 50 µM for all subsequent
experiments

Resveratrol attenuates IL‑1β‑induced apoptosis
in chondrocytes via the SIRT1/FOXO1 pathway

To analyze the effect of RES on chondrocyte apoptosis, we used real-time PCR, western blot analysis, and
TUNEL analysis. The quantitative real-time PCR and
western blot results showed that the mRNA and protein
levels of apoptosis-related genes caspase-3 (Fig. 5A–C)
and BCL-2 (Fig. 5 A, B, D) were significantly increased
in the IL-1β group compared to normal chondrocytes.
In contrast, the expression of the apoptosis-inhibiting
gene BAX (Fig. 5 A, B, E) was decreased. Compared to
the IL-1β group, the RES group (RES + IL-1β) showed a
significantly attenuated increase in IL-1β-induced apoptosis in chondrocytes. The addition of EX-527 or AS to
the RES group significantly increased the level of IL-1βinduced chondrocyte apoptosis compared to the RES
group. We performed TUNEL (Fig. 5F, G) experiments
to study chondrocyte apoptosis. The CCK-8 results
(Fig. 5H) also showed that RES could promote chondrocyte proliferation, consistent with the above findings. The
results suggest that RES can inhibit IL-1β-induced chondrocyte apoptosis via the SIRT1/FOXO1 pathway.

Discussion
We collected tissue samples from three patients with OA
and three with normal clinical cartilage tissues. The analysis verified that the SIRT1/FOXO1 pathway was downregulated in OA articular cartilage. RES reversed the
imbalance between IL-1β-induced disruption of cartilage
ECM metabolism and chondrocyte autophagy and apoptosis by activating the SIRT1/FOXO1 signaling pathway.
The data supported the hypothesis that RES can benefit OA chondrocytes by activating the SIRT1/FOXO1
pathway.
According to extensive research, OA cannot be solely
attributed to mechanical wear and tear but is also a
chronic inflammatory disease [15]. The levels of various
pro-inflammatory factors like IL-1β, IL-8, TNF-α, and
IL-6 increase in OA joint tissues, with IL-1β being the
most critical pro-inflammatory factor [16, 17]. IL-1β levels continue to rise in joint tissues as OA progresses [18].
In this study, IL-1β was used as an inducer of chondrocyte degeneration to simulate the in vivo cartilage degeneration model in patients with OA, like in other studies
[19, 20].

(See figure on next page.)
Fig. 3 RES attenuates IL-1β-induced chondrocyte damage via the SIRT1/FOXO1 pathway. A Western blot shows the expression of target proteins
SIRT1, FOXO1, p-FOXO1, aggrecan, SOX9, MMP13, and ADAMTS5, which are associated with the SIRT1/FOXO1 pathway and apoptosis. B The relative
expression of SIRT1, FOXO1, p-FOXO1, aggrecan, SOX9, MMP13, and ADAMTS5 was quantified by normalization with GAPDH. C–H The mRNA
expression levels of SIRT1, FOXO1, p-FOXO1, aggrecan, SOX9, MMP13, ADAMTS5 in chondrocytes were quantified by quantitative real-time PCR. a–e
Corresponds to control, IL-1β, IL-1β + RES, IL-1β + RES + AS, and IL-1β + RES + EX-527, respectively. AS = FOXO1 inhibitor, EX-527 = SIRT1 inhibitor. All
data are presented as the mean ± SEM (n = 3), *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001
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Fig. 4 RES improves IL-1β-induced autophagy in chondrocytes via the SIRT1/FOXO1 pathway. A–C Expression of LC3, ATG5, and Beclin 1
genes associated with chondrocyte autophagy was quantified using quantitative real-time PCR. D Groups of intracellular autophagic vesicles
were observed by transmission electron microscopy. a–e Correspond to control, IL-1β, IL-1β + RES, IL-1β + RES + AS, and IL-1β + RES + EX-527,
respectively. All data are presented as the mean ± SEM (n = 3), *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001

The SIRT1/FOXO1 pathway plays an important role
in cell metabolism, but there are few studies on the
effect of the SIRT1/FOXO1 pathway on OA chondrocytes. Previous studies have demonstrated the
beneficial effects of SIRT1 activation on the energy

metabolism of OA chondrocytes [21]. Activation of
SIRT1 by RES ameliorates palmitate-induced inflammation and reduces OA inflammatory damage [22, 23].
It has been demonstrated that in skeletal muscle and
adipocytes, SIRT1 regulates the expression of FOXO1
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Fig. 5 Effect of RES on IL-1β-induced apoptosis levels in chondrocytes. A Western blot analysis shows the expression of BCL-2, BAX, caspase-3,
genes associated with chondrocyte apoptosis. B The relative expression of BCL-2, BAX, and caspase-3 was quantified via normalization to GAPDH.
a–e Correspond to control, IL-1β, IL-1β + RES, IL-1β + RES + AS, and IL-1β + RES + EX-527, respectively. C–E Levels of caspase-3, BAX, and BCL-2 in
chondrocytes were quantified using quantitative real-time PCR. H Detection of chondrocyte proliferation in each group using CCK-8. F, G Detection
of chondrocyte proliferation in each group using TUNEL. All data are presented as the mean ± SEM (n = 3), *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001
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[24–27]. FOXO1 is highly expressed in chondrocytes
and belongs to the FOXO family of transcription factors [28]. Similarly, this study provides convincing evidence that the SIRT1/FOXO1 pathway plays a key role
in chondrocytes and may mediate OA development.
SIRT1 and P-FOXO1 expression levels were significantly reduced in the articular cartilage cells from OA
patients cultured with IL-1β. In addition, ECM degradation was increased considerably in IL-1β-treated
chondrocytes compared with normal chondrocytes.
After adding RES, the expression levels of SIRT1 and
p-FOXO1 increased significantly, and the expression
levels of ECM degradation-related genes decreased
significantly. In addition, we found that EX-537 could
inhibit SIRT1 and downregulate the expression of
SIRT1 and p-FOXO1 protein. In contrast, SIRT1 protein expression was not changed after AS blocked
FOXO1, but the expression level of p-FOXO1 was
affected to some extent. The results further supported
that SIRT1 can modulate FOXO1 activity and ameliorate IL-1β-induced chondrocyte damage.
Autophagy promotes the renewal of organelles by
engulfing damaged proteins and organelles to achieve
efficient cell metabolism [29]. When cells are stressed
by hypoxia, starvation, or inflammation, cellular
autophagy is triggered to avoid apoptosis and maintain the cell’s metabolic homeostasis [30]. Sasaki et al.
showed that autophagy was significantly inhibited in
chondrocytes of OA cartilage [31]. The SIRT1/FOXO1
pathway is important for regulating autophagy in vascular endothelial cells [32]. SIRT1/FOXO1 pathwayinduced autophagy has been reported to facilitate the
survival of energy-deficient cardiomyocytes [33]. We,
therefore, explored the link between the SIRT1/FOXO1
pathway and chondrocyte autophagy and apoptosis.
We demonstrated that the expression of autophagyrelated genes was significantly reduced, and apoptosisrelated gene expression was increased in IL-1β-induced
chondrocytes. This resulted in a significant imbalance
in chondrocyte autophagy and apoptosis levels, which
was reversed when RES was added. Furthermore, the
inhibited SIRT1 or suppressed FOXO1 expression significantly attenuated the RES reversal of IL-1β-induced
imbalance in chondrocyte autophagy and apoptosis levels. This implied that RES might regulate the balance of
apoptosis and autophagy levels in OA chondrocytes via
the SIRT1/FOXO1 pathway, thereby delaying the progression of OA.

Conclusion
The results of our clinical specimen experiments confirm the relevance of the SIRT1/FOXO1 pathway in
OA pathology. We demonstrated that RES could exert
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beneficial effects on OA chondrocytes by activating the
SIRT1/FOXO1 pathway, which has the following effects:
(1) mitigating ECM breakdown in OA chondrocytes; (2)
promoting the restoration of autophagy in OA chondrocytes; and (3) inhibiting OA chondrocyte apoptosis. The
above results suggest that RES may be a meaningful drug
for the prevention and treatment of OA.
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