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Curcumin exerts a protective effect on murine knee chondrocytes 
treated with IL-1β through blocking the NF-κB/HIF-2α signaling 
pathway
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Background: Osteoarthritis (OA) is characterized by erosion and degradation of articular cartilage. This 
study assessed the effects of curcumin on mouse knee cartilage chondrocytes. 
Methods: Chondrocytes were treated for 24 hours with interleukin IL-1β (10 ng/mL) alone, or the 
combination of curcumin (10, 20, and 50 μM) and IL-1β. The proliferation, viability, and cytotoxicity of the 
chondrocytes were evaluated by the MTS assay. Expression of SOX9, AGG, Col2α, MMP9, ADAMTS5, 
COX2, iNOS, pIκB-α, pNF-κB, and hypoxia-inducible factor-2α (HIF-2α) were detected by western 
blotting or quantitative polymerase chain reaction (q-PCR). Nuclear translocation of NF-κB and HIF-2α 
were investigated by immunofluorescence and immunohistochemistry. In in vivo experiments, mice were 
subjected to destabilization of the medial meniscus (DMM) and given curcumin orally for 6 weeks. Cartilage 
integrity was evaluated by OARSI (Osteoarthritic Research Society International) scores. 
Results: Curcumin significantly inhibited the IL-1β-induced reduction of cell viability, degradation of 
ECM, and the expression of SOX9, Col2α, and AGG (P<0.01). Western blotting, immunofluorescence and 
immunohistochemistry experiments demonstrated that curcumin dramatically inhibited the activation of 
NF-κB/HIF-2α in chondrocytes treated with IL-1β (P<0.01). The articular scores were significantly lower in 
the DMM-induced OA mice compared to OA mice treated with curcumin (P<0.01). 
Conclusions: Curcumin may have the potential to inhibit OA development, partly through suppressing 
the activation of the NF-κB/HIF-2α pathway.
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Introduction

Osteoarthritis (OA) is characterized by the gradual 
degradation of cartilage in the knee, and as such, causes 
extreme pain and disability in patients (1). OA ranked the 
11thmost common cause of disability among nearly 300 
diseases reported in the 2010 Global Burden of Disease 
Research (2). According to the Center for Disease Control 
(CDC), with an increase in the aging population, the 
number of patients with OA is expected to more than 
double by the year 2030 (3). However, the etiology of OA 
is complicated and remains unclear. Studies have suggested 
that inflammation degrades the extracellular matrix (ECM) 
and decreases chondrocyte activity, which subsequently 
triggers the catabolic abilities of chondrocytes and inhibits 
chondrocyte proliferation (4).

Interleukin-1β (IL-1β) is a major proinflammatory 
cytokine and has been shown to be involved in the 
degradation and degeneration of articular cartilage (5). 
Accumulating evidence suggests that IL-1β stimulates 
chondrocytes to release proteolytic enzymes such as 
matrix metalloproteinases (MMPs), a disintegrin and 
metalloproteinase with thrombospondin motifs (ADAMTS), 
cyclooxygenase 2 (COX2), and nitric oxide (NO) (6). IL-
1β can also reduce cell viability, increase cell apoptosis, 
and promote ECM metabolic imbalance (7). Furthermore, 
IL-1β is excessively secreted in cartilage lesions and 
synovial fluids of OA patients (8,9). Therefore, limiting 
the expression and secretion of IL-1β is a key target in the 
prevention and treatment of OA.

Despite the high prevalence of OA, there is currently 
no effective treatment or cure (10,11). Therefore, the 
development of novel drugs that are safe and effective for 
the management of OA is urgently needed. Curcumin and 
its derivatives are biologically active ingredients of the herb 
Curcuma longa (12,13). Curcumin has been reported to be 
a potential inhibitor of the JNK (c-Jun N-terminal kinase) 
signaling pathway, and an activator of STAT in human and 
bovine chondrocytes, thereby protecting chondrocytes 
and cartilage from degradation (14,15). Curcumin has 
also been shown to inhibit the apoptosis of rabbit articular 
chondrocytes induced by sodium nitroprusside (16) and 
increase human chondrocyte proliferation (17). 

A relatively new report confirmed that curcumin 
could inhibit the PERK-eIF2α-CHOP axis of the ER 
stress response through the activation of SIRT1 in tert-
Butyl hydroperoxide- (TBHP-) treated rat chondrocytes 
and ameliorated osteoarthritis development in vivo (18). 

However, the relationship between curcumin and NF-
κB/hypoxia-inducible factor-2α (HIF-2α) pathway in 
chondrocytes has not been reported yet. HIF-2α plays an 
important role in inflammation (19,20). Its expression in 
chondrocytes is positively correlated with the progression 
of OA in mice and humans (11). HIF-2α is encoded by 
EPAS1 (endothelial PAS domain protein 1) and is a key 
upstream transcript of matrix metallopeptidase 9 (MMP9) 
and ADAMTS5. HIF-2α promoter analysis studies have 
demonstrated that nuclear factor NF-κB regulates HIF-2α 
transcriptional activity, and the NF-κB/HIF-2α signaling 
pathway is tightly associated with the development of OA 
following articular cartilage damage (21). 

Although it is known that curcumin has a protective 
effect on chondrocytes, the effects of curcumin on the NF-
κB/HIF-2α signaling pathway in chondrocytes remains 
unclear. Therefore, this study explored the effects of 
curcumin on the expression of chondrogenic genes and 
transcription factors in chondrocytes stimulated by IL-1β. 
The regulatory mechanisms and pathways involved were 
also examined. This report provides a theoretical basis for 
the clinical applications of curcumin in OA patients.

We present the following article in accordance with the 
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-21-2701).

Methods

Chemicals

Recombinant  murine IL-1β  was  purchased from 
PeproTechCo., Ltd. (Soochow, China). Curcumin was 
obtained from BiorulerCo., Ltd. (Beijing, China). Stock 
solutions of curcumin were dissolved in dimethyl sulfoxide 
(DMSO; Sigma Co., St. Louis, USA) at room temperature 
and stored at −20 ℃. The final concentration of DMSO 
used in the culture was 0.01% (v/v), and the working 
concentrations of curcumin were 10, 20, and 50 μM. 

Isolation and culture of murine chondrocytes, induction of 
OA in mice, and curcumin treatment

All  animal experiments conformed to the ethical 
requirements of the Guangzhou Red Cross Hospital, 
Guangzhou, China. A total of 40 C57BL/6 male mice  
(6 weeks old and weighing 20–25 g) were given free 
access to water and food and housed in a comfortable 
cage and room. The mice were kept for five days prior to 
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destabilization of the medial meniscus (DMM) surgery and 
chondrocyte isolation. 

This study was approved by the Research Ethics 
Committee of the Guangzhou Red Cross Hospital, 
Guangzhou, 510220, China (Approval No. 2019-010-01), in 
compliance with national or institutional guidelines for the 
care and use of animals. Chondrocytes were isolated from 
the mice and digested as previously described (22). Briefly, 
10 mice were sacrificed using carbon dioxide gas (28% 
chamber volume per minute) under general anesthesia and 
chondrocytes were immediately isolated. The knee cartilage 
was digested with collagenase I (C0130, Sigma‑Aldrich) 
and collagenase D (11088858001, Roche Diagnostics) 
for 30 minutes at 37 ℃. The isolated chondrocytes were 
seeded at a concentration of 5×105 cells/mL onto 10‑cm 
diameter Petri dishes containing complete Dulbecco’s 
Modified Eagle’s medium (DMEM) supplemented with 
10% (v/v) fetal bovine serum (FBS) and 1% penicillin 
and streptomycin, and incubated at 37 ℃ and 5% CO2. 
After three days, the cells had reached confluency and the 
chondrocytes were harvested for subsequent experiments. 

For the surgery-induced OA model, the remaining 
30 male mice were anesthetized using 10 mg/kg xylazine 
(X1126; Sigma-Aldrich) and 50 mg/kg ketamine (693561; 
Sigma-Aldrich) under sterile conditions. Destabilization 
of the medial meniscus (DMM) was performed on the 
right knee joints. In the sham operation group, the medial 
meniscus of the mice was visualized but not stripped. After 
surgery, mice in the curcumin-treated groups received oral 
administration of 50 mg/kg curcumin (BiorulerCo., Ltd.) 
dissolved in corn oil, once a day, for 6 weeks (23). Mice in 
the surgical vehicle control groups were given corn oil only.

Cell viability assay

The effects of curcumin on chondrocytes were assessed 
by the MTS assay. Mouse chondrocytes were cultured in 
96-well plates (4,000 cells/well) and treated with various 
concentrations (0, 10, 20, 50 and 100 μM) of curcumin with 
or without 10 ng/mL IL-1β (Sigma Co., St Louis, Mo) 
at 37 ℃. After 24 hours, cells were incubated with 20 μL  
MTS at 37 ℃ for 4 hours. Absorbance at a wavelength 
of 490 nm was detected using a microplate reader (Leica 
Microsystems, Germany).

Alcian blue and Safranin O staining of chondrocytes

A 20 μL suspension of chondrocytes was plated into 4-well 

plates at a density of 1×106 cells/mL and incubated for 3 hours. 
Following cell adhesion, 0.5 mL of fresh complete DMEM 
containing curcumin alone (10, 20, and 50 μM), or curcumin 
(10, 20 and 50 μM) combined with IL-1β (10 ng/mL)  
was added to the cells. After 14 days, cells were fixed for 
20 minutes with 0.5 mL 10% neutral buffered formalin. 
Cells were then stained with 0.5 mL 1% Alcian blue and 
1% Safranin O for 30 minutes at room temperature. After 
washing with 1× phosphate buffered saline (PBS), images of 
the stained cell masses were obtained using a scanner. 

Immunofluorescence microscopy and capture of 
representative brightfield images

Chondrocytes (1×104 cells/mL) were grown in 6-well plates 
containing glass slides and cultured with complete DMEM 
containing curcumin alone (10, 20 and 50 μM) or curcumin 
(10, 20 and 50 μM) combined with IL-1β (10 ng/mL).  
The representative brightfield images of chondrocytes 
were captured under an inverted phase contrast microscope 
(Olympus; CKX41-A32PH). Cells were fixed with 90% 
ethanol for 30 minutes. After blocking by 5% bovine serum 
albumin (BSA) for an hour, chondrocytes were incubated 
with primary antibodies against NF-κB (1:200; 8242; CST) 
and HIF-2α (1:1,000; D6T8V; CST) at 4 ℃ overnight. 
Thereafter, cells were incubated with the secondary 
fluorescein-conjugated goat anti-rabbit antibody (1:200; 
ZF0311; OriGene Technologies, Maryland, USA) at room 
temperature for 1 hour. Images of the stained cells were 
visualized and captured using a fluorescence microscope 
(AXIO Vert.A1; 400× magnification). 

Western blotting

Chondrocytes (2×105 cells/well) were cultured in 6-well 
plates, and treated as described for the immunofluorescence 
studies. Cells were lysed and protein concentrations were 
determined by the BCA method. Proteins (20 μg/lane) were 
separated by 10% SDS-PAGE (sodium dodecyl sulphate-
polyacrylamide  gel  electrophoresis) and blotted onto 
PVDF (polyvinylidene fluoride) membranes (Merck). The 
membranes were blocked with 5% bovine serum albumin 
(BSA) for 1 hour at room temperature, and the proteins 
were sequentially probed with the following primary 
antibodies overnight at 4 ℃: SOX9 (1:1,000; 82630; 
CST), NF-κB (1:1,000; 8242; CST), phosphorylated NF-
κB (p NF-κB; 1:1,000; 93H1; CST), inhibitor of nuclear 
factor kappa B (IκB; 1:100; 44D4; CST), pIκB (1:1,000; 
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14D4; CST), HIF-2α (1:1,000; D6T8V; CST), MMP9 
(1:1,000; 13667; CST), ADAMTS5 (1:1,000; PAB26036; 
AmyJet Scientific), inducible nitric oxide synthase (iNOS; 
1:200; 13120S; CST), COX2 (1:200; BA3708; Boster), and 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 
1:1,000;5174; CST).Membrane were then incubated 
with an anti-rabbit/mouse IgGHRP-linked antibody 
(1:3,000; 7074/7076; CST). Blots were determined using 
a chemiluminescence kit (Thermo Fisher Scientific, USA) 
and the images were captured by the ChemiDoc XRS 
Imaging System (Bio-Rad) and analyzed using Image Lab 
5.2.1 software. 

Real time quantitative-PCR(q-PCR)

Cells were treated as for the western blotting experiments 
described above. Total RNA was extracted from chondrocytes 
using TRIzol reagent (Thermo Fisher Scientific). Total 
mRNA (1μg) was used to synthesize the cDNA in a 20 μL 
reaction using the PrimeScript RT Master Mix kit (RR036A, 
TaKaRa). TB Green Premix ExTaq II (RR066A, TaKaRa) 
was used to detect the mRNA of all genes in the qTOWER 
2.2 real time PCR system (Analytik Jena, German). Primer 
sequences used were shown in Table 1. The 2−ΔΔCt method was 
used to analyze the expression of the genes, with GAPDH 
as the internal control (24).

Histologic evaluation and immunohistochemical analysis

This study was approved by the Research Ethics Committee 
of the Guangzhou Red Cross Hospital, Guangzhou, 
510220, China (Approval No. 2019-010-01), in compliance 
with national or institutional guidelines for the care and use 

of animals. DMM or sham operations were performed on 
mice and after 6 weeks with or without curcumin treatment, 
mice were euthanized and the knee joints were harvested. 
Serial sections from the knee femur at a thickness of 5 μm  
were used for Safranin O/fast green (SO) staining and 
immunohistochemical analysis. For immunohistochemistry, 
the goat two-step detection kit was used to detect the 
antigens according to the manufacturer’s instructions (PV-
8000, ZSGB-BIO). Slides were incubated with either rabbit 
polyclonal anti-NF-κB antibody (1:200; 8242; Cell Signal 
Technology) or rabbit polyclonal anti-HIF-2α antibody 
(1:200; D6T8V; CST) together with rabbit polyclonal 
anti-proliferating cell nuclear antibody (PCNA) antibody 
(1:50; 13110; CST) overnight at 4 ℃. Slides were then 
incubated with a horseradish peroxidase (HRP)-conjugated 
secondary antibody for 1 hour at room temperature. The 
reaction was visualized following incubation with DAB 
(3,3’-diaminobenzidine) solution for 5 minutes at room 
temperature. Photos were obtained with an inverted 
phase contrast microscope (Olympus; CKX41-A32PH). 
The adapted histological parameters originating from the 
International Cartilage Repair Society (ICRS) II included 
the following: (I) matrix staining; (II) subchondral bone; 
and (III) overall assessment. The cartilage sections were 
scored by three blinded readers according to the ICRS II 
parameters and criteria (25).

Statistical analysis

Experiments were performed in sets of triplicates of more 
and the data is presented as means ± standard deviation (SD) 
and analyzed by one-way analysis of variance (ANOVA). A 
P value <0.05 was considered statistically significant.

Table 1 Sequences of primers used for gene amplification

Genes Forward Reverse

GAPDH 5'-ATTGTGCACCGCAAATGCTT-3' 5'-ACCACAGCACGATTGTCGAT-3'

SOX9 5'-GTGCAAGCTGGCAAAGTTGA-3' 5'-TGCTCAGTTCACCGATGTCC-3'

Col2α 5'-GGTGAGCCATGATCCGCC -3' 5'-TGGCCCTAATTTTCGGGCATC-3'

AGG 5'-CGTTGCAGACCAGGAGCAAT-3' 5'-CTCGGTCATGAAAGTGGCG'-3'

MMP9 5'-GTACTCGACCTGTACCAGCG-3' 5'-AGAAGCCCCACTTCTTGTCG-3'

iNOS 5'-GCCCAGCCAGCCCAAC-3' 5'-GCAGCTTGTCCAGGGATTCT-3'

ADAMTS5 5'-AAGAGGAGGAGGAGGAGGAGGAG-3' 5'-AATGGTTGTGAGCTGCCGTATGG-3'

COX2 5'-AACCGAGTCGTTCTGCCAAT-3' 5'-AACCGAGTCGTTCTGCCAAT-3'

https://www.cellsignal.cn/products/secondary-antibodies/anti-rabbit-igg-hrp-linked-antibody/7074?N=4294956287&Ntt=secondary+antibody&fromPage=plp
https://www.cellsignal.cn/products/secondary-antibodies/anti-rabbit-igg-hrp-linked-antibody/7074?N=4294956287&Ntt=secondary+antibody&fromPage=plp
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Results

The effects of curcumin on chondrocyte viability and cell 
morphology

The effects of curcumin on the viability of chondrocytes was 
evaluated by the MTS assay (Figure 1A). Chondrocytes were 
treated with increasing concentrations of curcumin (10, 20, 
50, and 100 μM) for 24 hours. The viability of chondrocytes 
was significantly increased by curcumin at doses of 10, 20, 
and 50 μM compared with control cells (P<0.05; Figure 1B). 
However, chondrocyte viability was obviously inhibited 
by curcumin at 100 μM concentration (P<0.05). IL-1β  
(10 ng/mL) signif icantly reduced the viabil i ty of 
chondrocytes (Figure 1C). Interestingly, curcumin dose-
dependently (10, 20, and 50 μM) attenuated the IL-1β-
induced decrease in cell viability (P<0.05; Figure 1C). 
Figure 1D,E,F indicated that IL-1β and curcumin (50 μM)  
did not exert an effect on the cell morphology. This was 
consistent with the observations in chondrocytes treated 
with curcumin alone. Therefore, 10, 20, and 50 μM 

curcumin were chosen for subsequent experiments.

The effects of curcumin on chondrocyte-specific genes and 
chondrocyte catabolism genes

Safranin O and Alcian blue staining are classic methods for 
measuring the amount of aggrecan (AGG) secreted from 
chondrocytes (16). Compared with untreated chondrocytes, 
IL-1β significantly reduced the secretion of AGG from 
chondrocytes (P<0.05; Figure 2A). Furthermore, curcumin 
(10, 20, and 50 μM) was able to restore the secretion of 
AGG in chondrocytes treated with IL-1β (P<0.05). 

The mRNA expression of AGG, collagen Col2α, and 
SOX9 was significantly downregulated in chondrocytes 
treated with IL-1β compared with that of control cells 
(P<0.05). Curcumin obviously attenuated the decreased 
expression of AGG, Col2α, and SOX9 induced by IL-
1β (P<0.05). In addition, the protein expression of SOX9 
was also significantly downregulated in IL-1β-treated 
chondrocytes compared to control cells (P<0.05), and this 

Figure 1 The effects of curcumin  on mouse chondrocyte viability and cell morphology. (A) The chemical formula of curcumin. (B) MTS 
assays were used to analyze the viability of chondrocytes cultured in 10, 20, 50, and 100 μM curcumin for 24 hours. (C) Absorbance at 490 nm 
by chondrocytes treated with IL-1β (10 ng/mL) alone or IL-1β (10 ng/mL) and curcumin (10, 20, and 50 μM) simultaneously for 24 hours. 
(D,E,F) Cell morphology of the murine knee chondrocyte treated with or without curcumin (50 μM) in the presence of IL-1β (10 ng/mL).  
Magnification 100×. #, P<0.05 vs. control group; *, P<0.05 vs. IL-1β group. Cur, curcumin; IL-1β, interleukin-1β; OD, optical density.
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decrease was significantly ameliorated by curcumin (P<0.05; 
Figure 2B,C,D,E,F). IL-1β significantly elevated the mRNA 
and protein expression of ADAMTS5 and MMP9 compared 
to control cells (Figure 2E,F,G,H), and this sharp increase 
was significantly inhibited by curcumin intervention in a 
dose-dependent manner (P<0.05; Figure 2B,C,D,E,F). 

The effects of curcumin on iNOS and COX2 expression in 
IL-1β-treated chondrocytes

Chondrocytes treated with IL-1β  showed marked 
upregulation of iNOS and COX2 mRNA and protein 
expression compared to control chondrocytes (P<0.01; 
Figure 3A,B,C,D). By contrast, curcumin (10, 20, and 50 μM)  
dose-dependently reversed the increased mRNA expression 
of iNOS and COX2 in chondrocytes stimulated with IL-1β 
(P<0.01).

The effects of curcumin on NF-κB/HIF-2α signal pathway 
in IL-1β-treated chondrocytes

To understand the protective mechanisms of curcumin on 

chondrocytes, the NF-κB/HIF-2αsignaling pathway was 
examined. Compared to untreated chondrocytes, the ratios 
of pNF-κB/NF-κB, pIκB-α/IκB-α, and HIF-2α/GAPDH in 
chondrocytes treated by IL-1β were significantly increased 
(P<0.01; Figure 4A,B). Curcumin exerted a dramatic 
inhibitory effect on IL-1β-induced phosphorylation of 
NF-κB and IκB-α, and expression of HIF-2α (P<0.01). 
Immunofluorescence staining demonstrated that in 
control chondrocytes, NF-κB was mainly expressed in the 
cytoplasm. In contrast, IL-1β stimulation increased nuclear 
staining of NF-κB and HIF-2α, while curcumin significantly 
inhibited IL-1β-induced nuclear expression of NF-κB 
and HIF-2α (Figure 4C,D). Taken together, these findings 
suggested that curcumin inhibited the IL-1β‑induced 
nuclear translocation of NF-κB and HIF-2α.

Curcumin reduced the cartilage degradation in DMM-
induced OA mice by inhibiting the NF-κB/HIF-2α signal 
pathway

The in vivo effects of curcumin on the structural features 
of articular cartilage were examined using a DMM-induced 

Figure 3 Curcumin suppressed the IL-1β-induced overexpression of iNOS and COX2 in chondrocytes. Chondrocytes were cultured with 
complete medium containing IL-1β (10 ng/mL) alone or IL-1β (10 ng/mL) and curcumin (10, 20, and 50 μM) for 24 hours. (A) The mRNA 
expression of iNOS in chondrocytes. (B) The mRNA expression of COX2 in chondrocytes. (C) Protein expression of iNOS and COX2 in 
chondrocytes. (D) Graphical representation of iNOS and COX2 protein expression normalized to GAPDH expression. #, P<0.05 vs. control 
group; *, P<0.05 vs. IL-1β group. Cur, curcumin; IL-1β, interleukin-1β; iNOS, inducible nitric oxide synthase; COX2, cyclooxygenase 2; 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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OA mouse model. Mice that underwent DMM surgery 
exhibited OA pathology characterized by reduced Safranin 
O staining and a rough articular surface. DMM mice treated 
with curcumin showed increased Safranin O staining and an 
increase in the rough articular surface compared with sham 
groups and OA groups (Figure 5). 

The matrix staining and articular surface scores were 
significantly lower in the OA group compared to the sham 
operation group (P<0.01), indicating that the DMM models 
were successfully established. Quantitative analysis revealed 
that cartilage matrix staining (Safranin O positive stained 

areas) was notably higher in curcumin-treated DMM mice 
compared to untreated DMM mice (P<0.05; Figure 5A,B). 
In addition, the ICRS II score of the overall assessment 
was obviously higher in curcumin-treated DMM mice 
compared to the OA mice (P<0.05). Immunohistochemistry 
and quantitation analysis showed that mice in the curcumin 
treatment group displayed an obvious decrease in NF-κB 
positive cells and HIF-2α positive cells compared to mice 
in the OA group. There was an increase in the number 
of PCNA immuno-reactive cells in the joint region in 
the curcumin treatment group compared with OA group  

Figure 4 The effects of curcumin on IL-1β-induced NF-κB/HIF-2α activation in mouse chondrocytes. (A) A representative Western 
blot showing the protein expression of HIF-2α, IκB-α, phosphorylated IκB-α, NF-κB, and phosphorylated NF-κB in chondrocytes. (B) 
A graphical representation of HIF-2α, IκB-α, phosphorylated IκB-α, NF-κB, and phosphorylated NF-κB protein expression normalized 
to GAPDH expression. (C) Immunofluorescence staining of NF-κB expression in the nucleus of chondrocytes. (D) Immunofluorescence 
staining of HIF-2α in the nucleus of chondrocytes. White arrows indicate NF-κB and HIF-2α positive cells in Figure 4C and 4D. 
Magnification 400×. #, P<0.05 vs. control group; *, P<0.05 vs. IL-1β group. Cur, curcumin; IL-1β, interleukin-1β; HIF-2α, hypoxia-inducible 
factor-2α; IκB-α, inhibitor of nuclear factor kappa B; NF-κB, nuclear factor kappa B; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; 
Con, control; DAPI, 4',6-diamidino-2-phenylindole. White arrows indicate positive cells. 
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Figure 5 Curcumin suppressed the NF-κB/HIF-2α pathway in chondrocytes in vivo. (A) Safranin O staining of the articular cartilage from 
the sham operation mice (Sham), the DMM-induced OA mice (OA, and the curcumin-treated OA mice (Cur). Immunostaining for NF-κB, 
HIF-2α, and PCNA in mouse chondrocytes. (B) Quantitation of the ICRS II cartilage repair score at 6 weeks after curcumin treatment. (C) 
Quantitation of the ratio of HIF-2α positive and NF-κB positive cells. Magnification 200×. #, P<0.05 vs. control group; *, P<0.05 vs. IL-1β 
group. Cur, curcumin; IL-1β, interleukin-1β; HIF-2α, hypoxia-inducible factor-2α; NF-κB, nuclear factor kappa B; PCNA, proliferating cell 
nuclear antigen; DMM, destabilized medial meniscus; OA, osteoarthritis; ICRS II, International Cartilage Repair Society II.
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(Figure 5A,C). This was in agreement with the positive 
effects of curcumin on the proliferation of chondrocytes 
(Figure 1B). These results suggested that curcumin 
treatment improved the integrity of the articular cartilage, 
partially by suppressing the NF-κB/HIF-2α signaling 
pathway.

Discussion

Accumulating studies have demonstrated that inflammation 
in the chondrocytes and cartilage, mediated by IL-
1β or TNF-α, plays a vital role in the development and 
progression of OA (26). Recently, Chinese medicine extracts 
have shown increasing potential as treatments for OA due 
to their anti-inflammatory properties and fewer side effects 
(27,28). Curcumin has been shown to inhibit apoptosis 
in IL-1β-stimulated human chondrocytes in vitro (29).  
However, the mechanisms by which curcumin protects 
carti lage from degradation and the inflammatory 
pathways involved remain little understood. This current 
investigation explored the effects of curcumin on IL-1β-
induced inflammation in vitro using isolated chondrocytes 
and in vivo using a DMM-induced OA mouse model. 

In the MTS assays, curcumin at concentrations of 10, 
20, and 50 μM increased chondrocyte viability, however, 
at a concentration of 100 μM, curcumin showed a strong 
inhibitory effect on chondrocyte activity. Therefore, the 
effects of curcumin on chondrocyte activity were dose-
dependent, low concentrations of curcumin (10, 20, and  
50 μM) increased chondrocyte viabil i ty and high 
concentration (100 μM) inhibited chondrocyte viability. 
Thus, the three gradient concentrations of 10, 20, and  
50 μM curcumin were used in all subsequent experiments. 
In the acquisition and analysis of representative bright field 
images, the results that IL-1β and curcumin did not affect 
cell morphology were confirmed. 

In the present study, chondrocytes were stimulated 
with 10 ng/mL IL-1β, which is an established method to 
mimic chondrocyte inflammation in vitro (7). Chondrocyte 
activity was decreased after treatment with IL-1β , 
however, curcumin significantly reversed the trend and 
promoted the activity of chondrocytes. Furthermore, 
immunohistochemical results of articular cartilage 
demonstrated that compared with the sham group and 
the DMM-induced OA group, curcumin dramatically 
increased the numbers of PCNA positive cells. Since PCNA 
is a known molecular marker for proliferation (30), this 
indicated that curcumin significantly increased chondrocyte 

activity in vivo. These conclusions are consistent with those 
reported in the literature (31).

Safranin O and Alcian blue staining are classic methods 
for detecting the ECM component, AGG (16). Safranin O 
and Alcian blue staining indicated that IL-1β (10 ng/mL)  
downregulated the secretion of AGG in chondrocytes. 
Curcumin reversed the down-regulated expression of 
SOX9, AGG, and Col2α in chondrocytes induced by IL-1β. 
The main components of chondrocyte ECM are AGG and 
Col2α, both of which are target proteins of SOX9. SOX9 
is an important transcription factor for chondrocytes. In 
addition, the present study showed that oral administration 
of curcumin in mice significantly improved the ECM 
staining of the articular cartilage, indicating that curcumin 
may be beneficial in the treatment of joints in OA. 

IL-1β can induce the expression of iNOS and COX2, 
both of which have been shown to play a crucial role in in 
the pathophysiology of OA (32). Furthermore, NO and 
prostaglandin E2 (PGE2) can be secreted by OA cartilage 
and both are overexpressed in OA joint synovial fluid. 
Interestingly, NO is generated through iNOS, while PGE2 
is produced by COX2 (33). An increasing number of reports 
have suggested that inhibiting the production of these 
inflammatory mediators may attenuate the progression of 
OA (34). For example, curcumin and the lecithin complex 
have been shown to exert a chondroprotective effect on 
human chondrocytes via inhibiting COX2 and iNOS 
expression (35). In this study, the expression of iNOS and 
COX2 in mouse chondrocytes treated with IL-1β was 
upregulated, but this trend was reversed with the addition 
of curcumin, which is consistent with the literature. MMPs 
and ADAMTSs serve as key players in the degradation 
of ECM components, contributing to the destruction 
of articular cartilage (36). Curcumin treatment has been 
previously demonstrated to inhibit MMP9 and ADAMTS5 
in a rat OA model, which was further confirmed in IL-1β-
injured chondrocytes (37). This current study demonstrated 
that curcumin obviously prevented the IL-1β-induced 
MMP9 and ADAMTS5 expression at the mRNA and 
protein levels in mouse chondrocytes.

NF-κB signaling pathways are extremely critical for 
the initiation of inflammation that is involved in the 
pathogenesis of OA (38). Normally, NF-κB is present in the 
cytoplasm as an inactive transcription factor associated with 
IκB, an inhibitory protein (39). When stimulated by IL-1β 
or trauma, the IκB protein is phosphorylated and released 
from the NF-κB complex, and nuclear translocation of 
NF-κB resulted in the transactivation of downstream 
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target genes (40). The activity of the NF-κB signaling 
pathway, along with other factors upstream of HIF-2α, is 
closely related with the occurrence of OA (41). HIF-2α is a 
catabolic transcription factor in the osteoarthritic process. 
It can directly induce the expression of genes encoding 
catabolic factors, including MMP9 and ADAMTS5, in 
chondrocytes (42). Intra-articular administration of BMS-
345541, a highly selective inhibitor of catalytic subunits 
for IκB, has been shown to suppress the development of 
OA by downregulating signaling through the NF-κB/HIF-
2α axis (21). The results in this present report showed that 
curcumin could block the expression of NF-κB/HIF-2α 
signaling pathway by degradation of IκB in IL-1β-induced 
chondrocytes and cartilages in the DMM-induced OA 
mouse model.

In conclusion, curcumin inhibited the IL-1β-induced 
chondrocyte inflammation by inactivating the NF-κB/
HIF-2α signaling pathway. This was confirmed by in vivo 
experiments using a DMM surgically-induced mouse 
OA model. The results demonstrated that curcumin 
inhibited inflammation in the articular cartilage, partly 
by suppressing the activation of NF-κB/HIF-2α in 
chondrocytes. Curcumin may have the potential to inhibit 
OA development, partly through suppressing the activation 
of the NF-κB/HIF-2α pathway. Therefore, curcumin may 
be a potential therapeutic agent for the treatment of OA.
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