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Abstract
Background: Osteoarthritis (OA) is a chronic joint disease characterised by degeneration of articular
cartilage, massive apoptosis of chondrocytes and changes in subchondral bone. Quercetin (QUE), a
naturally occurring �avonoid, has shown potent anti-in�ammatory effects; however, its effects and
underlying mechanisms on OA have seldom been systematically illuminated. In this study, we explored
the protective effects of QUE on repairing OA-induced chondrocytes injuries and its possible mechanisms.

Methods: Human articular chondrocytes were isolated and cultured, and then induced by
lipopolysaccharide (LPS). Chondrocytes were assigned into Control group (normal complete culture
medium), LPS induction group (Model group), QUE+LPS induction group (QUE group), 3-MA+LPS
induction group (3-MA group), 3-MA+QUE+LPS induction group (3-MA+QUE group), compound C (Com C)
+LPS induction group (Com C group) and Com C+QUE+LPS induction group (Com C +QUE group). The
optimal intervention concentration of LPS and QUE were selected by the Cell Cycle Kit‐8 assay (CCK‐8),
osteoarthritis and in�ammatory factors relevant to osteoarthritis, interleukin‐1β (LI-1β) and tumor
necrosis factor‐α(TNF-α), were tested by enzyme‐linked immunosorbent assay (ELISA). Quantitative real-
time polymerase chain reaction (qRT-PCR) was performed to detect mRNA expressions of autophagy-
related genes (LC3  and P62). Western blotting and Immuno�uorescence staining were utilized to detect
expressions of cartilage matrix degradation, apoptosis and autophagy-related proteins and of relevant
proteins in the AMPK/mTOR/ULK1 signaling pathway. Cell cycle and apoptosis were detected by �ow
cytometry. Transmission electron microscope (TEM) images were used to detect autophagosomes, and
Lyso-Tracker Red was applied to measure lysosomal activity.

Results: In current study, we demonstrated that QUE can activate autophagy in LPS-induced
chondrocytes. And, QUE can suppress apoptosis, in�ammation and cartilage matrix degradation in LPS-
induced chondrocytes by autophagy-based. Furthermore, these results demonstrated that QUE activates
autophagy can suppress apoptosis, in�ammation and cartilage matrix degradation in LPS-induced
chondrocytes through targeting AMPK/mTOR/ULK1 signaling pathway.

Conclusions: QUE activates autophagy alleviated LPS-induced chondrocytes injuries through targeting
AMPK/mTOR/ULK1 signaling pathway.

Background
Osteoarthritis (OA) is a chronic degenerative joint disease characterised by degeneration of articular
cartilage, massive apoptosis of chondrocytes and changes in subchondral bone, accompanied by
osteophytes at the joint margins, with pain and loss of joint function as the main clinical manifestations
[1–3]. With the increase in obesity and population ageing, the incidence of OA is increasing year by year
[4, 5], and the current incidence of OA accounts for 4–13% of the world's population [1], of which the
incidence of OA patients over 65 years of age is 50% [6], and the incidence of OA patients over 75 years
of age has exceeded 80% [7], which seriously affects patients' quality of life and is also one of the main
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causes of disability [5]. The current pharmacological treatment of OA consists of oral painkillers,
non‐steroidal anti‐in�ammatory drugs and intra-articular injections of corticosteroids. However, these
treatments only provide temporary relief and do not really stop the progression of OA and have side
effects such as irritation of the gastrointestinal tract and an increased risk of cardiovascular disease.
Therefore, exploring a better treatment for OA has been the focus of orthopaedic research. Although the
pathogenesis of OA is not yet clear, it is generally believed that autophagy is essential for maintaining
chondrocyte function, and a decrease in autophagic activity leads to the development of OA [8]. In the
process of OA, the autophagic activity of chondrocytes decreases, resulting in a decrease in the ability to
remove their own aging and damaged organelles and in�ammatory factors, resulting in impaired
chondrocyte function and apoptosis, which in turn leads to in�ammatory reactions and disorders of the
synthesis and breakdown of the extracellular matrix (ECM), resulting in cartilage degeneration [8–10].

Quercetin (3′,4′,5,7-pentahydroxy�avone [QUE]) is a rich natural �avonoid that is widely found in
vegetables and fruits and has anti-in�ammatory and anti-oxidative stress effects [3, 11, 12]. QUE has
great value in the treatment of OA [13]. It has been shown that QUE has a therapeutic effect on OA by
inhibiting the in�ammatory response of chondrocytes and the degradation of cartilage extracellular
matrix [3]. Wen et al. [14] showed that QUE inhibits IL-1β-induced in�ammatory response and apoptosis in
rat chondrocytes through inhibition of IRAK1/NLRP3 signaling pathway, thereby attenuating the
progression of OA in rats. QUE can up-regulate SOD and TIMP1, down-regulate MMP13, and improve the
degeneration of OA through weakening the oxidative stress responses and inhibiting the degradation of
cartilage extracellular matrix [15]. However, the mechanism of action of QUE in the treatment of OA is still
unclear. Recent studies have shown that QUE modulates chondrocyte autophagy in KOA by activating
TSC2-RHEB-mTOR [16].

Autophagy regulates cell differentiation, survival, death, aging and other physiological functions [17].
When a cell faces a malignant stress environment such as energy de�ciency, hypoxia and in�ammation,
it uses its own intracellular lysosomes to degrade damaged and discarded organelles or macromolecules
in the cytoplasm into small molecules such as glucose, amino acids, free fatty acids, etc., and resupply
them to the cell for recycling, a process called autophagy, which is a normal protective mechanism for
eukaryotes in the face of adverse environments [8]. The role of autophagy can be summarized in two
aspects: on the one hand, cells can eliminate necrotic and aggregated proteins as well as bacteria,
viruses or other pathogens in the body through autophagy and perform self-puri�cation; on the other
hand, the proteins or pathogens eliminated by autophagy can be converted into nutrients and energy for
cell survival. Autophagy, a genetically regulated process of cellular energy metabolism, has been shown
to be an important protective mechanism for articular cartilage [16]. The occurrence of chondrocyte death
and OA is associated with reduced autophagic activity [9], in line with this �nding, Carames B et al. [18]
found that chondrocyte autophagy levels were signi�cantly decreased in OA patients, accompanied by
reduced expression of ULK1, Beclin1, and LC3 proteins, and the same occurred in a mouse model of OA.
So, autophagy is essential for maintaining chondrocyte function, that autophagy is essential for
maintaining the integrity and function of articular cartilage, and that reduced autophagic activity leads to
the development of OA. Recently, it has been found that AMPK can improve the stress resistance and
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survival of chondrocytes by regulating the activity of its downstream target molecules in articular
chondrocytes, and plays an important role in the development of OA [19]. The AMPK/mTOR/ULK1
pathway-based targeting to regulate chondrocyte autophagy to restore chondrocyte function and prolong
their lifespan, thereby delaying the progression of OA has been demonstrated, for example, by Zhang et al
[20], who �rst demonstrated that cartilage-speci�c ablation of mTOR resulted in increased autophagic
signaling and signi�cant protection against medial meniscal instability in a mouse model of OA, thereby
signi�cantly attenuated articular cartilage degradation, apoptosis and synovial �brosis, suggesting that
the regulation of ULK1/AMPK signaling pathway by mTOR may be partially responsible for regulating
autophagic signaling and the balance between catabolic and anabolic factors in articular cartilage,
protecting rats from OA. Zhao et al. [21] showed that the mRNA expression levels of IL-6 and TNF-α were
suppressed in chondrocytes stimulated with IL-1β by ozone treatment, and ozone increased the mRNA
levels of TIMP-1 and decreased MMP-13 mRNA levels in IL-1β-stimulated chondrocytes. These results
suggest that ozone can improve the autophagy level of IL-1β-stimulated chondrocytes by activating the
AMPK/mTOR pathway, inhibiting in�ammation, and helping maintain the metabolic homeostasis of IL-
1β-stimulated chondrocytes. AMPK/mTOR/ULK1 signaling pathway has become a hot spot for studying
OA chondrocyte autophagy and a new research target for drug treatment of OA [22, 23]. Unfortunately, the
mechanism of whether QUE regulates autophagy to retard the progression of OA by regulating the
AMPK/mTOR/ULK1 signaling pathway is not clear. So, this study explored the molecular mechanism of
QUE for OA treatment based on this signaling pathway.

Based on these studies, in this study, we examined the therapeutic effects of QUE on LPS-induced
chondrocytes mimicking an OA-like cell model and con�rmed the role of QUE in regulating chondrocyte
autophagy by mediating the AMPK/mTOR/ULK1 signaling pathway. This will help to further explore the
pathogenesis of OA and the action targets of QUE, and provide theoretical and experimental basis for the
prevention and treatment of OA.

Materials And Methods

Reagents
QUE (Q4951, USA) was purchased from sigma. Lipopolysaccharide (LPS) (L8880, China), Collagenase II
(C8150, China), Toluidine blue (G3660, China) was purchased from Solarbio. Dulbecco’s modi�ed Eagle’s
medium (DMEM)‐F12 medium (SH30023.01, USA) and phosphate‐buffered saline (PBS) (SH300256.01,
USA) were purchased from Hyclone. Fetal bovine serum (FBS) (10099141C, AUS), 0.25%
trypsin (25200072, AUS) were purchased from GIBCO. Cell Counting Kit 8 assay (CCK8) (40203ES0,
China) were purchased from YEASEN. Lyso-Tracker Red (C1046, China) were purchased from Beyotime.
Enzyme‐linked immunosorbent assay (ELISA) kit for human 1L‐1β (MM-0181H1, China) and ELISA kit for
human TNF‐α (MM-0122H1, China) were purchased from FEIYA BIOTECHNOLOGY. Cell cycle staining Kit
(CCS012, China) were purchased from MULTI SCIENCES. Annexin V-FITC/PI cell apoptosis detection Kit
(MA0220, China) were purchased from meilunbio. Goat Anti-Rabit IgG (H&L)-Alexa Fluor 488 (RS3211,
USA) were purchased from Immunoway. compound C (Com C) (HY-13418A, USA) were purchased from
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MCE, Collagen type II (Collagen ) (GTX127375, USA) were purchased from Gene Tex. First Strand cDNA
Synthesis kit (11141ES60, China), Fluorescence quanti�cation kit (11141ES60, China), Total RNA
Extraction Kit (19221ES50, China) were purchased from YEASEN.

Methods

Cartilage explant and chondrocyte isolation
Human articular cartilage was obtained with implicit consent as waste material from patients undergoing
total knee replacement surgery 5 females, 5 males, 65±10 years). This protocol was approved by the
Medical Ethical Committee of the Gansu Provincial Hospital of Traditional Chinese Medicine, Lanzhou,
protocol number 2020-136-01. Full thickness cartilage was removed from the articular surface of the
tibial plateau or lower femur and washed three times with 0.9% NaCl (Sichuan Kelun Pharmaceutical Co.,
Ltd, China). To isolate chondrocytes, cartilage chips was cut into 1mm3 pieces, washed 3 times with PBS,
transferred into a sterile centrifuge tube, added 4 times the volume of 0.2% type II collagenase solution
and 1 times the volume of 0.25% trypsin solution, placed in a 37℃ shaker incubator and digested with
slight shaking until the cartilage tissue pieces basically disappeared and the solution became cloudy,
then centrifuged for 5 min at 1000rpm/min. The cells were washed twice with PBS, and the supernatant
was discarded. The isolated chondrocytes were expanded in monolayer at a seeding density of 2x105/ml
in DMEM high glucose supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100 U/mL
streptomycin (Solarbio, China) and incubated at 37℃ in a 5% CO2 incubator. Approximately 80% of
con�uency cells were trypsinized and reseeded at 2x105/ml. Cells were used for experiments after 3
passages.

Toluidine blue staining
Primary chondrocytes of the knee joint were taken and inoculated into a 6‐well plate at 5x104 cells/well.
When the number of cells reached more than half of the area, 4% paraformaldehyde was used to �x them
at room temperature for 30 min. After rinsing for 5 min, the toluidine blue dye solution was added evenly,
and after staining at room temperature for 15 min, distilled water and PBS buffer solution were rinsed
until dark blue disappeared. Finally, an appropriate amount of ultrapure water was added and then
observed microscopically (10x Magni-�cation, ECLIPSE Ts2 inverted phase contrast microscope, Nikon,
Japan).

Optimal intervention concentration of LPS and QUE
screened by CCK‐8
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Inoculation density of cells was 1x105 cells /well, for each group of three wells. LPS medium at different
concentrations (0, 2.5, 5, 7.5, 10 and 12.5µg/ml) was added to the drug group, respectively. After 24, 48
and 72 hours of intervention, respectively, 10 µl of CCK-8 solution was added to each well and incubated
at 37°C for 2 hours. The OD value of each well was detected at 450 nm. The normal complete culture
medium was used in the blank group. After moulding according to the appropriate concentration
determined by LPS, the QUE was added to each well at 0μmol/ml, 50μmol/ml, 100μmol/ml, 150μmol/ml
and 200μmol/ml, respectively. After 12, 24 and 48 hours of intervention, respectively, 10 µl of CCK-8
solution was added to each well and incubated at 37°C for 2 hours. The OD value of each well was
detected at 450 nm.

Experimental grouping and intervention
All groups except the control group were treated with 10µg/ml LPS and cultured for 48 h at 37˚C in a
humidi�ed atmosphere containing 5% CO2. After successful intervention, normal complete medium was
added to control group and cultured for 48 h, complete medium containing 100μmol/ml QUE was added
to QUE group and cultured for 24 h, complete medium containing 100nmol/ml 3-MA was added to 3-MA
group and cultured for 12 h, complete medium containing 100nmol/ml 3-MA was added to 3-MA+QUE
group and cultured for 12 h, then 100μmol/ml QUE was added for 24 h, complete medium containing
5µmol/ml compound C (com C) was added to Com C group and cultured for 12 h, complete medium
containing 5µmol/ml com C was added to Com C+QUE group and cultured for 12 h, then 100μmol/ml
QUE was added for 24 h.

Quantitative real-time polymerase chain reaction (qRT-PCR)
After treatments, total RNA from chondrocytes was extracted by using the Trizol (YEASEN, China)
according to the manufacturer’s instructions. The concentration of each RNA sample that was detected
by Ultra-micro UV-Visible Spectrophotometer (Bio Teke, China), after which, the RNA samples were stored
at -80 ℃ for preparation. The primers used for RT-PCR were designed in accordance with the nucleotide
sequence of LC3  and P62 in Gen bank by BLAST, and the results are shown in Table 1. The primer pairs
were synthesized by Sangon Biotech. The RT-PCR assay was performed using the reverse transcription
kits provided by YEASEN, and with the �nal volume of 20μl including 10μl 2 X SYBR Green QPCR master
mixes, 0.4μl for each primer (10μmol/l), 0.3μl diluted Reference Dye and 0.3μl cDNA with addition of 9ml
DEPC water. PCR reactions were carried out in circulations, pre-denaturation at 95 ℃ for 10 min, followed
by 40 circulations of denaturation at 95 ℃ for 30 s, annealing at 58 ℃ for 1 min and extension at 72 ℃
for 30 s. The GAPDH gene was used as the reference gene. Averaged CT values (ampli�cation power
curve in�ection point) were analyzed and targeted gene expression levels were calculated using the
formula  2-△△Ct.

Table. 1 
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Sequences of the primers

PCR primers sequences Forward (5'-3') Reverse (5'-3')

LC3 ACCCTGAGTCTTCTCTTCAGGT GTTGCGCTTCACAACTCAGG

P62 TGAGGAACAGATGGAGTCGGA TCGGATTCTGGCATCTGTAGG

GAPDH CAGGAGGCATTGCTGATGAT GAAGGCTGGGGCTCATTT

Western blotting
After treatments, the cells were washed three times with PBS and collected with RIPA lysis buffer
(Solarbio, China) containing phosphatase and protease inhibitor cocktail (Solarbio, China) on ice for 2 h.
Then, the total protein concentration was detected by Ultra-micro UV-Visible Spectrophotometer (Bio Teke,
China). Equal amounts of protein were separated by 6–12% SDS-PAGE and transferred to polyvinylidene
(PVDF) membranes (Millipore, USA). 5% bovine serum albumin (BSA) (Solarbio, China) was used to block
the membranes. After 60 min, the PVDF membranes were incubated with primary antibodies overnight at
4 °C. After that, the membranes were washed with tris buffered saline tween (TBST) three times and
incubated with speci�c secondary antibodies at room temperature for 1 h. Finally, the enhanced
chemiluminescence solution (ECL, 36208ES60, YEASEN, China) was added to the band and the strip was
visualized by the detection system (Bio-RAD, CA, USA). Image J. (1.8.0, National Institutes of Health,
Germany) was used to analyze the gray value of the strip. The primary antibodies used in this study are
listed: MMP13 (GTX100665, 1:1000, Gene Tex, USA), LC3  (GTX100829, 1:1000, Gene Tex, USA), P62
(GTX100685, 1:1000, Gene Tex, USA), TIMP1 (YT4658, 1:1000, Immunoway, USA), Bcl-2 (YM3041, 1:300,
Immunoway, USA), Bax (YM3619, 1:300, Immunoway, USA), Beclin-1 (YM3655, 1:1000, Immunoway,
USA), AMPK (YT0216, 1:1000, Immunoway, USA), P-AMPK (YP0575, 1:1000, Immunoway, USA), mTOR
(YT02913, 1:1000, Immunoway, USA), P-mTOR (YP0176, 1:1000, Immunoway, USA), β-actin (YM3028,
1:10000, Immunoway, USA), HRP* Goat Anti-Rabit IgG (H+L) (RS0002, 1:10000, Immunoway, USA), P-
ULK-1 (AP1005, 1:1000, Biogot, China).

Immuno�uorescence staining
Primary chondrocytes of the knee joint were taken and inoculated into a 24‐well plate at 1x104 cells/well.
When the number of cells reached more than half of the area, 4% paraformaldehyde was used to �x them
at room temperature for 30 min. After �xation, the cells were penetrated with 0.5% Triton X-100 for 30 min
and blocked with 5% BSA at room temperature for 60 min. After that, the cells were incubated with
speci�c primary antibodies for Collagen  at 4 °C overnight. Then the cells were rinsed with cold PBS and
incubated with �uorescence-conjugated secondary antibodies for 60 min in the dark. Finally, DAPI was
used to stain cell nuclei for 5 min. The images of Collagen  were captured by �uorescence microscopy
(Nikon, Japan).
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After treatments, experimental procedure as before. The primary antibodies used in this study are listed:
MMP13, LC3 , P62, TIMP1, Beclin-1, P-AMPK, P-mTOR (1:500).

Lyso-Tracker Red was used according to the manufacturer’s protocol. Con�guration of Lyso-Tracker Red
working solution: add Lyso-Tracker Red to the complete medium at a ratio of 1:15000 to make a �nal
concentration of 50-75 nmol/ml, to be incubated at 37 °C before use. Lysosomal �uorescence labeling:
After treatment, add pre-prepared Lyso-Tracker Red working solution and incubate at 37°C for 30 min;
remove the Lyso-Tracker Red working solution and add fresh complete medium; subsequently observe
with �uorescence microscope, a bright strong �uorescent staining of lysosomes can be observed.

Transmission electron microscope (TEM)
After treatments, �xed the cells with glutaraldehyde for transmission electron microscope analysis to
detect autophagosomes. Transmission electron microscope (HITACHI, JEM-1400PLUS, Japan) was used
to collect the corresponding images.

Flow cytometry
After treatment, the cells were washed twice in cold PBS, the cells were added with 1ml DNA Staining
solution and 10μl Permeabilization solution, and mixed by vortex shaking for 5-10 seconds. Incubate for
30 min at room temperature and protected from light to determine the distribution of cell cycle.

After treatments, the cells washed twice in cold PBS, the cells were resuspended in 100μl 1XBinding
buffer. Next, 5μl of FITC Annexin V and propidium iodide (PI) were added, and the cells were incubated for
15 min at room temperature protected from light. Subsequently, 400μl of 1XBinding buffer was added to
each tube, and the apoptotic rate of chondrocytes was examined at once by a FACSCalibur �ow
cytometer (BD Biosciences, USA).

ELISA for detecting IL‐1β and TNF‐α
Standard samples with 2X diluted standard were added to the standard wells in turn, cell culture medium
was added to the blank wells, and buffer (1X) and samples were added to the sample wells, with four
samples in each group. The treated detection antibody was added to each well, the plate was sealed, and
the samples were incubated whilst shaking at room temperature for 2 h. After all the samples were
washed, horseradish peroxidase‐labeled streptomycin was added to each well, and the samples were
incubated at room temperature for 45 min. The plate was washed. Then, after the color‐rendering
substrate, TMB was added to 96 ori�ce plate, the samples were cultured at room temperature for 20 min,
avoiding light. OD value at 450 nm wavelength was measured within 30 min by an enzyme marker.
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Statistical analysis
All quantitative data are presented as the means±standard deviation (SD). SPSS 24.0 software was
utilized to perform statistical analysis. One-way ANOVA and Student's t-test were utilized to analyze the
signi�cant differences between groups, and P<0.05 was considered to be statistically signi�cant.

Results

Extraction and identi�cation of articular chondrocytes in
humans
In the present study, toluidine blue staining and Collagen II immuno�uorescence staining were used to
identify articular chondrocytes isolated from articular cartilage tissues in humans. As shown in Fig. 1, the
primary cells were oval, round or short spindle shaped at 24h post-inoculation against the wall, and
chondrocytes were continued to be cultured for 7-10 d in a "pavement stone" like. The 3rd generation cells
grew rapidly and the cell phenotype was stable. Therefore, the 3rd generation chondrocytes were selected
for subsequent studies in this experiment. After staining with toluidine blue, the nuclei were stained dark
blue and the cytoplasm and stroma were stained light blue (Fig. 1D-F). After staining with Collagen II
immuno�uorescence, the cytoplasm and cytosol were stained clear green �uorescence, and the nuclei
were stained blue �uorescence, and Collagen II was positively expressed in more than 95% of the cells
(Fig. 1G).

Effects of LPS and QUE on chondrocyte viability
The optimal concentration of LPS intervening with chondrocytes was screened by CCK‐8(Fig. 2A). As
detected, the cellular activity decreased continuously with time for each concentration gradient of LPS,
and the cellular activity decreased signi�cantly when the LPS concentration was ≥10μg/ml and time
≥48 h. Considering the toxic effect of LPS on chondrocytes, the LPS concentration of 10μg/ml and 48 h
was selected for the follow-up experiments. Thus, LPS at the concentration of 10μg/ml and 48 h could
induce the degeneration of chondrocytes, and the model was successfully established. The optimal
concentration of QUE in intervening with chondrocytes was screened by CCK‐8(Fig. 2B). The cell viability
of the model group was signi�cantly lower compared with that of the control group for 12, 24 and 48 h,
respectively, and the difference was statistically signi�cant. At the same time, compared with the cell
viability of degenerative chondrocytes of the model group, the increase in cell viability of the 100 µmol/ml
and 48 h quercetin intervention group was signi�cant for 12, 24 and 48 h, respectively, which shows that
the optimal concentration of quercetin is 100 µmol/ml and 48 h, and the difference was statistically
signi�cant.
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Effects of quercetin on the expressions of autophagy-
related genes in LPS-induced chondrocytes
The chemical structure of QUE was shown in Fig. 3A. Autophagy of chondrocytes is the prime method to
protect joints. In order to verify the effect of QUE on autophagy, the autophagy inhibitor 3-MA was
introduced to treat chondrocytes, qRT-PCR was performed to detect the expressions of autophagy-related
genes in LPS-induced chondrocytes. Compared with Control group, the mRNAs expressions of LC3 II in
LPS-induced chondrocytes were decreased, while those of P62 were enhanced (Fig. 3B, C). QUE treatment
could signi�cantly reverse the mRNA expressions of LC3 II and P62 in LPS-induced chondrocytes (Fig. 3B,
C). However, when QUE is used in combination with the blocker (3-MA), partially reverse the mRNA
expressions of LC3 II and P62 in LPS-induced chondrocytes. Treatment with 3-MA alone does not reverse
the mRNA expressions of LC3 II and P62 in LPS-induced chondrocytes (Fig. 3B, C), indicating that 3-MA
could prevent QUE from activating autophagy in LPS-induced chondrocytes.

QUE reversed apoptosis, in�ammation and cartilage matrix
degradation in LPS-induced chondrocytes by autophagy-
based
Western blotting analysis was used to detect the protein expression levels of Bcl-2, Bax, MMP13, TIMP1
in each group (Fig. 3 D, E, F, G and H). Results showed that compared with Control group, the proteins
expressions of TIMP1 and the ratio of Bcl-2/Bax were decreased in LPS-induced chondrocytes, while
those of MMP13 were enhanced, and the difference was statistically signi�cant. QUE treatment could
signi�cantly reverse the proteins expressions of MMP13, TIMP1 and the ratio of Bcl-2/Bax in LPS-
induced chondrocytes. However, when QUE was used in combination with the 3-MA, partially reversed the
proteins expressions of MMP13, TIMP1 and the ratio of Bcl-2/Bax in LPS-induced chondrocytes,
Treatment with 3-MA alone did not reverse the proteins expressions of MMP13, TIMP1 and the ratio of
Bcl-2/Bax in LPS-induced chondrocytes. Likewise, the result of ELISA demonstrated that the expression
levels of in�ammatory factors, IL‐1β and TNF‐α in LPS-induced chondrocytes were higher in Model group
than that in Control group, while QUE could reverse the expressions of IL‐1β and TNF‐α in LPS-induced
chondrocytes. However, when QUE was used in combination with the 3-MA, partially reversed the proteins
expressions of IL‐1β and TNF‐α in LPS-induced chondrocytes. Treatment with 3-MA alone did not reverse
the proteins expressions of IL‐1β and TNF‐α in LPS-induced chondrocytes (Fig. 3 I, J), indicating that 3-
MA could prevent QUE from reversed apoptosis, in�ammation and cartilage matrix degradation in LPS-
induced chondrocytes. Meantime, indicating that QUE could suppress apoptosis, in�ammation and
cartilage matrix degradation in LPS-induced chondrocytes by autophagy-based.

Expression levels of associated proteins by targeting
AMPK/mTOR/ULK1 signaling pathway via QUE
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Western blotting analysis was used to detect the expression levels of associated proteins AMPK, P-AMPK,
mTOR, P-mTOR and P-ULK1 in the AMPK/mTOR/ULK1 signaling pathway of chondrocytes in each group
(Fig. 4 A, B, C and D). Results showed that compared with Control group, the proteins expressions of P-
AMPK and P-ULK1 were decreased in LPS-induced chondrocytes, while those of P-mTOR were enhanced.
We found QUE treatment could signi�cantly reverse the proteins expressions of P-AMPK, P-mTOR and P-
ULK1 in LPS-induced chondrocytes. However, when QUE was used in combination with the blocker (com
C), partially reversed the proteins expressions of P-mTOR and P-ULK1, but couldn't reverse the protein
expression of P-AMPK in LPS-induced chondrocytes. Treatment with com C alone did not reverse the
proteins expressions of P-AMPK, P-mTOR and P-ULK1 in LPS-induced chondrocytes. Similarly,
Immuno�uorescence staining detection of P-AMPK, P-mTOR and P-ULK1 protein expression trends were
consistent with Western blotting results (Fig. 4 E, F and G). The results demonstrated that QUE regulated
proteins of the AMPK/mTOR/ULK1 signaling pathway in LPS-induced chondrocytes.

QUE regulates autophagy of LPS-induced chondrocytes
through targeting AMPK/mTOR/ULK1 signaling pathway
To investigate whether QUE affects the autophagy of LPS-induced chondrocytes by targeting AMP-
K/mTOR/ULK1 signaling pathway. Western blotting was performed to detect the expressions of
autophagy-related proteins in LPS-induced chondrocytes (Fig. 5 A, B, C and D). Results showed that
compared with Control group, the proteins expressions of LC3  and Beclin-1 were decreased in LPS-
induced chondrocytes, while those of P62 were enhanced. We found QUE treatment could signi�cantly
reverse the proteins expressions of LC3 , P62 and Beclin-1 in LPS-induced chondrocytes. However, when
QUE was used in combination with the com C, partially reversed the proteins expressions of LC3 , P62
and Beclin-1 in LPS-induced chondrocytes. Treatment with com C alone did not reverse the proteins
expressions of LC3 , P62 and Beclin-1 in LPS-induced chondrocytes. Similarly, Immuno�uorescence
staining detection of LC3 , P62 and Beclin-1 proteins expression trends were consistent with Western
blotting results (Fig. 5 E, F and G). Next, from the transmission electron microscope (TEM) images and
Lyso-Tracker Red staining, the autophagosome and the lysosome were dramatically increased in the QUE
group compared with Model group. However, when QUE was used in combination with the com C,
partially effect the autophagosome and the lysosome production in LPS-induced chondrocytes.
Treatment with com C alone did not effect the autophagosome and the lysosome production in LPS-
induced chondrocytes (Fig. 5 H, I, J and K). These results indicated that the QUE could increase
autophagy �ux and autophagosome and lysosome production of LPS-induced chondrocytes Through
Targeting AMPK/mTOR/ULK1 signaling pathway.

The effect of QUE activated autophagy on cell apoptosis
and proliferation in LPS-induced chondrocytes through
targeting AMPK/mTOR/ULK1 signaling pathway
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To investigate whether the effect of QUE activated autophagy on cell apoptosis and cell proliferation in
LPS-induced chondrocytes through targeting AMP-K/mTOR/ULK1 signaling pathway. Western blotting
analysis was used to detect the proteins expression levels of Bcl-2, Bax, in each group (Fig. 6 A, B).
Results showed that compared with Control group, the ratio of Bcl-2/Bax were decreased in LPS-induced
chondrocytes, and the difference was statistically signi�cant. QUE treatment could signi�cantly reverse
the proteins expressions of Bcl-2, Bax in LPS-induced chondrocytes. However, when QUE was used in
combination with the com C, partially reversed the proteins expressions of Bcl-2, Bax in LPS-induced
chondrocytes, Treatment with com C alone did not reverse the proteins expressions of Bcl-2, Bax in LPS-
induced chondrocytes. Furthermore, Flow cytometry results also showed that the apoptosis rate markedly
enhanced in the Model group (16.47%) compared with that of the control group (5.99%), while QUE could
decreased the apoptosis rate (6.43%) in LPS-induced chondrocytes. However, when QUE was used in
combination with the com C, partially decreased the apoptosis rate (11.10%) in LPS-induced
chondrocytes. Treatment with com C alone did not reverse the apoptosis of LPS-induced chondrocytes
(Fig. 6 E, F). The cell cycle distribution was analyzed by Flow cytometry analysis (FCM) as shown in Fig.
6 C, D. The data showed that the S and G2 phase proportion of QUE group(10.20%) and Com C+QUE
group increased compared with Model group (2.36%), but QUE group was the highest, and the S and G2
phase proportion of Com C group (5.23%) was no statistical difference compared with Model group in
LPS-induced chondrocytes. The G1 phase cell numbers were Control group (88.50%), Model group
(97.60%), QUE group (89.90%), Com C group (94.4%) and Com C+QUE group (91.70%), respectively. It is
suggested that the QUE activated autophagy could promote cells from G1 phase to S, G2 phase and
inhibit apoptosis in LPS-induced chondrocytes through targeting AMPK/mTOR/ULK1 signaling pathway.

The effect of QUE activated autophagy on in�ammation
and cartilage matrix degradation in LPS-induced
chondrocytes through targeting AMPK/mTOR/ULK1
signaling pathway
To investigate whether the effect of QUE activated autophagy on in�ammation and cartilage matrix
degradation in LPS-induced chondrocytes through targeting AMPK/mTOR/ULK1 signaling pathway.
Western blotting analysis, ELISA were used to detect the proteins expression levels of in�ammation and
cartilage matrix degradation, such as, TIMP1, MMP13, IL-1β and TNF-α, in each group. Results showed
that compared with Control group, the proteins expressions of TIMP1 was decreased in LPS-induced
chondrocytes, while those of MMP13, IL-1β and TNF-α were enhanced. We found QUE treatment could
signi�cantly reverse the proteins expressions of TIMP1, MMP13, IL-1β and TNF-α in LPS-induced
chondrocytes. However, when QUE is used in combination with the com C, partially reversed the
expressions of TIMP1, MMP13, IL-1β and TNF-α in LPS-induced chondrocytes. Treatment with com C
alone did not reverse the expressions of TIMP1, MMP13, IL-1β and TNF-α in LPS-induced chondrocytes.
Similarly, Immuno�uorescence staining detection of TIMP1, MMP13 proteins expression trends were
consistent with Western blotting results (Fig.7 A-G). These results demonstrated that QUE activated
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autophagy regulated proteins of the in�ammation and cartilage matrix degradation in LPS-induced
chondrocytes through targeting AMPK/mTOR/ULK1 signaling pathway.

Discussion
OA is a common degenerative joint disease characterized by degradation of cartilage, in�ammatory
hyperplasia at the joint edges and super�uous apoptosis of chondrocytes, and increased joint wear and
tear, which leads to pain and functional loss. With the aggravation of the aging of the world population,
the incidence of OA has continued to rise, bringing a heavy economic burden to the entire society [24].
Despite various therapeutic strategies having been tested and proposed, their actual effectiveness has
not been established [25]. At present, there are no disease-modifying drugs with evidently validated
therapeutic effects to modify the progression of OA [3]. Thus, exploring a better treatment for OA has
been the focus of orthopaedic research. Although the pathogenesis of OA is not yet clear, it is generally
believed that autophagy is essential for maintaining chondrocyte function, and a decrease in autophagic
activity leads to the development of OA [8]. As an important role in the pathogenesis of OA, autophagy
has been attracted intensive attention to be a target for new OA treatment. The development of safe and
effective drugs that can enhance autophagic activity or restore autophagy �ux is a promising strategy for
the treatment of OA [6]. Autophagy as a cytoprotective mechanism to reduce the damaged organelles or
degraded macromolecules in cells [26]. In the process of OA, chondrocytes have reduced autophagic
activity and reduced ability to remove their own senescent and damaged organelles and in�ammatory
factors, resulting in an in�ammatory cellular response and promoting chondrocyte damage and
apoptosis [27].

QUE, widely found in fruits, vegetables, and Chinese herbal medicines, has anti‐in�ammatory and
anti‐oxidative stress effects [1]. According to the existing research, QUE may have a protective effect on
the articular cartilage of OA. Wang et al. reported that based on the data from network pharmacology and
in vitro experiments, it was demonstrated that QUE could lower the expression of in�ammatory factors of
cartilage for the prevention and treatment of OA [1]. Li et al. [14] reported that QUE alleviates OA
progression in rats by suppressing in�ammation and apoptosis via inhibition of IRAK1/NLRP3 signaling.
Wei et al. [28] demonstrated that QUE could improve the degenerative effects of OA by attenuating
oxidative stress responses and inhibiting the degradation of cartilage extracellular matrix. Unfortunately,
QUE effects and underlying mechanisms suppresses apoptosis, in�ammation and cartilage matrix
degradation has not been thoroughly studied on OA. Autophagy of chondrocytes is the prime method to
protect joints. We found that QUE could enhance the mRNA expressions of LC3 II and inhibit the mRNA
expressions of P62 in LPS-induced chondrocytes (Fig. 3B, C), with the result indicating that QUE can
promote autophagy of LPS-induced chondrocytes.

OA is a multi-level, all-round chronic in�ammatory disease involving subchondral bone, synovial
membrane, joint capsule and other structures, with chronic in�ammation, degenerative cartilage changes
and pain as its main pathological features. The in�ammatory factors produced during the in�ammatory
response in OA act directly on the articular cartilage on the one hand, causing structural changes in the
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cartilage and thus degeneration, and on the other hand, accelerating the development of OA by affecting
chondrocyte metabolism and producing cytokines and proteases related to mediating the in�ammatory
response and related cascade reactions to accelerate the destruction of articular cartilage [29–32] IL-1β
and TNF-α play an important role in degeneration of OA articular cartilage, and they play a key role in
in�ammatory lesions, degradation of cartilage extracellular matrix and altered chondrocyte function in
OA, and are initiating factors in regulating the in�ammatory response [33]. Marks et al. [34] found that the
levels of IL-1β and TNF-α were signi�cantly elevated in the joint �uid of OA patients and were positively
associated with articular cartilage degeneration. MMPs are the main extrachondral matrix degrading
enzymes, while MMP-13 is the main degrading enzyme of the MMPs family for the degradation Collagen
II, and the up-regulation of MMP-13 expression promotes the collagen matrix degradation process [35],
leading to articular cartilage degeneration. In contrast, metalloproteinase inhibitor-1 (TIMP-1) can form a
TIMP-MMPs complex, which reduces the number of MMP-13 monomers and inhibits collagen matrix
degradation, and MMPs and TIMPs combine in a speci�c ratio to maintain the balance between
synthesis and degradation of the extrachondral matrix, thus maintaining the structure and function of
cartilage, and the results of its expression and interaction directly determine the metabolism of the
extrachondral matrix, which in turn affects cartilage structure and function [36]. The in�ammatory factors
IL-1β and TNF-α play an important role in presenting and stimulating chondrocytes to produce cartilage
matrix MMPs to promote the disruption of cartilage matrix synthesis and metabolism in the joint, which
in turn promotes cartilage degeneration and ultimately triggers OA, TIMP1 acts as an anti-matrix
catabolic agent and binds isotopically to activated MMPs, thus preventing the overexpression of MMPs,
which in turn stimulates chondrocyte proliferation and maintains a normal state of cartilage extracellular
matrix metabolic transformation [37]. We found that the expression of MMP13, IL‐1β and TNF‐α were
enhanced and the expression of TIMP1 was decreased in LPS-induced chondrocytes; moreover, QUE
could reverse the in�ammation and cartilage matrix degradation in LPS-induced chondrocytes (Fig. 3I, J).
In the meantime, Bcl-2 and Bax play an important role in apoptosis. Bax is the main pro-apoptotic protein
that often exists as an inactive monomer in cells, and when it receives apoptosis activation signal, its
structure is changed to oppose the anti-apoptotic protein Bcl-2 and inhibit the anti-apoptotic effect of Bcl-
2 [38, 39]. However, when the relative content of Bcl-2 is greater than Bax, Bcl-2/Bax heterodimers are
formed to neutralize Bax protein, while Bcl-2 homodimers are increased, thus inhibiting apoptosis and
improving cell survival. In the present study, QUE remarkably enhanced the ratio of Bcl-2/Bax in LPS-
induced chondrocytes (Fig. 3D and E). Collectively, QUE could reverse apoptosis, in�ammation and
cartilage matrix degradation in LPS-induced chondrocytes.

In order to verify QUE suppresses apoptosis, in�ammation and cartilage matrix degradation in LPS-
induced chondrocytes by autophagy-based, the autophagy inhibitor 3-MA was introduced to treat
chondrocytes found that QUE enhanced the proteins expressions of TIMP1, Bcl-2 and inhibited the
expressions of MMP13, Bax, P62, IL-1β and TNF-α in LPS-induced chondrocytes (Fig. 3D, E-J), with the
result indicating that QUE could reverse apoptosis, in�ammation and cartilage matrix degradation in LPS-
induced chondrocytes by autophagy-based. However, when QUE was used in combination with 3-MA,
partially reverse the proteins expressions of TIMP1, Bcl-2, MMP13, Bax, P62, IL-1β and TNF-α in LPS-
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induced chondrocytes, indicating that 3-MA could prevent QUE from reversed apoptosis, in�ammation
and cartilage matrix degradation in LPS-induced chondrocytes. Therefore, indicating that QUE also
inhibits apoptosis, in�ammation and cartilage matrix degradation through other pathways in LPS-
induced chondrocytes.

The AMPK/mTOR/ULK1 signaling pathway is the classical signaling axis that induces autophagy [22].
AMPK is widely present in eukaryotic cells to maintain intracellular energy homeostasis, and recent
studies have revealed that AMPK can improve chondrocyte stress resistance and survival by regulating
the activity of its downstream target molecules in articular chondrocytes, playing an important role in the
development of OA [19, 40]. mTOR is an important signaling protein downstream of the AMPK pathway
that plays a negative regulatory role in autophagy [41, 42]. ULK1 is a downstream target of mTOR and a
marker of autophagy initiation, and inactivation of ULK1 kinase inhibits autophagy [43]. Phosphorylation
of the mTOR complex-mTORC1 component Raptor and tuberous sclerosis protein2 (TSC2) are two
pathways that inhibit mTOR activity, thereby unlocking the inhibitory effect of mTOR on ULK1 [44]. Sheng
et al. [45] found that knockout of AMPKα gene in rats promoted the degeneration of KOA in rats. Li J et al.
[46] found that metformin protected articular cartilage in an OA rat model by activating the AMPK
signaling pathway. We also found that QUE could regulate the AMPK/mTOR/ULK1 signaling pathway in
LPS-induced chondrocytes (Fig. 4). To investigate whether QUE affects the autophagy of LPS-induced
chondrocytes by targeting AMPK/mTOR/ULK1 signaling pathway, the AMPK inhibitor com C was
introduced to treat chondrocytes found that QUE treatment could signi�cantly reverse the proteins
expressions of LC3 , P62, Beclin-1, and the autophagosome and lysosome production in LPS-induced
chondrocytes. However, when QUE was used in combination with the blocker, partially reverse the protein
expressions of LC3 , P62, Beclin-1, and the autophagosome and lysosome production in LPS-induced
chondrocytes. These results indicated that the QUE could increase autophagy �ux and autophagosome
and lysosome production of LPS-induced chondrocytes Through Targeting AMPK/mTOR/ULK1 signaling
pathway. But, indicating that QUE also activates autophagy through other pathways in LPS-induced
chondrocytes. Next, we found that QUE treatment could signi�cantly reverse the expressions of Bcl-2, Bax,
TIMP1, MMP13, IL-1β and TNF-α in LPS-induced chondrocytes, and the QUE could promote cells from G1
phase to S, G2 phase and inhibit apoptosis in LPS-induced chondrocytes (Fig. 6, 7). However, QUE + Com
C group partially suppresses apoptosis, proliferation, in�ammation and cartilage matrix degradation in
LPS-induced chondrocytes. In summary, our results showed that the QUE activates autophagy could
suppress apoptosis, proliferation, in�ammation and cartilage matrix degradation in LPS-induced
chondrocytes through targeting AMPK/mTOR/ULK1 signaling pathway. Also, QUE activates autophagy
alleviated LPS-induced chondrocytes injuries through other pathways in LPS-induced chondrocytes.
Unfortunately, the present study only explored the mechanism of QUE regulation of AMPK/mTOR/ULK1
signaling axis to activate LPS-induced chondrocyte autophagy on LPS-induced chondrocytes at the
cellular level, lacking evidence from animal experimental studies. The e�cacy of QUE in comparison with
other phytochemical compounds used in the treatment of OA needs more experimental analyses.

Conclusions
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Our study proves that QUE is effective in treating OA. In addition, we found that QUE can regulate
autophagy of LPS-induced chondrocytes through the AMPK/mTOR/ULK1 signaling pathway, which
further inhibits the cell apoptosis, in�ammation and cartilage matrix degradation of LPS-induced
chondrocytes (Fig. 8). Our study highlights the therapeutic effect of QUE on OA and also demonstrates
the speci�c mechanism of QUE, with the results putting forward a reliable theoretical basis for the
treatment of OA with QUE.
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Figure 1

Chondrocytes morphology and identi�cation. (A) The morphology of chondrocytes 24h after inoculation.
(B)The morphology of chondrocytes after 7-10 d of culture. (C) The morphology of third generation
chondrocytes. (D-F) The chondrocytes stained with toluidine blue. (G) The chondrocytes stained with
Collagen II immuno�uorescence.
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Figure 2

Effects of LPS and QUE on chondrocyte viability. (A) Chondrocytes were treated with LPS (0-12.5μg/ml)
for 24 h, 48 h and 72 h, and cell viability was assessed by a CCK-8 assay. * P<0.05, ** P<0.01 vs. Blank
group (0μg/ml). (B) Chondrocytes were pretreated with 10μg/ml LPS for 48 h followed by treatment with
QUE (50-200μmol/ml) for 12, 24 and 48 h respectively, and assessed by a CCK-8 assay. * P<0.05, **
P<0.01 vs. Control group; # P<0.05, ## P<0.01 vs. Model group.
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Figure 3

QUE reversed apoptosis, in�ammation and cartilage matrix degradation in LPS-induced chondrocytes by
autophagy-based. (A) Chemical structure of quercetin. (B, C) Reverse transcription‐quantitative PCR was
performed to determine the expression levels of P62, LC3  in LPS-induced chondrocytes. (D, E, F, G and
H) The protein levels of Bcl-2, Bax, MMP13, TIMP1 were detected by Western blotting. (I, J) The
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expression of IL-1β, TNF-α in the culture supernatants were detected by ELISA kits. * P<0.05, ** P<0.01 vs.
Control group; # P<0.05, ## P<0.01 vs. Model group.

Figure 4

Expression levels of associated proteins by targeting AMPK/mTOR/ULK1 signaling pathway via QUE. (A,
B, C and D) The protein levels of AMPK, P-AMPK, mTOR, P-mTOR and P-ULK1 were detected by Western
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blotting. (E, F and G) Immuno�uorescence staining was performed to determine the expression levels of
P-AMPK, P-mTOR and P-ULK1 in LPS-induced chondrocytes. * P<0.05, ** P<0.01 vs. Control group; #
P<0.05, ## P<0.01 vs. Model group.

Figure 5
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QUE Regulates autophagy of LPS-induced chondrocytes Through Targeting AMP-K/mTOR/ULK1
signaling pathway. (A, B, C and D) The protein levels of LC3 , P62 and Beclin-1 were detected by Western
blotting. (E, F and G) Immuno�uorescence staining was performed to determine the expression levels of
LC3 , P62 and Beclin-1 in LPS-induced chondrocytes. (H and I) Transmission electron microscopy (TEM)
analysis showing autophagosome after treated with QUE in LPS-induced chondrocytes. The
autophagosomes are shown by red arrow. (J and K) The lysosome were stained with Lyso-Tracker Red. *
P<0.05, ** P<0.01 vs. Control group; # P<0.05, ## P<0.01 vs. Model group.
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Figure 6

The effect of QUE activated autophagy on cell apoptosis and cell proliferation in LPS-induced
chondrocytes through targeting AMP-K/mTOR/ULK1 signaling pathway. (A and B) The protein levels of
Bcl-2 and Bax were detected by Western blotting. (C and D) Cell cycle of LPS-induced chondrocytes was
obtained by �ow cytometry. (E and F) Flow cytometry was used to detect the effect of QUE on the
apoptosis of LPS-induced chondrocytes. * P<0.05, ** P<0.01 vs. Control group; # P<0.05, ## P<0.01 vs.
Model group.

Figure 7

The effect of QUE activated autophagy on in�ammation and cartilage matrix degradation in LPS-induced
chondrocytes through targeting AMPK/mTOR/ULK1 signaling pathway. (A, B and C) The protein levels of
TIMP1 and MMP13 were detected by Western blotting. (D, E) Immuno�uorescence staining was
performed to determine the expression levels of TIMP1 and MMP13 in LPS-induced chondrocytes. (F, G)
The expression of IL-1β, TNF-α in the culture supernatants were detected by ELISA kits * P<0.05, ** P<0.01
vs. Control group; # P<0.05, ## P<0.01 vs. Model group.
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Figure 8

Schematic diagram of the proposed molecular mechanisms underlying the QUE activates autophagy
suppresses apoptosis, in�ammation and cartilage matrix degradation in LPS-induced chondrocytes
through targeting AMPK/mTOR/ULK1 signaling pathway. “→” and “⊣” indicate activation and repression,
respectively.


