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Introduction: Quercetin was recently reported to help protect against osteoarthritis (OA) 
progression, but the molecular mechanism for that protective affect remains unclear.
Methods: Here, OA model rats were intraperitoneally injected with quercetin, and the 
severity of cartilage damage in the rats was evaluated by H&E, Safranin O, and Toluidine 
blue, as well as by using the Osteoarthritis Research Society International (OARSI) Scoring 
System. Additionally, rat chondrocytes were treated with quercetin and then stimulated with 
IL-1β. The levels of pro-inflammatory cytokines (IL-1β, IL-18, and TNF-α) were detected by 
ELISA.Cell apoptosis was evaluated by flow cytometry and Hoechst staining. ROS levels 
were measured using a DCFH-DA probe. Protein expression was evaluated by Western 
blotting, immunohistochemical staining, and immunofluorescence. 
Results: Our data showed that quercetin attenuated the degeneration and erosion of articular 
cartilage, suppressed inflammation and apoptosis, and downregulated the levels of IRAK1, 
NLRP3, and caspase-3 expression. In vitro data showed that overexpression of NLRP3 could 
reverse the suppressive effect of quercetin on IL-1β-induced rat chondrocyte injuries. 
Importantly, rescue experiments confirmed that quercetin inhibited IL-1β-induced rat chon
drocyte injuries in vitro by suppressing the IRAK1/NLRP3 signaling pathway.
Conclusion: Our study indicated that quercetin inhibits IL-1β-induced inflammation and 
cartilage degradation by suppressing the IRAK1/NLRP3 signaling pathway.
Keywords: quercetin, osteoarthritis, IRAK1, NLRP3, inflammation, apoptosis

Introduction
Osteoarthritis (OA) is a joint disorder that commonly presents in middle-aged and 
elderly individuals, and is primarily characterized by impaired joint function, 
osteophyte formation, and articular cartilage degradation.1,2 Although surgical 
treatments (arthroplasty, joint osteotomy, and arthroscopic surgery) and non- 
surgical therapies (oral administration of non-steroidal anti-inflammatory drugs or 
paracetamol and intra-articular injection of corticosteroids) for OA can attenuate 
clinical symptoms to some degree, those treatments are unsatisfactory for improv
ing injured joint tissues or slowing OA progression.3–5 Therefore, there remains an 
urgent need to understand the molecular mechanisms of OA in order to develop 
new strategies for its treatment.

Chondrocytes, as the main cells of articular cartilage, play a crucial role in 
maintaining a balance between extracellular matrix and tissue homeostasis.6 Thus, 
abnormal chondrocyte function and impaired chondrocyte survival can cause the 
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degeneration of the articular cartilage, which might be 
a major factor involved in the occurrence and development 
of OA. Interleukin-1 receptor-associated kinase-1 
(IRAK1) is a serine-threonine kinase that mediates toll- 
like receptor (TLR) and interleukin-1 (IL-1) signaling 
pathways, which have been reported to regulate innate 
immunity and inflammation. Inhibition of IRAK1 has pos
sible therapeutic benefits when treating tumors,7,8 cardio
vascular, and inflammatory diseases.9 The nucleotide 
binding and oligomerization, leucine-rich repeat, pyrin 
domain-containing 3 (NLRP3) inflammasome is composed 
of NLRP3, which is an apoptosis-associated speck-like 
protein containing a caspase recruitment domain (ASC) 
and procaspase-1.10 A previous study demonstrated that 
IRAK1 is crucial for rapid activation of NLRP3 via the 
MyD88 pathway.11 Lin et al10 showed that primer- 
dependent activation of the NLRP3 inflammasome occurs 
independent of IRAK-1. Moreover, Kang et al12 showed 
that blockage of TLR4/6-IRAK4/1 signaling to suppress 
NLRP3 inflammasome activation might protect against 
fructose-induced cardiac inflammation and fibrosis. 
Interestingly, inhibition of IRAK1 phosphorylation was 
found to be involved in the mechanism by which delphi
nidin inhibits IL-1β-induced expression of COX-2 and 
PGE2 production in human chondrocytes.13 Furthermore, 
NLRP3 inflammasomes have been suggested as novel 
biomarkers for use in managing OA,14 because they play 
a role in the protective effects of icariin15 and curcumin16 

against OA. Nevertheless, it remains unclear how IRAK1 
regulates NLRP3 inflammasomes during OA progression.

Quercetin (3,3′,4′,5,7-pentahydroxyflavone), 
a naturally occurring flavonoid found in many types of 
fruits and vegetables, is known for its various beneficial 
characteristics, and especially its anti-inflammatory and 
anti-oxidant properties when used to treat degenerative 
diseases.17,18 In recent years, quercetin has been widely 
reported to protect against the inflammation, apoptosis, 
and oxidative stress associated with OA. Qiu et al19 con
firmed that the therapeutic effects of quercetin on OA 
might result from its effects on the adenosine monopho
sphate-activated protein kinase/sirtuin 1 (AMPK/SIRT1) 
signaling pathway. Feng et al20 showed that quercetin 
could attenuate oxidative stress-induced apoptosis via 
SIRT1/AMPI-mediated inhibition of ER stress, and pre
vent OA progression in a rat model. Consistent with those 
findings, Hu et al21 reported that quercetin exerted chon
droprotective effects by modulating the polarization of 
synovial macrophage to M2 macrophages. However, to 

the best our knowledge, it still not unclear whether the 
protective effect of quercetin on chondrocytes is related to 
IRAK1/NLRP3.

Based on these findings, we constructed an OA rat model, 
isolated rat chondrocytes, and constructed an in vitro OA 
model by incubating rat chondrocytes with IL-1β. We then 
used these models to explore the effects of quercetin on 
inflammation, apoptosis, and ROS production in vivo and 
in vitro. Furthermore, we investigated whether IRAK1/ 
NLRP3 was involved in the downstream mechanism under
lying the therapeutic effects of quercetin on OA pathogenesis.

Materials and Methods
OA Rat Model and Drug Administration
A total of 40 male Sprague-Dawley (SD) rats (5 weeks 
old; weight range, 240–270 g) were purchased from Sino- 
British Sippr/BK Lab Animal Ltd. (Shanghai, China). 
Quercetin was dissolved in DMSO. The rats were housed 
in a room with controlled temperature and a 12-h light/ 
dark cycle; food and water were available ad libitum. OA 
was induced by surgical transection of the right anterior 
cruciate ligament (ACL) as described in a previous 
study.22 Starting at two weeks after ACL surgery, rats in 
the experimental group received an intraperitoneal injec
tion of low-dose (LD) quercetin (Volume: 500 μL, dose: 
50 mg/kg, concentration: 49.5 nM, Sigma-Aldrich, St 
Louis, MO, USA) or high-dose (HG) quercetin (Volume: 
500 μL, dose: 100 mg/kg, concentration: 99 nM) once 
daily for 12 consecutive weeks. The three experimental 
groups included OA, OA + LD-quercetin, and OA + HD- 
quercetin groups, with ten rats in each group. Meanwhile, 
rats in a sham control group received arthrotomy without 
transection of the anterior cruciate ligament in the right 
knee joint (n = 10). At 12 weeks, all rats were sacrificed by 
an overdose pentobarbital, and samples of articular carti
lage were harvested for further analysis. The protocols for 
all animal experiments were reviewed and approved by the 
Ethics Committee of Guangdong Second Provincial 
General Hospital (2019-KZ-10-28). This animal experi
ments was performed according to the guideline of 
Animal Care and Use Committee of Guangdong Second 
Provincial General Hospital.

Histological Analysis
Samples of articular cartilage from each group were fixed 
in 10% paraformaldehyde for 24 h and then decalcified in 
20% EDTA for 1 month. Next, the cartilage tissues were 
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dehydrated in a graded ethanol series, embedded in paraf
fin, and cut into 5.0 μm sections as previously described.23 

Subsequently, the degeneration of articular cartilage was 
evaluated by five types of staining techniques. Briefly, for 
hematoxylin and eosin (H&E) staining, the cartilage sam
ples were stained with Harris alum hematoxylin for 5 min 
and then stained with eosin for 40 s, followed by observa
tion of the chondrocyte nucleus under a microscope. For 
Safranin O staining, the samples were stained with 0.02% 
fast green for 30 minutes, 1% acetic acid for 10 seconds, 
and 1.5% Safranin O for 3 minutes. After being dehy
drated and mounted with neutral balsam, the cartilage 
samples were observed under a microscope. The general 
histological features of cartilage and bone samples were 
assessed by toluidine blue staining (0.04% toluidine blue 
in 0.2 M acetate buffer, pH 3.75–4.25, 5 min). Two inde
pendent experienced researchers who were blinded to the 
study analyzed cartilage degenerative changes based on 
the Osteoarthritis Research Society International 
(OARSI) Scoring System as previously described.24

Immunohistochemical Staining
In brief, the paraffin-embedded cartilage tissues were cut 
into 20 µm sections. After xylene dewaxing and dehydra
tion in a graded alcohol series, the sections underwent 
antigen retrieval in sodium citrate buffer for 48 h at 
room temperature. Next, the slices were blocked with 5% 
BSA in TBST for 30 min and subsequently incubated with 
an NLRP3 primary antibody (1:100 dilution; Abcam, 
Cambridge, UK) and Caspase 3 (1:200, Boster, Hubei, 
China) at 4°C overnight; after which, they were incubated 
with a horseradish peroxidase-conjugated secondary anti
body (1:5000 dilution; Abcam) at room temperature for 2 
h. The slices were then visualized with 3,3′- 
diaminobenzidine chromagen (1 mg/mL) at room tempera
ture for 5 min. The stained images were photographed 
using a light microscope and analyzed by Image-Pro Plus 
Software version 6.0 (Media Cybernetics, Rockville, 
MD, USA).

Isolation and Culture of Chondrocytes
Primary chondrocytes were isolated and cultured as pre
viously reported.25 In brief, cartilage tissues from the rat 
hip joint were cut into small pieces under sterile condi
tions. After being washed 5 times with PBS, the cartilage 
pieces were digested in 0.25% trypsin-EDTA solution for 
1 h and then incubated with Dulbecco’s Modified Eagle’s 
Medium/Nutrient Mixture F-12 (DMEM/F-12) containing 

0.2% collagenase type II for 4 h. Following centrifugation 
at 1200 rpm for 5 min, the released chondrocytes were 
seeded into 25 cm2 cell flasks and cultured in DMEM-F12 
supplemented with 10% FBS and 1% penicillin plus strep
tomycin. Chondrocytes at passage 2 with 80–90% conflu
ence were used for in vitro experiments.

Cell Treatment and Transfection
The isolated chondrocytes were seeded into culture plates 
containing DMEM-F12 complete medium and grown to 
80% confluence. The chondrocytes were then serum- 
starved overnight and treated with 8 μM quercetin for 2 
h; after which, they were stimulated with IL-1β (10 ng/ 
mL, Pepro Tech, NJ, USA) at 37°C in a 5% CO2 atmo
sphere. For cell transfection, chondrocytes in the IL-1β + 
quercetin group were transiently transfected with an 
NLRP3 or IRAK1 overexpression plasmid or empty vec
tor, or co-transfected with siRNA targeting NLRP3 (si- 
NLRP3) and an IRAK1 overexpression plasmid by using 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), 
according to the manufacturer’s instructions. The chondro
cytes were harvested after 48 h of transfection.

Enzyme-linked Immunosorbent Assay 
(ELISA)
Pro-inflammatory cytokines (IL-1β, IL-18, and TNF-α) 
were detected by using conventional ELISA kits (R&D 
systems, Minneapolis, MN, USA) according to instruc
tions provided by the manufacturer.

Cell Viability Assay
Cell viability was measured using a cell counting kit-8 
(CCK-8, Boster, Wuhan, China) according to the standard 
protocol. Briefly, chondrocytes from different groups were 
seeded into the wells of 96-well plates at a density of 
1×104 cells per well and then incubated with 10 μL of 
CCK-8 solution for 24, 48, 72, and 96 h, respectively. At 
each time point, the absorbance at a wavelength of 450 nm 
(OD 450nm) was determined with a microplate reader.

Apoptosis Analysis
The apoptosis of rat chondrocytes was assessed by flow 
cytometry analysis performed with an Annexin V-FITC/ 
propidium iodide (PI) apoptosis kit. Briefly, chondrocytes 
from the different groups were harvested and re-suspended 
in 500 μL of binding buffer. After being stained with 5 μL 
of Annexin V and 10 μL of PI for 20 min at room 
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temperature, the apoptotic cells were detected with a BD 
FACSCalibur flow cytometer (BD Biosciences, Franklin 
Lakes, NJ, USA).

Hoechst Staining
Chondrocytes from the different groups were seeded into 
the wells of 96-well plates at a density of 7×103 cells per 
well, and cultured overnight at 37°C. After removing the 
culture medium, the chondrocytes were fixed with 4% 
paraformaldehyde at 4°C for 1 h, permeabilized with 
saponin, and then stained with Hoechst 33342 (Beyotime 
Institute of Biotechnology) for 30 min at room temperature 
in the dark. The stained cells were visualized using 
a fluorescence microscope (Nikon Corporation) at ×200 
magnification.

Measurements of Intracellular ROS
To determine the intracellular levels of ROS, chondrocytes 
from different groups were washed with PBS and then 
incubated with DCFH-DA (20 μM, final concentration) 
for 15 min in the dark. Next, the cells were washed with 
PBS and suspended by trypsinization. Following centrifu
gation (4°C, 3000 rpm, 5 min), the cells were resuspended 
in 1 mL of PBS and analyzed by flow cytometry.

Western Blot Analysis
The total proteins were extracted with RIPA lysis buffer 
containing a protease inhibitor and phosphatase inhibitor 
cocktail (Roche, Stockholm, Sweden), and the protein 
concentration in each extract was determined by using 
a BCA protein assay kit (Beyotime Institute of 
Biotechnology). Next, an equal amount of protein from 
each extract was separated by 12% SDS-polyacrylamide 
gel electrophoresis. The separated protein bands were 
transferred onto polyvinylidene fluoride (PVDF) mem
branes (Bio-Rad, Hercules, CA, USA), which were sub
sequently blocked with 5% non-fat milk in Tris-buffered 
saline tween (TBST) for 2 h. The membranes were then 
incubated overnight with primary antibodies against 
IRAK1, NLRP3, ASC, iNOS, COX-2 and caspase-3, 
and GAPDH at 4°C. After being washed with TBST, 
the membranes were incubated with a horseradish per
oxidase-conjugated secondary antibody for 2 h at room 
temperature, and the immunostained protein bands were 
visualized by enhanced chemiluminescence (ECL, 
Pierce, Waltham, MA, USA).

Immunofluorescence
Immunofluorescence staining of NLRP3 was performed to 
analyze the levels of NLRP3 protein expression. In brief, 
chondrocytes from the different groups were fixed with 
1 mL of 4% PFA for 25 min, permeated with 0.2% Triton 
X-100 for 5 min, and blocked with goat serum for 1 
h. Next, the cells were incubated overnight with primary 
antibodies against NLRP3, followed by incubation with 
Alexa Fluor 555-conjugated secondary antibodies. The 
cellular nuclei were stained with DAPI. Images of the 
stained cells were obtained with a fluorescence microscope 
(Olympus).

Statistical Analysis
All statistical analyses were performed using GraphPad 
Prism 6.0 software (GraphPad Software, Inc.). All quanti
tative data are expressed as a mean value ± standard 
deviation of data obtained from three independent experi
ments. Differences among groups were analyzed by one- 
way ANOVA, followed by Tukey’s post hoc test. 
A P-value < 0.05 was considered to be statistically 
significant.

Results
Quercetin Suppressed OA Progression 
and Inflammation in vivo
We first investigated the effects of quercetin on OA pro
gression by establishing a rat OA model and giving the 
rats an intraperitoneal injection of quercetin for 4 conse
cutive weeks. After harvesting the knee joints, histopatho
logical were performed by using H&E staining, Toluidine 
blue staining and Safranin O staining. H&E staining 
showed the normal morphology of joints in the sham 
group, whereas knee joints in the OA model rats exhibited 
cartilage defects and narrowed joint spaces (Figure 1A). 
Notably, quercetin treatment attenuated the degeneration 
and erosion of articular cartilage, and that attenuation 
effect was more obvious in the high-dose group than the 
low-dose group (Figure 1B and C). The OARSI scores in 
the OA group were significantly higher than those in the 
sham group, while rats in the quercetin treatment groups 
had much lower OARSI scores than rats in the OA group, 
in a dose-dependent manner (Figure 1D). Moreover, we 
found that the increase in pro-inflammatory cytokine (IL- 
1β, IL-18, and TNF-α) release in the OA group compared 
with the sham group was significantly reduced after treat
ment with either low dose or high dose quercetin 
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(Figure 1E). Immunohistochemical staining showed that 
quercetin significantly decreased the numbers of NLRP3 
(Figure 1F) and Caspase 3 (Figure 1G) positive cells in rat 
articular cartilage when compared with the OA group. We 
also examined the levels of IRAK1, NLRP3, ASC, iNOS, 
COX-2 and pro-apoptotic caspase-3 protein expression by 
Western blotting (Figure 1H). Our results showed that 
treatment with the high dose of quercetin suppressed 
IRAK1, NLRP3, and caspase-3 expression, but did not 
obviously affect ASC expression in the OA group. These 
data suggested that quercetin could enhance the structural 
integrity of rat joint cartilage and alleviate OA 
progression.

Quercetin Attenuated IL-1β-Induced 
Inflammation and Apoptosis in Rat 
Chondrocytes
To ascertain the protective role of quercetin in OA patho
genesis, we isolated rat chondrocytes and used them to 
mimic OA chondrocytes by incubation with IL-1β (10 ng/ 
mL) for 24 h. IC50 of OA chondrocytes to quercetin was 
detected and result showed that the concentration of IC50 

of OA chondrocytes was 11.58 μM. In this study, we used 
0.7-fold IC50 of quercetin to treat OA chondrocytes 
(Figure 2A). CCK-8 assays showed that the impaired cell 
viability induced by IL-1β stimulation was significantly 

Figure 1 Quercetin alleviated OA progression and suppressed inflammation in vivo. Rats were assigned to 4 separate groups: a sham, OA, OA + LD-Q, and OA + HD-Q 
group. (A–C) The degree of cartilage destruction and joint spacing in each group was evaluated at 12 weeks by H&E staining (A), toluidine blue (B) and safranin O staining 
(C). Arrow in (B and C) showed the distribution of chondrocyte. (D) Osteoarthritis Research Society International (OARIS) scores for articular cartilage in the 4 groups. 
(E) The levels of pro-inflammatory cytokines (IL-1β, IL-18, and TNF-α) were measured by ELISA. (F and G) Immunohistochemical staining for NLRP3 expression (F) and 
Caspase 3 (G). (H) The levels of NLRP3, ASC, IRAK1, iNOS, COX-2 and caspase 3 proteins were measured by Western blotting. Data represent mean ± standard deviation. 
***p < 0.001, compared with sham; #p < 0.05, ##p < 0.01, compared with OA.
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attenuated after quercetin treatment (Figure 2B). ELISA 
results showed that quercetin treatment significantly sup
pressed the increases in IL-18 and TNF-α levels induced 
by IL-1β stimulation (Figure 2C and D). Subsequently, 
both flow cytometry (Figure 2E) and Hoechst staining 
(Figure 2F) demonstrated that IL-1β stimulation promoted 
cell apoptosis, and treatment with quercetin could reverse 
that promoting effect. At the molecular level, the IL-1β- 
induced upregulation of IRAK1, NLRP3, iNOS, COX-2 
and Caspase 3 expression was obviously suppressed by 
quercetin treatment (Figure 2G and H). The decreased 
levels of NLRP3 expression caused by quercetin treatment 

in IL-1β-treated chondrocytes were further verified by 
immunofluorescence (Figure 2G and H).

Overexpression of NLRP3 Reversed the 
Suppressive Effect of Quercetin on IL-1β- 
Induced Rat Chondrocyte Injuries in vitro
Because NLRP3 was downregulated in IL-1β-induced 
rat chondrocytes after quercetin treatment, gain-of- 
function assays were performed to investigate whether 
NLRP3 expression was involved in the mechanism by 
which quercetin helped to protect against IL-1β-induced 

Figure 2 Quercetin attenuated IL-1β-induced inflammation and the apoptosis of rat chondrocytes. Rat chondrocytes were treated with 8 μM quercetin for 2 h, followed by 
stimulation with IL-1β. (A) IC50 of OA chondrocytes to quercetin. (B) Chondrocyte viability was analyzed by the CCK-8 assay. (C and D) The levels of pro-inflammatory 
cytokines (IL-18 and TNF-α) were determined by ELISA. (E) Cell apoptosis was evaluated by flow cytometry analysis performed with an Annexin V-FITC/propidium iodide 
(PI) apoptosis kit. (F) Hoechst 33342 staining was performed. Apoptotic cells exhibited morphological changes in the nuclei typical of apoptosis. Images were captured under 
a fluorescence microscope. (G) The levels of NLRP3, ASC, and IRAK1 proteins were examined by Western blotting. (H) NLRP3 immunofluorescence staining. Markedly 
increased red bright puncta indicate the upregulated expression of NLRP3 (bar: 20 μm). Data represent a mean value ± standard deviation. *p <0.05, **p < 0.01, ***p < 
0.001, compared with blank; #p < 0.05, ##p < 0.01, ###p < 0.001, compared with IL-1β. $$p < 0.01, compared with IL-1β + quercetin + vector. 
Abbreviation: NS, No significance.
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injuries. CCK-8 assays revealed that increased cell via
bility of IL-1β-induced rat chondrocytes that was 
observed following treatment with quercetin was abol
ished after NLRP3 overexpression (Figure 3A). 
Similarly, ELISA, flow cytometry, and Hoechst staining 
results showed that the decreases in pro-inflammatory 
cytokine (IL-1β and TNF-α) levels and apoptosis caused 
by quercetin treatment in IL-1β-induced rat chondro
cytes were both reversed by overexpression of NLRP3 

(Figure 3B–D, respectively). In addition, quercetin treat
ment effectively suppressed the production of ROS in 
IL-1β-induced rat chondrocytes, and that affect was also 
reversed by NLRP3 overexpression (Figure 3E). 
Western blot analyses further confirmed that NLRP3 
overexpression significantly reversed the suppressive 
effects of quercetin on IRAK1, NLRP3, ASC, iNOS, 
COX-2 and caspase-3 protein expression in IL-1β- 
induced rat chondrocytes (Figure 3F).

Figure 3 Overexpression of NLRP3 reversed the suppressive effects of quercetin on IL-1β-induced rat chondrocyte injuries in vitro. Chondrocytes in the IL-1β + quercetin 
group were transiently transfected with an NLRP3 overexpression plasmid or empty vector. (A) Chondrocyte viability was analyzed by the CCK-8 assay. (B) The levels of 
pro-inflammatory cytokines (IL-18 and TNF-α) were measured by ELISA. (C) Cell apoptosis was evaluated by flow cytometry performed with an Annexin V-FITC/propidium 
iodide (PI) apoptosis kit. (D) Hoechst 33342 staining was performed. Apoptotic cells exhibited morphological changes in the nuclei typical of apoptosis. Images were 
captured under a fluorescence microscope. (E) The intracellular levels of ROS in chondrocytes were assessed using a DCFH-DA probe. (F) The levels of NLRP3, ASC, 
IRAK1, iNOS, COX-2 and caspase 3 proteins were assessed by Western blotting. Data represent a mean value ± standard deviation. **p < 0.01, ***p < 0.001, compared with 
blank; #p < 0.05, ##p < 0.01, compared with IL-1β; $p < 0.05, $$p < 0.01, compared with IL-1β + quercetin + vector.
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Quercetin Inhibited IL-1β-Induced Rat 
Chondrocyte Injuries in vitro by 
Suppressing the IRAK1/NLRP3 Signaling 
Pathway
The above data showed that IRAK1/NLRP3 expression 
in IL-1β-induced rat chondrocytes was decreased after 

quercetin treatment. We performed rescue experiments 
to determine whether the protective effect of quercetin 
in IL-1β-stimulated chondrocytes was associated with 
the IRAK1/NLRP3 signaling pathway. Rat chondro
cytes were co-transfected with IRAK1 and si-NLRP3, 
followed by quercetin treatment and IL-1β stimulation. 
A series of functional experiments demonstrated that 

Figure 4 Quercetin inhibited IL-1β-induced rat chondrocyte injuries in vitro by suppressing the IRAK1/NLRP3 signaling pathway. Chondrocytes in the IL-1β + quercetin 
group were transiently co-transfected with siRNA targeting NLRP3 (si-NLRP3) and an IRAK1 overexpression plasmid. (A) Chondrocyte viability was analyzed by the CCK-8 
assay. (B) The levels of pro-inflammatory cytokines (IL-18 and TNF-α) were determined by ELISA. (C) Cell apoptosis was evaluated by flow cytometry performed with an 
Annexin V-FITC/propidium iodide (PI) apoptosis kit. (D) Hoechst 33342 staining was performed. Apoptotic cells exhibited morphological changes in the nuclei typical of 
apoptosis. Images were captured under a fluorescence microscope. (E) The intracellular levels of ROS in chondrocytes were assessed using a DCFH-DA probe. (F) The 
levels of NLRP3, ASC, iNOS, COX-2 and IRAK1 proteins were assessed by Western blotting. (G) NLRP3 immunofluorescence staining. Markedly increased red bright 
puncta indicated the upregulated expression of NLRP3 (bar: 20 μm). Data represent a mean value ± standard deviation. **p < 0.01, ***p < 0.001, compared with blank; #p < 
0.05, ##p < 0.01, compared with IL-1β; $p<0.05, $$p < 0.01, compared with IL-1β + quercetin + vector; &p < 0.05, &&p < 0.01, compared with IL-1β + quercetin + IRAK1.
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overexpression of IRAK1 reversed the suppressive 
effects of quercetin on IL-1β-induced impaired cell 
viability (Figure 4A), and increased inflammation 
(Figure 4B), apoptosis (Figure 4C and D), and ROS 
production (Figure 4E) in injured rat chondrocytes, and 
those effects were all attenuated by NLRP3 knock
down. Western blot studies further confirmed that the 
levels of NLRP3 and IRAK1 expression were increased 

after IRAK1 overexpression, but were decreased by 
NLRP3 knockdown in the quercetin plus IL-1β treat
ment group (Figure 4F). The same trends related to 
NLRP3 expression were detected by immunofluores
cence (Figure 4G). These results suggested that quer
cetin could inhibit inflammation and chondrocyte 
apoptosis by suppressing IRAK1/NLRP3 signaling in 
IL-1β-treated chondrocytes.

Figure 5 Schematic diagram of the proposed molecular mechanisms underlying the protective effect of quercetin against OA progression.
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Discussion
Here, our data showed that administration of quercetin 
attenuated OA progression in a rat model of OA, as indi
cated by reduced cartilage destruction, as well as by 
decreased OARSI scores and inflammation status. 
Quercetin is a natural product that displays antioxidative 
properties under conditions of stress in various degenerative 
diseases.17,18,26 Consistent with our in vivo results, Wei 
et al27 demonstrated that quercetin could improve the 
degenerative effects of OA by attenuating oxidative stress 
responses and inhibiting the degradation of cartilage extra
cellular matrix. Feng et al20 reported that quercetin could 
alleviate pathological changes associated with the degenera
tion of knee joint articular cartilage in OA model rats. In 
addition, Hu et al21 reported that intra-articular injection of 
quercetin alleviated the degradation of cartilage and 
decreased the apoptosis of chondrocytes in a rat OA model.

Our data further confirmed that quercetin could sup
press expression of the IRAK1/NLRP3 pathway and 
decrease the levels of pro-inflammatory cytokines (IL-1β, 
IL-18, and TNF-α) in a rat OA model. To confirm the 
protective effect of quercetin against the progression of 
OA associated with IRAK1/NLRP3 signaling, we isolated 
rat chondrocytes and then mimicked OA chondrocytes 
in vitro by incubating the isolated chondrocytes with IL- 
1β. IL-1β is one of the most prominent mediators of 
cartilage degradation and joint inflammation, both of 
which induce a cascade of inflammatory and catabolic 
events in chondrocytes.28,29 We subsequently observed 
that quercetin attenuated IL-1β-induced inflammation and 
apoptosis in rat chondrocytes. In line with our data, 
another study showed that theIL-1β-induced accumulation 
of nitric oxide (NO), matrix metalloproteinase (MMP)-3, 
and MMP-13 could be suppressed by quercetin.19 

Furthermore, quercetin was shown to inhibit tert-butyl 
hydroperoxide (TBHP)-induced apoptosis, oxidative 
stress, and ER stress in chondrocytes.20 Quercetin inhib
ited the expression of inflammatory and catabolic media
tors in IL-1β-induced rat chondrocytes by suppressing the 
Akt/NF-κB signaling pathway.21

Subsequently, we performed gain-of-function assays to 
examine whether overexpression of NLRP3 could reverse 
the suppressive effects of quercetin on IL-1β-induced rat 
chondrocyte injuries in vitro. Those experiments con
firmed that IRAK1 overexpression could reverse the sup
pressive effects of quercetin on IL-1β-induced impaired 
cell viability, increased inflammation, apoptosis, and ROS 

production, which were all attenuated by NLRP3 knock
down in injured rat chondrocytes. The IRAK1/NLRP3 
pathway has been reported to participate in the inflamma
tion and apoptosis associated with OA progression. For 
example, inhibition of IRAK1 phosphorylation was 
demonstrated to be involved in the mechanism by which 
delphinidin inhibits IL-1β-induced COX-2 expression and 
PGE2 production in human chondrocytes.13 NLRP3 
inflammasomes have been suggested as novel biomarkers 
for use in managing OA,14 because they help to regulate 
the protective effects of icariin15 and curcumin16 against 
OA. Lin et al10 showed that primer-dependent activation 
of the NLRP3 inflammasome occurs independent of direct 
participation of IRAK-1. Moreover, Kang et al12 reported 
that blockage of TLR4/6-IRAK4/1 signaling to suppress 
NLRP3 inflammasome activation may protect against fruc
tose-induced cardiac inflammation and fibrosis. Based on 
this evidence, we speculated that quercetin might help to 
prevent IL-1β-induced rat chondrocyte injuries in vitro by 
suppressing the IRAK1/NLRP3 signaling pathway.

Conclusion
In summary, the current study, for the first, showed that 
quercetin exerts its therapeutic effects on OA by inhibiting 
the inflammasome involved with IRAK1/NLRP3 inflamma
tory pathway (Figure 5). However, some limitations of our 
study are that we did not investigate the possible side effects 
of quercetin when administered to rats or the mechanism by 
which the IRAK1/NLRP3 inflammatory pathway affects 
OA pathogenesis in vivo. However, when taken together, 
our study suggests quercetin as potential drug for use in 
limiting the pathological progression of OA.
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