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Abstract. Osteoarthritis (OA) is a progressive and degen-
erative joint disorder that is highly prevalent worldwide and 
for which there is currently no effective medical therapy. 
Artesunate (ART), a natural compound used to treat malaria, 
possesses diverse biological properties, including the regula-
tion of inflammation and apoptosis in various cells; however, 
its role in OA remains unclear. The aim of the present 
study was to investigate the effects of ART on interleukin 
(IL)‑1β‑induced chondrocyte‑like ATDC5 cells and in an OA 
mouse model. The results revealed that ART dose‑depend-
ently relieved the inhibitory effect of IL‑1β on cell viability. 
Moreover, ART significantly reduced the overexpression of 
matrix metalloproteinase (MMP)‑3, MMP‑13, a disintegrin 
and metalloproteinase with thrombospondin motifs‑5 and 
cyclooxygenase‑2 at both the gene and protein levels in chon-
drocyte‑like ATDC5 cells stimulated by IL‑1β. Furthermore, 
ART decreased the expression of pro‑apoptotic Bax, cleaved 
caspase‑3 and cleaved caspase‑7 in a dose‑dependent manner, 
and increased the expression of the anti‑apoptotic factor 
Bcl‑2. These changes were mediated by the inhibitory effect 
of ART on the nuclear factor‑κB signaling pathway, defined 
as repression of the phosphorylation of IκBα and p65, and 
improved redistribution of p65. Additionally, ART blocked 

the advancement of the calcified cartilage zone and the loss 
of proteoglycan, and lowered histological scoring of OA in a 
mouse model. Taken together, these results indicate that ART 
may be of value as a therapeutic agent for OA.

Introduction

Osteoarthritis (OA) is the most common degenerative joint 
disease, afflicting mainly the weight‑bearing joints. It is 
estimated that >50 million individuals in the USA will be 
affected by the year 2020 (1). The clinical symptoms of OA 
include chronic joint pain, limited movement and irrevers-
ible joint dysfunction, all of which are caused by synovitis, 
articular cartilage degeneration, osteophyte formation and 
subchondral bone sclerosis (2). Data from the Global Burden 
of Disease study in 2010 revealed that OA of the hip and knee 
was ranked as the 11th highest contributor to global disability 
and the 38th highest contributor to disability‑adjusted life 
years (3). Despite the identification of risk factors, such as 
ageing, obesity and metabolic disorders, no effective inter-
ventions for preventing the progression of OA are currently 
available. Therefore, there is an urgent need for more effective 
and safe therapies for OA.

Chondrocytes, the unique cells in the articular cartilage, 
are responsible for synthesizing and regenerating extracel-
lular matrix (ECM), which is primarily composed of type II 
collagen and proteoglycan (4). During the course of OA, the 
overproduction of pro‑inflammatory cytokines, such as inter-
leukin (IL)‑1β and tumor necrosis factor (TNF)‑α, induces 
chondrocytes to secrete proteolytic enzymes, such as matrix 
metalloproteinases (MMPs) and a disintegrin and metallopro-
teinase with thrombospondin motifs (ADAMTs), resulting in 
the loss of the major components of the ECM (5,6) and even 
the occurrence of apoptosis (7). Additionally, IL‑1β has been 
confirmed to stimulate the activation of the nuclear factor 
(NF)‑κB signaling pathway in OA chondrocytes (8), which is 
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implicated in inflammatory response and cell apoptosis (9). 
Therefore, the inhibition of both inflammatory cytokines and 
NF‑κB molecules may be considered as a therapeutic target for 
attenuating the progression of OA.

Artesunate (ART), a semi‑synthetic derivative of arte-
misinin derived from Artemisia annua, is one of the most 
effective clinical treatments for malaria in China (10). This 
drug has received widespread attention due to its pharmaco-
logical properties beyond being an anti‑malarial drug. ART 
was demonstrated to inhibit the expression of TNF‑α‑induced 
pro‑inflammatory cytokines by repressing the NF‑κB pathway 
in fibroblast‑like synoviocytes  (11). In addition, ART was 
effective in suppressing multiple pathogenic factors and 
inflammation through inhibiting the LPS/TLR4/NF‑κB 
pathway to alleviate hepatic fibrosis (12). Of note, ART was 
able to decrease the levels of nitric oxide, maintain oxidative 
homeostasis and inhibit cyclooxygenase (COX)‑2 expression 
and cell apoptosis in rats with rheumatoid arthritis (RA) (13). 
A recent study also demonstrated that ART attenuated the 
progression of experimental OA by suppressing the expression 
of osteoclast‑specific and angiogenesis‑related genes in the 
serum and synovium (14). However, the effect of ART on OA 
chondrocytes remains elusive.

The aim of the present study was to investigate the 
anti‑inflammatory and anti‑apoptotic effects and the molecular 
mechanisms underlying the effects of ART on IL‑1β‑induced 
chondrocyte‑like ATDC5 cells, as well as the role of ART in a 
mouse model of OA.

Materials and methods

Materials. ART was purchased from WanXiangHengYuan 
Technology Co., Ltd. ATDC5 cells were purchased from 
Riken Cell Bank. Fetal bovine serum (FBS), Dulbecco's 
modified Eagle's minimum essential medium/Ham's F12 
medium (DMEM/F12), penicillin/streptomycin, trypsin 
and insulin‑transferrin‑selenite (ITS) were purchased from 
Invitrogen; Thermo Fisher Scientific, Inc. Alcian Blue 8GX 
was purchased from Sigma‑Aldrich; Merck KGaA. The 
Cell Counting Kit‑8 (CCK‑8) was purchased from Dojindo 
Molecular Technologies, Inc. The primary antibodies against 
Bax, Bcl‑2, cleaved caspase‑3, cleaved caspase‑7, IκBα, 
p‑IκBα, p65, p‑p65, lamin B and β‑tubulin were obtained 
from Cell Signaling Technology, Inc.; MMP‑3, MMP‑13, 
ADAMTS‑5, COX‑2 and β‑actin were purchased from 
Abcam. Three‑month‑old male C57BL/6 mouse (n=60) were 
purchased from Vital River.

Cell differentiation and culture. ATDC5 is a murine terato-
carcinoma cell line. The cells were cultured in DMEM/F12 
with 5% FBS and 1% penicillin/streptomycin in a humidified 
incubator with 5% CO2 at 37˚C. Once the cells were 70‑80% 
confluent, the medium was supplemented with 1% ITS. The 
differentiation medium was changed every 2 days to induce 
differentiation of the cells into chondrocyte‑like cells. To 
evaluate the level of glycosaminoglycan production, 1% Alcian 
blue staining was performed, and the mRNA expression levels 
of collagen (COL) II and COL X were analyzed to further 
confirm the differentiation level of the ATDC5 cells. The 
primers used to amplify COL II and COL X in mice are listed 

in Table I. Finally, ATDC5 cells were used for the experiments 
after 2 weeks of differentiation in culture.

Cell viability. Cell viability was determined using the CCK‑8 
assay, according to the manufacturer's instructions. The 
chondrocyte‑like ATDC5 cells were divided into two groups: 
In group 1, the cells were seeded in 96‑well plates at a density 
of 4,000 cells/well and cultured with or without ART (3.125, 
6.25, 12.5, 25 and 50 µM) for 24 h; in group 2, the cells were 
pretreated with ART (3.125, 6.25, 12.5, 25 and 50 µM) for 24 h, 
then co‑incubated with IL‑1β (10 ng/ml) for a further 24 h. 
Subsequently, 10 µl of CCK‑8 solution was added to each well 
and incubated at 37˚C for 2 h. The absorbance at 450 nm was 
measured using a Multiskan GO microplate reader (Thermo 
Fisher Scientific, Inc.).

Flow cytometric analysis of cell apoptosis. Cell apoptosis 
was monitored using a flow cytometry apoptosis detection kit 
[phycoerythrin (PE)‑Annexin V/7‑aminoactinomycin (7‑ADD) 
double‑fluorescence labelling]. After re‑suspending the cells 
in Annexin V binding buffer, the harvested chondrocyte‑like 
ATDC5 cells (1x105) were stained with 5 µl PE‑Annexin V 
and 5 µl 7‑ADD for 15 min at room temperature in the dark. 
The stained cells were analyzed with a FACSAria™ II flow 
cytometer (BD Biosciences) within 1 h.

Table I. Sequences of primers used in quantitative polymerase 
chain reaction analysis.

Gene	 Primer sequences (5'‑3')

COL II	
  Forward	 ACGAAGCGGCTGGCAACCTCA
  Reverse	CCC TCGGCCCTCATCTCTACATCA
COL X	
  Forward	 TGCCCGTGTCTGCTTTTACTGTCA
  Reverse	 TCAAATGGGATGGGGGCACCTACT
MMP‑3	
  Forward	 ACATGGAGACTTTGTCCCTTTTG
  Reverse	 TTGGCTGAGTGGTAGAGTCCC
MMP‑13	
  Forward	 TGTTTGCAGAGCACTACTTGAA
  Reverse	C AGTCACCTCTAAGCCAAAGAAA
ADAMTS‑5	
  Forward	 GGAGCGAGGCCATTTACAAC
  Reverse	C GTAGACAAGGTAGCCCACTTT
COX‑2	
  Forward	 TTCCAATCCATGTCAAAACCGT
  Reverse	 AGTCCGGG TACAGTCACACTT
β‑actin	
  Forward	 GGCTGTATTCCCCTCCATCG
  Reverse	CC AGTTGGTAACAATGCCATGT

COL, collagen; COX, cyclooxygenase; MMP, matrix metallo-
proteinase; ADAMTS, a disintegrin and metalloproteinase with 
thrombospondin motifs.
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Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Chondrocyte‑like ATDC5 cells were 
washed with cold PBS and incubated with TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) to extract total 
RNA. The total RNA was quantified with a spectrophotom-
eter at 260 nm (Thermo Scientific NanoDrop 2000), and the 
ratio of the absorbance at A260/A280 was used to evaluate 
the purity of the RNA. cDNA was synthesized using 2 µg 
RNA with a PrimeScript™ RT Master Mix (Takara Bio, Inc.). 
cDNA was then subjected to RT‑qPCR analysis with SYBR® 
Fast qPCR Mix (Takara Bio, Inc.) using the CFX96 Real‑Time 
PCR system (Bio‑Rad Laboratories, Inc.) under conditions 
of 94˚C for 30 sec, followed by 40 cycles at 95˚C for 5 sec 
and 60˚C for 10 sec, and finally the dissociation curve of each 
primer pair was analyzed to determine primer specificity. The 
reaction was performed in a total volume of 20 µl (2 µl diluted 
cDNA, 10 µl SYBR Green Master Mix, 1 µl forward primer, 
1 µl reverse primer and 6 µl RNase‑free water). Target mRNA 
levels were normalized to the β‑actin level, which was used 
as a control. Data were analyzed using the 2‑ΔΔCq method (15). 
All the PCRs were performed in triplicate for each gene. The 
primers used to amplify MMP‑3, MMP‑13, ADAMTS‑5, 
COX‑2 and β‑actin in mice are shown in Table II.

Isolation of cytosol and nucleus fractions. To determine the 
redistribution of p65, a nuclear and cytoplasmic extraction 
kit (Thermo Fisher Scientific, Inc.) was used. Following ART 
treatment, the cells were collected, washed twice with cold 
PBS and then air‑dried. Next, the cells were incubated with 
Cytoplasmic Extraction Reagent (CER)I on ice for 10 min 
prior to the addition of CER II. After incubation together 
for 1 min, the cells were centrifuged at 16,000 x g and 4˚C 
for 5 min, and then the supernatant (cytoplasm extract) was 
collected. The insoluble fraction was re‑suspended in cold 
NER for 40 min, centrifuged at 16,000 x g and 4˚C for 10 min, 
and the supernatant (nuclear extract) was then collected. The 
supernatants were frozen in liquid nitrogen and stored at ‑80˚C 
until analysis.

Western blot analysis. The collected chondrocyte‑like ATDC5 
cells were washed three times with cold PBS, re‑suspended 
in RIPA buffer and incubated on ice for 30 min. The protein 
concentration was determined using the bicinchoninic 
acid assay (Bio‑Rad Laboratories, Inc.). Equal amounts of 
protein were subjected to 10% SDS‑PAGE and subsequently 

transferred to PVDF membranes. The membranes were 
blocked with 5% non‑fat milk for 1 h at room temperature and 
incubated at 4˚C overnight with the primary antibodies against 
MMP‑3 (1:2,000, cat. no. ab52915), MMP‑13 (1:3,000, cat. 
no. ab39012), ADAMTS‑5 (1:1,000, cat. no. ab182795), COX‑2 
(1:1,000, cat. no. ab62331), β‑actin (1:2500, cat. no. ab8226) (all 
from Abcam); Bcl‑2 (1:1,000, cat. no. 3498), Bax (1:1,000, cat. 
no. 14796), cleaved caspase‑3 (1:1,000, cat. no. 9654), cleaved 
caspase‑7 (1:1,000, cat. no. 8438), IκBα (1:1,000, cat. no. 4814), 
p‑IκBα (1:1,000, cat. no. 2859), p65 (1:1,000, cat. no. 6956), 
p‑p65 (1:1,000, cat. no. 3036) lamin B (1:5,000, cat. no. 12255), 
and β‑tubulin (1:1,000, cat. no. 2146) (all from Cell Signaling 
Technology, Inc.). After washing three times with TBST for 
5 min, the membranes were incubated with secondary anti-
bodies [peroxidase‑conjugated AffiniPure goat anti‑rabbit 
IgG (H + L), 1:800, cat. no. ZB‑2301, OriGene Technologies, 
Inc.] for 2 h. Finally, the immunoreactive bands were detected 
with the AP chromogenic substrate (Thermo Fisher Scientific, 
Inc.).

Animal experiments. All experimental procedures were 
approved by the Institutional Animal Care and Use Committee 
of First Affiliated Hospital of Xinjiang Medical University 
(protocol no. IACUC20171129‑01). The mice were housed 
under controlled conditions (temperature, 25±2˚C; light/dark 
cycle, 12/12 h; relative humidity, 70%). Prior to the anterior 
cruciate ligament transection (ACLT) surgery, the mice were 
anesthetized with intravenous injection of 1% pentobarbi-
tone (40 mg/kg). Following a parapatellar incision, the ACL 
of the right knee was transected to establish the OA model. 
Then, the joint capsule and skin were sutured layer‑by‑layer. 
For the sham group, a parapatellar incision was performed in 
the right knee joint to expose the ACL, after which time the 
joint capsule and skin were sutured separately. To identify the 
optimal dose (100 mg/kg), a preliminary experiment was first 
performed by using multiple concentrations of ART (50, 100 
and 200 mg/kg) injected for 8 weeks postoperatively (Fig. S1). 
At 50 mg/kg, ART exerted minimal chondroprotective effects, 
and 200 mg/kg ART induced proteoglycan loss in articular 
cartilage. Therefore, in the formal experiment, all mice were 
randomly assigned into the sham, vehicle‑treated ACLT and 
ART (100 mg/kg)‑treated ACLT groups (n=20 per group). 
Either ART (100  mg/kg) or an equivalent volume of 5% 
NaHCO3 was administered intraperitoneally for 4 and 8 weeks 
starting on the second postoperative day. A total of 10 mice 

Table II. Changes in cartilage thickness in different groups and at different time‑points.

	 HC (mm)	CC  (mm)
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ 
Time (days)	 Sham	 Vehicle	 ART	 Sham	 Vehicle	 ART

30	 0.79±0.032	 0.74±0.041	 0.78±0.040	 0.34±0.038	 0.36±0.041	 0.35±0.038
60	 0.76±0.092	 0.44±0.143a	 0.75±0.103b	 0.33±0.110	 0.68±0.127a	 0.36±0.100b

The level of significance was set at P<0.05 and indicated by ‘a’ for the comparison between the vehicle‑treated and sham groups, or ‘b’ for the 
comparison between the ART‑treated and vehicle‑treated groups. Values are presented as mean ± standard deviation. CC, calcified cartilage; 
HC, hyaline cartilage (data on the thickness of CC and HC were obtained from histological sections examined at a magnification of x10).
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from each group were sacrificed at 4 and 8 weeks after experi-
ment completion.

Histological analysis. The right knee joints were dissected 
and fixed in 10% buffered formalin for 24 h and then decalci-
fied in 10% EDTA (pH 7.3) for 3 weeks. The specimens were 
embedded in paraffin and cut into 4‑µm sections for hematox-
ylin and eosin (H&E) and safranin O staining. The thickness 
of the hyaline cartilage (HC) and the calcified cartilage (CC) 
were measured by H&E staining (thickness of HC, distance 
from the articular cartilage surface to the tidemark; thickness 
of CC, distance from the tidemark to the subchondral bone 
plate). Osteoarthritis Research Society International‑modified 
Mankin criteria (OARSI) scores were calculated for evaluating 
the state of articular cartilage in each group. All counting was 
conducted blindly by an author who had not been involved in 
the experiments.

Statistical analysis. Data are expressed as the means ± standard 
deviation of the representative experiment performed in triplicate. 
One‑way analysis of variance followed by the Least Significant 
Difference post hoc test was used to determine whether the 
differences among groups were statistically significant. SPSS 
22.0 (IBM Corp.) was used for all data analyses. P<0.05 was 
considered to indicate statistically significant differences.

Results

Differentiation of ATDC5 cells. To determine whether ITS 
induces ATDC5 cells to form cartilage nodules, the cells were 
treated with ITS for 3 weeks, and 1% Alcian blue staining 

was performed at 0, 1, 2 and 3 weeks. As shown in Fig. 1A, 
ITS treatment resulted in a gradual increase in the staining 
intensity in the ATDC5 cells in a time‑dependent manner. 
Next, the expression of chondrogenic differentiation markers 
(COL II and COL X) was assessed using RT‑qPCR. The data 
revealed that the mRNA level of COL II increased signifi-
cantly after 1 week of induction of the chondrocytes, reaching 
a peak at 2 weeks, suggesting early‑stage differentiation of 
the chondrocytes. The mRNA level of COL X also increased 
between 0 and 2 weeks, but exceeded the expression level of 
COL II at 3 weeks, indicating late‑stage differentiation of the 
chondrocytes (Fig. 1B). These results demonstrated that the 
ATDC5 cells differentiated from proliferative to hypertrophic 
chondrocytes. Therefore, ATDC5 cells that had been induced 
for 2 weeks were selected for the following in vitro experi-
ments.

Effects of ART on chondrocyte‑like ATDC5 cell viability. A 
CCK‑8 assay was performed to investigate the effect of ART 
on the viability of chondrocyte‑like ATDC5 cells and the cells 
incubated with IL‑1β. The results revealed that 25 and 50 µM 
ART significantly reduced cell viability, whereas concentra-
tions of ≤12.5 µM ART had no harmful effects on cellular 
viability after treatment for 24  h (Fig.  1C). Furthermore, 
compared with the control group, a significant decrease in 
IL‑1β‑induced cell viability was reversed by ART at lower 
concentrations (3.125, 6.25 and 12.5 µM) in a dose‑dependent 
manner. However, higher concentrations of ART (25 and 
50 µM) significantly reduced cell viability (Fig. 1D). As a 
result, 3.125, 6.25 and 12.5 µM ART were selected as the low, 
medium and high concentrations, respectively.

Figure 1. Effects of ART on the viability of chondrocyte‑like ATDC5 cells. (A) The differentiation of ATDC5 cells was determined by 1% Alcian blue staining 
at 0, 1, 2 and 3 weeks. (B) The relative expression of COL II and COL X mRNA was determined by reverse transcription‑quantitative polymerase chain 
reaction analysis. (C) The cells were treated with various concentrations of ART for 24 h, and cell viability was evaluated by the CCK‑8 assay. (D) The cells 
were pretreated for 24 h with various concentrations of ART and then stimulated with IL‑1β (10 ng/ml) for 24 h. The cell viability was measured by the CCK‑8 
assay. The results represent the mean ± standard deviation of three independent experiments. *P<0.05 and **P<0.01 vs. IL‑1β‑induced group; #P<0.01 vs. control 
group. ART, artesunate; COL, collagen; IL, interleukin.
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ART reduces the production of inflammatory cytokines 
in IL‑1β‑induced chondrocyte‑like ATDC5 cells. The 

anti‑inf lammatory effect of ART on chondrocyte‑like 
ATDC5 cells induced by IL‑1β was next analyzed. The 

Figure 2. Effects of ART on IL‑1β‑induced inflammation in chondrocyte‑like ATDC5 cells. The cells were pretreated for 24 h with various concentrations 
of ART and then stimulated with IL‑1β (10 ng/ml) for 24 h. Then, mRNA and protein samples were collected. (A‑C) The mRNA and protein expression of 
MMP‑3, MMP‑13, ADAMTS‑5 and COX‑2 were detected by reverse transcription‑quantitative polymerase chain reaction and western blotting, respectively. 
The results represent the mean ± standard deviation of three independent experiments. *P<0.05 and **P<0.01 vs. IL‑1β‑induced group; #P<0.01 vs. control 
group. ART, artesunate; IL, interleukin; MMP, matrix metalloproteinase; ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; COX, 
cyclooxygenase.

Figure 3. Evaluation of cytotoxicity induced by ART. The chondrocyte‑like ATDC5 cells were treated with ART alone for 24 h. The apoptotic rate was deter-
mined by flow cytometry using PE‑Annexin V/7‑ADD double‑fluorescence labelling. The apoptotic rate for each group is presented as the mean ± standard 
deviation of three replicates. **P<0.01 vs. control group. ART, artesunate; PE, phycoerythrin; 7‑ADD, 7‑amino‑actinomycin.
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Figure 4. Protective effect of ART against apoptosis in IL‑1β‑induced chondrocyte‑like ATDC5 cells. The cells were pretreated for 24 h with various concen-
trations of ART and then stimulated with IL‑1β (10 ng/ml) for 24 h. The apoptotic rate was determined by flow cytometry using PE‑Annexin V/7‑ADD 
double‑fluorescence labelling. The apoptotic rate for each group is presented as the mean ± standard deviation of three replicates. *P<0.05 and **P<0.01 vs. 
IL‑1β‑induced group; #P<0.01 vs. control group. ART, artesunate; IL, interleukin; PE, phycoerythrin; 7‑ADD, 7‑amino‑actinomycin.

Figure 5. Suppression of apoptosis by ART in IL‑1β‑induced chondrocyte‑like ATDC5 cells. The cells were pretreated for 24 h with various concentrations 
of ART and then stimulated with IL‑1β (10 ng/ml) for 24 h. Western blotting and quantification analysis were performed to analyze the protein expression 
of Bcl‑2, Bax, cleaved caspase‑3 and cleaved caspase‑7. The results represent the mean ± standard deviation of three independent experiments. *P<0.05 and 
**P<0.01 vs. IL‑1β‑induced group; #P<0.01 vs. control group. ART, artesunate; IL, interleukin.
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mRNA and protein expression levels of inf lammatory 
factors were evaluated by RT‑qPCR and western blot 
analysis, respectively. The results revealed that MMP‑3, 

MMP‑13, ADAMTS‑5 and COX‑2 were prominently 
upregulated in the chondrocyte‑like ATDC5 cells exposed 
to 10 ng/ml IL‑1β for 24 h. Both the gene and protein levels 

Figure 6. Inhibition of NF‑κB activity by ART in chondrocyte‑like ATDC5 cells stimulated by IL‑1β. The cells were pretreated for 24 h with ART and then 
stimulated with IL‑1β (10 ng/ml) for 24 h. (A and B) The protein levels of p‑IκBα, IκBα, p‑p65 and p65 were detected by western blotting and the ratios of 
p‑IκBα/IκBα and p‑p65/p65 were assessed by quantification analysis. (C and D) The presence of p65 in the cytosolic and nuclear extracts was determined 
by western blotting. β‑Tubulin and lamin B served as the loading controls for the cytosolic and nuclear fractions, respectively. Data are presented as the 
mean ± standard deviation of three independent experiments. *P<0.05 and **P<0.01 vs. IL‑1β‑induced group; #P<0.01 vs. control group; NS (not significant) vs. 
control group. ART, artesunate; IL, interleukin; NF, nuclear factor.
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of MMP‑3, MMP‑13 and COX‑2 were reduced by ART 
treatment in a dose‑dependent manner. Although 3.125 µM 
ART failed to inhibit the protein expression of ADAMTS‑5, 
ART at concentrations of 6.25 µM and 12.5 µM reduced 
the expression of ADAMTS‑5 at the gene and protein levels 
(Fig. 2A‑C). Taken together, these results indicated that ART 
suppressed the inflammatory response by downregulating 
the expression of inflammatory cytokines at both the gene 
and protein levels.

ART inhibits IL‑1β‑induced apoptosis in chondrocyte‑like 
ATDC5 cells. To assess the effect of ART on cell apoptosis 
induced by IL‑1β, flow cytometry and western blot analysis 
were performed. First, the chondrocyte‑like ATDC5 cells were 
treated with ART at different concentrations for 24 h to assess 
the drug cytotoxicity. The results demonstrated that ART was 
only mildly cytotoxic at lower concentrations (3.125, 6.25 and 
12.5 µM), but highly cytotoxic at higher concentrations (25 and 
50 µM), which was consistent with the results of the CCK‑8 
assay (Fig. 3). Furthermore, compared with the control group, 
the percentage of apoptotic cells was found to be markedly 
increased in the IL‑1β‑treated group, while this increase was 
attenuated by ART treatment in a dose‑independent manner 
(Fig. 4).

To further investigate the effect of ART on the mito-
chondrial apoptosis pathway, the protein levels of the 
anti‑apoptotic factor Bcl‑2 and the pro‑apoptotic factors Bax, 
cleaved caspase‑3 and cleaved caspase‑7 were detected by 
western blotting. The results demonstrated that IL‑1β signifi-
cantly decreased the expression of Bcl‑2 and increased the 

expression of Bax, cleaved caspase‑3 and cleaved caspase‑7, 
while these effects were partially reversed by ART (Fig. 5). 
Taken together, these results suggested that ART played 
an anti‑apoptotic role in IL‑1β‑induced chondrocyte‑like 
ATDC5 cells.

ART represses the NF‑κB signaling pathway in IL‑1β‑induced 
chondrocyte‑like ATDC5 cells. To explore the molecular 
mechanism through which ART exerts anti‑inflammatory 
and anti‑apoptotic effects on IL‑1β‑induced chondrocyte‑like 
ATDC5 cells, western blot analysis was performed to 
detect changes in the NF‑κB signaling pathway. The results 
demonstrated that the expression levels of p‑IκBα and 
p‑p65 were markedly increased in the IL‑1β‑induced group 
compared with the control group. Moreover, stimulation of 
chondrocyte‑like ATDC5 cells with IL‑1β resulted in marked 
degradation of IκBα. However, ART significantly repressed 
the IL‑1β‑induced phosphorylation of IκBα and p65 and 
degradation of IκBα (Fig. 6A and B). In addition, as NF‑κB 
activation requires the nuclear translocation of p65, we further 
investigated the effect of ART on the redistribution of p65 
in the cytoplasm and nucleus. The results demonstrated that 
IL‑1β significantly increased the nuclear translocation of 
p65. By contrast, ART treatment effectively upregulated the 
cytosolic levels and downregulated the nuclear levels of the 
p65 protein (Fig. 6C and D). Moreover, the use of ART alone 
failed to affect the expression of p65 in the cytoplasm and 
the nucleus (Fig. 6C and D). Taken together, these findings 
demonstrated that treatment with ART significantly inhibited 
NF‑κB signaling.

Figure 7. Chondroprotective effects of ART on an ACLT mouse model at postoperative weeks 4 and 8 in the formal experiment. (A and B) Histological analysis 
of articular cartilage was performed following H&E staining (scale bar: 100 µm) and Safranin O staining (scale bar, 400 µm), n=10/group. (A) Changes in 
the thickness of HC and CC following sham surgery or ACLT surgery. (B) Safranin O staining of sagittal sections of the tibial medial compartment were 
performed, where proteoglycan appears as red and bone as blue. (C) OARSI scores of articular cartilage were calculated for each group. The data in the 
figures represent the mean ± standard deviation. Significant differences among groups are indicated as *P<0.05 vs. vehicle group and #P<0.05 vs. sham group. 
Representative histological images are shown. ART, artesunate; ACLT, anterior cruciate ligament transection; H&E, hematoxylin and eosin; HC, hyaline 
cartilage; CC, calcified cartilage; OARSI, Osteoarthritis Research Society International‑modified Mankin criteria.
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ART attenuates the progression of ACLT‑induced OA in mice. 
Finally, ART was administered intraperitoneally to mice 
after the ACLT procedure to investigate its chondroprotective 
effects. H&E staining revealed an increase in CC thickness 
in the vehicle‑treated group relative to the sham group at 
postoperative week 8, which was delayed by ART treatment 
(Fig. 7A and Table II). Safranin O staining demonstrated that 
the loss of proteoglycan was significantly attenuated in the 
ART‑treated group compared with the vehicle‑treated group at 
postoperative weeks 4 and 8 (Fig. 7B), which was supported by 
the OARSI scores (Fig. 7C). These results indicated that ART 
exerted strong protective effects on articular cartilage in OA.

Discussion

Currently available pharmacological treatments have failed to 
halt or reverse the progression of OA, and are accompanied by 
a variety of side effects (16). Thus, bioactive small molecules 
from natural herbage that may be suitable for OA treatment 
have recently been drawing attention, particularly those with 
minimal or no side effects (17‑19). ART, a bioactive small 
molecule, has been used to treat various ailments ranging from 
malaria to tumors and RA (20). To the best of our knowledge, 
the present study was the first to demonstrate that ART treat-
ment suppressed the expression of inflammatory mediators 
at both the gene and protein levels, and inhibited apoptosis 
in IL‑1β‑induced chondrocyte‑like ATDC5 cells, which 
was associated with the inactivation of the NF‑κB signaling 
pathway. In addition, ART treatment exerted protective effects 
on articular cartilage in an ACLT mouse model.

In healthy chondrocytes, the synthesis and degradation 
of ECM are in dynamic balance. However, this balance is 
disrupted by reduced anabolic and elevated catabolic capaci-
ties of OA chondrocytes (21). Previous studies have indicated 
that MMPs and ADAMTs are responsible for degrading type 
II collagen and proteoglycan in ECM, and the suppression of 
these enzymes has the ability to attenuate articular cartilage 
degeneration (22,23). According to the findings of the present 
study, in the presence of IL‑β, ART treatment inhibited the 
catabolism of ECM components by downregulating MMP‑3, 
MMP‑13 and ADAMTS‑5.

COX‑2 is an important inflammatory mediator that 
contributes to prostaglandin E2 (PGE2) generation  (24). 
Increased PGE2 levels lead to activation of MMPs and other 
inflammatory cytokines (25), thereby perpetuating a patho-
genic circle in the OA cartilage. In the present study, COX‑2 
was markedly elevated following IL‑1β stimulation and was 
reduced by ART treatment in a dose‑dependent manner. 
Moreover, the downregulation of COX‑2 may alleviate the 
catabolism and inflammatory response, thus delaying the 
progression of OA. Additionally, ART has been reported to 
suppress the expression of other catabolic genes, including 
MMP‑2 and MMP‑9 (26), and angiogenesis‑related cytokines, 
such as VEGF and HIF‑1α (27). Taken together, these findings 
indicate that ART exerts strong anti‑inflammatory protective 
effects in OA chondrocytes.

The apoptosis of chondrocytes is closely associated with 
OA development. It is widely accepted that increased IL‑1β 
induces apoptosis of chondrocytes through upregulating 
pro‑apoptotic and downregulating anti‑apoptotic proteins, 

thereby accelerating cartilage degradation (7). In OA chon-
drocytes, the expression of the pro‑apoptotic factors Bax, 
cleaved caspase‑3 and cleaved caspase‑7 are higher than 
normal, while the expression of the anti‑apoptotic factor Bcl‑2 
is lower (28,29). Our findings were in agreement with those 
of previous reports. Moreover, we found that ART reduced 
the occurrence of apoptosis in a dose‑dependent manner. 
In addition, ART not only decreased the expression of Bax, 
cleaved caspase‑3 and cleaved caspase‑7, but also enhanced 
the expression of Bcl‑2. Taken together, these observations 
confirm that ART exerts an anti‑apoptotic effect on OA chon-
drocytes. However, several studies have reported that ART 
induces apoptosis in some tumor cell lines (30,31). It may be 
hypothesized that these differences are due to the different 
doses or action times of ART treatment and the different cell 
types used in the experiments.

The NF‑κB family of transcription factors plays a key role 
in the regulation of inflammation, immune response, and cell 
proliferation and apoptosis (32). Inappropriate NF‑κB activity 
not only exaggerates the inflammation of chondrocytes via 
promoting the overexpression of inflammatory genes, but 
also accelerates the apoptosis of chondrocytes by disrupting 
the expression of apoptosis‑related proteins (33). Therefore, 
targeted inhibition of the NF‑κB pathway may be beneficial 
for the treatment of OA. The present study demonstrated that 
ART inhibited the IL‑1β‑induced phosphorylation of IκBα 
and p65, as well as the degradation of IκBα. Importantly, ART 
treatment repressed the translocation of p65 from the cyto-
plasm to the nucleus and improved the redistribution of p65, 
supporting that ART had no obvious effect on the total expres-
sion of p65 in the cells. Collectively, these findings suggest that 
inactivation of NF‑κB signaling is one of the mechanisms by 
which ART plays a protective role in OA chondrocytes.

In this study, an unstable and mechanical‑loading OA model 
was established by transecting the ACL in mice. Histological 
analysis revealed an increase in CC thickness in the vehicle 
group at postoperative week 8, while this change was not 
synchronized with the loss of proteoglycan, which began on 
postoperative week 4. This finding is consistent with a previous 
study  (34) and warrants further investigation by exploring 
potential cell signaling mechanisms in subchondral bone. 
Moreover, the histological scoring of OA increased over time 
in the vehicle‑treated group. However, ATR administration 
not only inhibited the increase in CC thickness and the loss of 
proteoglycan, but also lowered the histological scoring of OA. 
These findings indicate that ART delays the progression of OA.

In summary, the present study revealed that ART protected 
chondrocytes against inflammation and apoptosis in vitro and 
attenuated articular cartilage degeneration in vivo, indicating that 
ART may be a promising potential preventive therapy for OA.
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