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Abstract 

Osteoarthritis (OA) is a common joint disease and is the main cause of physical disability in the elderly. Currently, 
there is no adequate therapeutic strategy to reverse the progression of OA. Many natural plant extracts have received 
attention in the treatment of OA due to their potential anti-inflammatory properties, and reduced incidence of 
adverse events. Dioscin (Dio), a natural steroid saponin, has been demonstrated to inhibit the release of inflammatory 
cytokines in mouse and rat models of various diseases, and has a protective effect in chronic inflammatory diseases. 
However, whether Dio alleviates OA progression remains to be explored. In this research, our purposes were to inves-
tigate the therapeutic potential of Dio in OA. The results demonstrated that Dio exerted anti-inflammatory effects by 
repressing NO, PGE2, iNOS and COX-2. Moreover, the application of Dio could repress IL-1β-induced overexpression of 
matrix metalloproteinases (MMPs, including MMP1, MMP3, and MMP13) and ADAMTS-5, and improve the synthesis of 
collagen II and aggrecan, which contribute to the maintenance of chondrocyte matrix homeostasis. The underlying 
mechanism involved the inhibition of the MAPK and NF-κB signaling pathways by Dio. Furthermore, the treatment of 
Dio significantly improved the pain behaviors of rat OA models. The in vivo study revealed that Dio could ameliorate 
cartilage erosion and degradation. These results collectively indicate that Dio can be used as a promising and effective 
agent for the therapy of OA.
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Introduction
Osteoarthritis (OA) is a common chronic degenerative 
disease in elderly individuals and is characterized by 
the proliferation of subchondral bone and progressive 
articular cartilage degeneration [1]. The arthritis usu-
ally affects weight-bearing joints and joints with a lot of 

activity (knee and hip joints), resulting in persistent pain, 
limited mobility and physical disability [2, 3]. It has been 
reported that millions of people worldwide are afflicted 
by this disease, and this imposes a high medical bur-
den to society [4]. However, there is currently no valid 
pharmacology treatment to reverse the progression of 
OA, and many patients with advanced disease have to 
undergo arthroplasty [5]. Therefore, the discovery of new 
therapeutic treatment options for OA is of great clinical 
significance.

Although the underlying mechanism leading to OA 
is complex, inflammation and inflammatory mediators 
have been proved to play a critical role in its progres-
sion [3, 6]. Various inflammatory mediators are known 
to be excessively released in the joints of OA patients [6, 
7]. Specifically, interleukin-1β (IL-1β), the most widely 
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studied pro-inflammatory cytokine, has been detected 
in the joint of OA patients [7, 8]. As reported in previ-
ous studies, IL-1β could increase the production of 
matrix metalloproteinases (MMPs) and aggrecanase-2 
(ADAMTS-5) and suppress the synthesis of cartilage 
matrix in chondrocytes, leading to cartilage metabo-
lism disorder [9–11]. Additionally, many studies have 
demonstrated that IL-1β can stimulate chondrocytes to 
generate cyclooxygenase-2 (COX2) and inducible nitric 
oxide synthase (iNOS), further promoting the release of 
prostaglandin E2 (PGE2) and nitric oxide (NO) [9, 11]. 
Accordingly, inhibiting the production of IL-1β-induced 
pro-inflammatory mediators and catabolic enzymes may 
provide a promising approach for the treatment of OA.

In recent years, research investigating the biological 
activities of plant compounds has been steadily increas-
ing. Dioscin (Dio), a natural steroid saponin, can be 
extracted from various edible vegetables and herbs [12]. 
Previous studies have indicated that Dio has multiple 
pharmacological activities, including anti-oxidative [13], 
anti-apoptosis [14, 15], and anti-inflammatory [16, 17]. 
The research results of Wang et  al. [18] suggested that 
Dio could attenuate IL-1β-activated inflammation and 
catabolic activity in human nucleus pulposus cells. In 
addition, Dio has been reported to have a protective 
effect against monosodium urate-initiated gouty arthri-
tis by repressing the release of inflammatory cytokines 
and the activation of the NF-κB signaling pathway [19]. 
However, the detailed role of Dio in OA has not been 
explored. Thus, we aimed to explore the protective 
effects of Dio on IL-1β-induced chondrocytes and surgi-
cally established OA models in this study. Moreover, the 
potential mechanism of action was investigated.

Materials and methods
Chemicals and reagents
Recombinant rat IL-1β (501-RL) was purchased from 
R&D Systems (Minneapolis, MN, USA). Dioscin (N1723) 
was supplied by ApexBio Technology (Houston, TX, 
USA). Dioscin was dissolved in dimethyl sulfoxide 
(DMSO) for in  vitro experiments. Dulbecco’s modified 
Eagle’s medium (DMEM/F12) and fetal bovine serum 
(FBS) were procured from Gibco (Grand Island, NY, 
USA). Antibodies specific for iNOS (ab15323), aggre-
can (ab36861), and collagen II (ab188570) were obtained 
from Abcam (Cambridge, UK). Antibodies specific for 
P65 (#8242), phosphorylated P65 (P-P65) (#3033), IκBα 
(#4814), phosphorylated-IκBα (P-IκBα) (#2859), IKKβ 
(#8943), phosphorylated-IKKα/β (P-IKKα/β) (#2697), 
P38 (#8690), phosphorylated-p38 (p-p38) (#4511), ERK 
(#4695), phosphorylated-ERK (P-ERK) (#4370), JNK 
(#9252), and phosphorylated-JNK (P-JNK) (#4668) were 
procured from Cell Signaling Technology (Danvers, 

MA, USA). Antibodies specific for MMP1 (10,371–2-
AP), MMP3 (17,873–1-AP), and MMP13 (18,165–1-AP) 
were supplied by Proteintech Group (Wuhan, China). 
Antibodies against GAPDH (BM1623) and ADAMTS5 
(A02802-1) were procured from Boster (Wuhan, China).

Chondrocyte isolation and culture
Primary chondrocytes were obtained from the bilateral 
knee joints of Sprague–Dawley rats (7-day-old). In brief, 
the bilateral joints of rats were separated and the sur-
rounding muscles and ligaments were removed. Then, 
the cartilages extracted from the rat joints were minced 
into small pieces. The cartilage fragments were washed 
with sterile phosphate buffered solution (PBS) and incu-
bated with 0.25% trypsin at 37 °C for 30 min. Trypsin was 
replaced with 0.2% collagenase II and digestion was con-
tinued at 37 °C for 6 h. The suspended cells were centri-
fuged at 1500 r/min for 5 min. Subsequently, the isolated 
chondrocytes were resuspended and cultured in com-
plete medium (DMEM/F12 containing 10% FBS and 1% 
penicillin/streptomycin solution) at 37  °C and 5% CO2. 
To prevent the loss of the chondrocyte phenotype, two to 
three passages of chondrocytes were utilized for subse-
quent experiments.

Cell viability assay
The cell counting kit-8 (CCK-8) assay (Beyotime, Nan-
jing, China) was conducted to determine cell prolifera-
tion and viability. In brief, 1 × 104 chondrocytes per well 
were inoculated into a 96-well plate. After they adhered 
to the surface, chondrocytes were incubated with differ-
ent concentrations of Dio (200, 400, 800, and 1600  ng/
mL) or incubated with IL-1β (10 ng/mL) in combination 
with different concentrations of Dio (200, 400, 800, and 
1600  ng/mL) for 24  h. Subsequently, 100 µL of culture 
medium containing 10 μL of CCK-8 solution was added 
into each well. Then the plate was incubated at 37° in the 
dark for 1  h. A spectrophotometric microplate reader 
(Bio-Rad, Hercules, CA, USA) was utilized to detect the 
absorbance of the cells at 450 nm.

Griess assay and ELISA
To detect the levels of NO and PGE2, chondrocytes were 
exposed to IL-1β (10  ng/ml) with or without different 
concentrations of Dio. Then, the culture supernatant was 
collected for subsequent measurements. The NO level 
was determined by estimating the nitrite concentration 
based on Griess reaction with a NO content assay kit 
(Beyotime, Nanjing, China). The PGE2 level was detected 
with an ELISA kit (R&D Systems, MN, USA). All proce-
dures followed the instructions of the manufacturer and 
all assays were performed in triplicate.
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Quantitative real‑time polymerase chain reaction 
(qRT‑PCR)
Quantitative real-time polymerase chain reaction (qRT-
PCR) was applied in the study. Total ribonucleic acid 
(RNA) of the chondrocytes was extracted with a RNA 
isolation kit purchased from Omega (Guangzhou, China) 
based on the manufacturer’s protocol. Subsequently, a 
spectrophotometric microplate reader (Bio-Rad) was 
applied to determine the concentration of RNA mol-
ecules, and the ratio of A260/A280 was calculated to 
verify the purity of the total RNA. Subsequently, a cDNA 
synthesis kit (TOYOBO, Osaka, Japan) was utilized to 
reverse transcribe equal amounts of RNA (1  μg) to sta-
ble cDNA. The qRT-PCR reaction was conducted at 
95  °C for 1 min, followed by 39 cycles at 95  °C for 15  s 
and 60 °C for 15 s. Relative expression of each target gene 
was normalized to that of GAPDH and analyzed using 
the 2-ΔΔCq method.

Western blot analysis
The chondrocytes were lysed on ice in RIPA lysis buffer 
(Boster, Wuhan, China) to extract whole‑cell proteins. 
Protein concentrations were then measured using a 
BCA assay kit obtained from Boster. The proteins (25 µg 
of each protein sample) were separated using gel elec-
trophoresis and transferred to polyvinylidene fluoride 
(PVDF) membranes (Millipore, Billerica, MA, USA). 
Then, the membranes were blocked in 5% skimmed milk 
for 1  h and incubated with primary antibodies at 4  °C 
overnight. The next day, the membranes were incubated 
with the corresponding secondary antibodies (1:10,000) 
for 1  h. Subsequently, the proteins were detected using 
a western electrochemiluminescence substrate kit 
(Thermo Fisher Scientific, Grand Island, NY, USA) and 
photographed using a Bio-Rad scanner system. Protein 
band intensity was quantified using Image Lab 5.1 soft-
ware (Bio-Rad).

Immunofluorescence staining
The chondrocytes were initially seeded into a 24-well 
plate and cultured for 24  h. Following stimulation with 
10  ng/mL IL-1β in presence or absence of 800  ng/mL 
of Dio, the cells were fixed in 4% paraformaldehyde for 
30  min and permeabilized with 0.1% Triton X-100 for 
5  min. Then, the cells were blocked with 5% normal 
goat serum for 1  h. The cells were then incubated with 
primary antibodies against collagen II (1:300), aggrecan 
(1:300), and P65 (1:400) at 4 °C overnight. The next day, 
the chondrocytes were washed three times with PBS and 
incubated with FITC-conjugated (green)-anti-rabbit IgG 
antibody (Abcam, Cambridge, UK) for 1 h. The cells were 
then stained with 4,6-diamidino-2-phenylindole (DAPI) 

in PBS for 5 min. Finally, the images of the cells were pho-
tographed using a fluorescence microscope (Evos Flauto, 
Life Technologies, Carlsbad, CA, USA).

Rat OA model establishment and grouping
Twenty-four male Sprague–Dawley rats (weight, 250–
300 g) were obtained from the Laboratory Animal Center 
of Tongji Hospital. The rats were reared under con-
trolled conditions with a 12-h dark/light cycle. All rats 
were maintained on a standard diet and water was made 
freely available. The animals were randomly divided into 
three groups: sham group (n = 8), OA group (n = 8), and 
Dio treatment group (n = 8). The rat OA model was built 
using the open surgical method as mentioned previously 
[20]. Briefly, after the right knee joint of rat was shaved 
and sterilized, a 1–2 cm incision was performed on the 
inside of the knee joint to expose joint cavity. Then, the 
anterior cruciate ligament was transected and partial 
medial meniscus was resected. Subsequently, joint cap-
sule and skin were sutured with 4–0 non-absorbable 
suture. In the sham group, the rats received only skin 
and capsule incisions. After surgery, the rats in the Dio 
treatment group were fed 80  mg/kg/day Dio until they 
were sacrificed. Rats in the sham and OA groups received 
the vehicle as a control. This animal experiment was 
approved by the Institutional Animal Care and Use Com-
mittee of Tongji Hospital (TJH-202103005).

Pain behaviors
Pain related behaviors were tested using paw withdrawal 
threshold (PWT) and weight-bearing asymmetry as 
described in the previous literature [21, 22]. PWT was 
applied to assessment mechanical allodynia. Briefly, the 
rats to be tested were placed in individual mesh cages. 
Von Frey filaments were applied starting in ascending 
order to the mid-plantar surface of the hind paw through 
the mesh floor. The withdrawal of the claw caused by the 
stimulus was recorded as a response. The weight-bearing 
asymmetry was determined by measuring changes in the 
weight distribution of the hind limbs using a hind limb 
weight device. Readings of the left and right hind limbs 
were recorded. Then, the formula [right limb weight / 
(left limb weight + right limb weight) × 100] was used to 
calculate the weight asymmetry percentage of the right 
hind limb. All animals were examined on the two differ-
ent measure systems once a week from pre-surgery to 
eight weeks after surgery. All data used in the calcula-
tions were obtained from two independent observers.

Histological and immunohistochemistry analysis
The rats were sacrificed at the eighth week after the 
operation, and the right knee joint was separated. 
After removing the muscles around the joints, all 
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samples were fixed with 4% paraformaldehyde. The 
fixed samples were decalcified with 10% ethylenedi-
amine tetraacetic acid (EDTA) and embedded in paraf-
fin. Subsequently, the specimens were cut into sections 
with a thickness of 5 µm. Then, some sections were 
subjected to hematoxylin and eosin (H&E) and Safra-
nin-O-Fast green staining. In addition, antibodies spe-
cific for iNOS, MMP13, collagen II, and aggrecan were 
used for immunohistochemical staining. The Osteoar-
thritis Research Society International (OARSI) scores 
[23] were introduced to assess the changes of chondro-
cytes and cartilage matrix degeneration in the sections 
from each group.

Statistical analysis
The data are presented as mean ± standard deviation 
(SD). All data were obtained through at least three 
independent repeated experiments. The GraphPad 
Prism V.9.2 software (GraphPad Software Inc., La 
Jolla, CA, USA) was used for statistical analyses in this 
work. The differences between the two groups were 
determined with unpaired t-test, and one-way analy-
sis of variance (ANOVA) followed by Tukey’s post hoc 
was applied for multiple comparisons. Statistical sig-
nificance was set at P < 0.05.

Results
Effects of Dio on cell viability
The cytotoxic effect of Dio on chondrocytes was exam-
ined by CCK-8 assay. As presented in Fig. 1, treatment 
of chondrocytes with 200, 400, and 800 ng/mL of Dio, 
or incubation with IL-1β exhibited no cytotoxicity 
in primary chondrocytes. However, treatment with 
1600  ng/mL of Dio decreased the viability of primary 
chondrocytes. Therefore, Dio was used at doses of 200, 
400, and 800 ng/mL in subsequent studies.

Dio attenuates IL‑1β‑ stimulated production of NO, PGE2, 
COX‑2 and iNOS
The release of excess inflammatory factors will promote 
the progression of OA. We used Griess reaction to meas-
ure the concentration of NO and ELISA kit to measure 
the PGE2 level in the supernatant of cell culture. Fig-
ure 2A and B indicate that treatment with IL-1β markedly 
upregulated NO and PGE2 production in chondrocytes. 
However, Dio alleviated these trends. Moreover, west-
ern blotting and qRT-PCR were used to detect whether 
Dio could inhibit the expression of COX-2 and iNOS. 
As exhibited in Fig.  2C-E, IL-1β markedly stimulated 
the production of iNOS and COX-2 in chondrocytes. 
However, Dio notably inhibited the release of iNOS and 
COX-2 at concentrations of 400 and 800  ng/mL. These 
changes were obvious at both the transcriptional and 
translational levels.

Dio inhibits IL‑1β‑mediated upregulation of MMPs 
and ADAMTS‑5
The reduction of cartilage matrix promotes the progres-
sion of OA, which is caused by excessive cartilage matrix 
degrading enzymes, including MMPs (MMP1, MMP3, 
and MMP13) and ADAMTS5. As presented in Fig.  3, 
the mRNA and protein expression of MMP1, MMP3, 
MMP13, and ADAMTS-5 were notably increased in the 
IL-1β treatment group. However, Dio treatment signifi-
cantly suppressed these changes.

Dio ameliorates IL‑1β‑induced cartilage matrix 
degradation
The collagen II and aggrecan are two vital cartilage 
matrix components synthesized by chondrocytes. To 
investigate whether Dio could alleviate the degrada-
tion of extracellular matrix in chondrocytes induced by 
IL-1β, western blotting and immunofluorescence stain-
ing were conducted. As exhibited in Fig. 4A and B, IL-1β 
significantly inhibited the synthesis of collagen II and 

Fig. 1  Effects of Dio on cell viability. A Chemical structure of Dio. B Rat chondrocytes were treated with different concentrations of Dio in the 
absence or (C) presence of IL-1β (10 ng/mL) for 24 h. The cell viability was evaluated using a CCK-8 kit..*P < 0.05 vs. control group; n = 3
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aggrecan in chondrocytes. Dio reversed this change, and 
dramatically enhanced the production of collagen II and 
aggrecan. Moreover, immunofluorescence staining also 
showed that Dio (800 ng/ml) attenuated the downregula-
tion of collagen II and aggrecan (Fig. 4C and D).

Effects of Dio on MAPK and NF‑κB signaling pathway 
activation
To explore the underlying molecular mechanism of 
the protective effects of Dio, we tested the MAPK and 
NF-κB signaling pathways after rat chondrocytes were 

Fig. 2  Dio suppresses IL-1β-induced inflammatory cytokines expression in chondrocytes. Chondrocytes were exposed to IL-1β (10 ng/mL) with or 
without Dio (200, 400, and 800 ng/mL) for 24 h. A Griess reaction was used to determine the NO concentration. B PGE2 level was detected by ELISA. 
C Gene expressions of COX-2 and iNOS were detected by qRT-PCR. D Representative western blots and (E) quantitative analysis of COX-2 and iNOS 
in each group. #P < 0.05 vs. control group; *P < 0.05 vs. IL-1β group; **P < 0.01 vs. IL-1β group; n = 3
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stimulated with IL-1β in presence or absence of vari-
ous concentrations of Dio. As presented in Fig. 5, IL-1β 
notably stimulated the expression of P-P38, P-ERK, and 
P-JNK, which indicated the activation of MAPK signal-
ing pathway. However, the high concentration (800  ng/
ml) of Dio reduced the phosphorylation levels of the 
three MAPK signaling molecules induced by IL-1β. Low 
concentrations of Dio (200 and 400  ng/ml) mitigated 
the expression of these signaling molecules, but there 
was only a statistical difference for P-P38. Similarly, the 
results shown in Fig. 6A and B suggested that Dio signifi-
cantly decreased the phosphorylation levels of signaling 
molecules (P65, IKKα/β, and IκBα) in NF-κB pathway. 
Moreover, immunofluorescence staining showed that Dio 
blocked IL-1β-induced translocation of P65. As exhib-
ited in Fig. 6C, P65 was distributed in the cytoplasm of 
untreated chondrocytes. After IL-1β stimulation, P65 
obviously accumulated in the chondrocyte nucleus. How-
ever, Dio was found to suppress this process.

Effects of Dio on the rat pain behaviors
Joint pain is the most common clinical symptom and 
primary therapeutic goal for OA patients. Therefore, 
we analyzed the impacts of Dio on OA-induced joint 
pain behaviors. As shown in Fig. 7A, the PWT of surgi-
cally induced rat OA models was significantly decreased 
beginning at week 1 and persisting till to week 8 com-
pared with the rats in the sham group. Conversely, no 
significant mechanical allodynia was observed in sham 
group during the study period. However, mechanical 
allodynia was remarkably upregulated by administra-
tion of Dio. As illustrated in Fig.  7B, we observed that 
weight-bearing on the right hind limb was significantly 
decreased at week 1 in all groups. The weight-bearing on 
the right hind limb of Dio treated rats was significantly 
increased beginning at week 2 compared with OA rat 
models. These results indicated that treatment with Dio 
successfully alleviate pain-related behaviors in rat OA 
models.

Fig. 3  Dio inhibits IL-1β-induced upregulation of MMPs and ADAMTS-5. Chondrocytes were exposed to IL-1β (10 ng/mL) with or without Dio (200, 
400, and 800 ng/mL) for 24 h. A Gene expressions of MMP1, MMP3, MMP13, and ADAMTS-5 were detected by qRT-PCR. B Representative western 
blots and (C) quantitative analysis of MMP1, MMP3, MMP13, and ADAMTS-5 in each group. #P < 0.05 vs. control group; *P < 0.05 vs. IL-1β group; 
**P < 0.01 vs. IL-1β group; n = 3
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Dio ameliorated the cartilage damage and inhibited 
inflammation in rat OA models
The morphological differences in the cartilage of the 
specimens were observed by H&E and Safranin-O-fast 
green staining. As present in Fig.  8A, the OA group 
showed apparent cartilage surface erosion and chon-
drocyte diminution, in comparison with the smooth 
cartilage surface and normal arrangement of chondro-
cytes in the sham group. However, the administration 
of Dio significantly ameliorated cartilage damage, in 
comparison to the OA group. The immunohistochemi-
cal staining results of collagen II, aggrecan, MMP13, 
and iNOS also suggested that Dio has a positive effect 

on cartilage (Fig.  8B). Further, OARSI scores were 
obtained for all three groups. As exhibited in Fig. 8C, 
the Dio treatment group showed lower OARSI scores 
than the OA group, which indicated that Dio could 
alleviate the progression of OA. In addition, the quan-
titative analysis results indicated that cartilage matrix 
components including collagen II and aggrecan sig-
nificantly decreased in OA group, but these were alle-
viated in Dio treatment group. Compared with the 
sham group, the number of MMP13 and iNOS positive 
cells in the OA group increased, while the number of 
MMP13 and iNOS positive cells decreased after Dio 
treatment (Fig. 8D).

Fig. 4  Dio ameliorates IL-1β-induced cartilage matrix degradation. Chondrocytes were exposed to IL-1β (10 ng/mL) with or without Dio (200, 
400, and 800 ng/mL) for 24 h. A Representative western blots and (B) quantitative analysis of collagen II and aggrecan in each group. C Collagen II 
and (D) aggrecan were observed by immunofluorescence after the cells treated with IL-1β (10 ng/mL) in absence or presence of Dio (800 ng/mL). 
#P < 0.05 vs. control group; *P < 0.05 vs. IL-1β group;.**P < 0.01 vs. IL-1β group; n = 3
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Discussion
Osteoarthritis is a common joint disease and seriously 
affects the quality of life in the elderly. At present, some 
therapeutic options, including nonsteroidal anti-inflam-
matory drugs (NSAIDs), glucocorticoids, and hyaluronic 
acid are available for the treatment of OA [24]; however, 
they are unable to inhibit the progression of OA and may 
cause cardiovascular, renal, and gastrointestinal side 
effects [25]. Recently, many studies have focused on the 
application of natural plant extracts in the treatment of 
OA because of their potential anti-inflammatory prop-
erties and reduced risk of adverse events [26]. Dio has 
been demonstrated to inhibit the release of inflamma-
tory cytokines in mouse and rat models of various dis-
eases, such as dimethylnitrosamine-induced acute liver 
injury [27], intestinal ischemia/reperfusion injury [28], 
and lipopolysaccharide-induced acute lung injury [16]. In 
addition, Dio also showed a protective effect in chronic 
inflammatory diseases including gouty arthritis[19], sili-
cosis [29], and atherosclerosis [14]. In this study, the pro-
tective effects of Dio were demonstrated in  vitro using 
primary chondrocytes, and further confirmed in a rat OA 
model.

IL-1β is a major pro-inflammatory cytokine that par-
ticipates in the pathological process of OA by induc-
ing inflammation. There is increasing evidence that the 
production of iNOS and COX-2 is upregulated by IL-1β 
during OA progression [11, 30]. Moreover, iNOS and 
COX-2 promote the release of NO and PGE2, which are 

well-known inflammatory mediators [31]. In this study, 
our results indicated that the production of NO, PGE2, 
iNOS and COX-2 was significantly increased after incu-
bation with IL-1β. However, Dio reduced the IL-1β-
upregulated expression levels of NO, PGE2, iNOS and 
COX-2. This was consistent with the findings of a pre-
vious study which indicated that Dio could markedly 
inhibit the production of iNOS and COX-2 in lipopol-
ysaccharide-induced mouse mammary epithelial cells 
[32]. Furthermore, Dio has been reported to inhibit the 
expression of iNOS and COX-2 in IL-1β-induced human 
osteoarthritis chondrocytes [33]. Therefore, Dio may 
exert its anti-inflammatory effects by repressing the syn-
thesis of iNOS and COX-2.

Under normal circumstances, the anabolism and catab-
olism of cartilage are dynamic. Dysfunction in cartilage 
metabolism is key to the development of OA. Collagen II 
and aggrecan are the two main constituents of the extracel-
lular matrix in cartilage, while MMPs and ADAMTS5 are 
the two catabolic enzymes responsible for the degradation 
of collagen II and Aggrecan, respectively [34, 35]. Exces-
sive release of IL-1β in joints can disrupt this balance. In 
the study, our findings indicated that IL-1β dramatically 
increased the expression of the catabolic enzymes and 
downregulated the synthesis of collagen II and aggrecan in 
chondrocytes. However, the application of Dio repressed 
the overexpression of MMPs (MMP1, MMP3, and MMP13) 
and ADAMTS5 induced by IL-1β and improved the pro-
duction of collagen II and aggrecan, which contribute to 

Fig. 5  Dio blocks IL-1β-induced MAPK signaling pathway activation. Chondrocytes were exposed to IL-1β (10 ng/mL) with or without Dio (200, 400, 
and 800 ng/mL) for 30 min. A Representative western blots and (B) quantitative analysis of P38, P-P38, ERK, P-ERK, JNK, and P-JNK in each group. 
#P < 0.05 vs. control group; *P < 0.05 vs. IL-1β group; **P < 0.01 vs. IL-1β group; n = 3
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Fig. 6  Dio inhibits IL-1β-mediated activation of NF-κB signaling pathway. Chondrocytes were exposed to IL-1β (10 ng/mL) with or without Dio (200, 
400, and 800 ng/mL) for 30 min. A Representative western blots and (B and C) quantitative analysis of P65, P-P65, IKK-β, P- IKKα/β, IκBα and P- IκBα 
in each group. D The nuclear translocation of P65 was observed by immunofluorescence after the cells treated with IL-1β (10 ng/mL) in absence or 
presence of Dio (800 ng/mL). #P < 0.05 vs. control group; *P < 0.05 vs. IL-1β group; **P < 0.01 vs. IL-1β group; n = 3
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the maintenance of chondrocyte matrix homeostasis. Thus, 
the results revealed that Dio could alleviate OA progression 
through an anti-catabolic mechanism.

It has been previously demonstrated that MAPK and 
NF-κB signaling pathways are involved in the progres-
sion of OA [36, 37]. The decisive role of MAPK and 
NF-κB signaling pathways in OA onset and progres-
sion provides evidence that intervention of these signal-
ing pathways might have beneficial therapeutic effects. 
Drugs that have been clinically applied in the treat-
ment of OA, including NSAIDs and glucocorticoids, 
are pharmacologically active compounds that can block 

the NF-κB signaling pathway [38]. Therefore, in this 
research, we focused on examining these pathways. 
IL-1β has been shown to activate all three MAPK sign-
aling molecules (P38, ERK, JNK) and NF-κB signaling 
pathways, and induces the production of catabolic fac-
tors to further promote the destruction of the extracel-
lular matrix [39]. Our results corroborated the activity 
of IL-1β described previously and demonstrated that 
Dio could partly inhibit IL-1β-induced activation of 
MAPK and NF-κB signaling pathways. This was con-
sistent with the anti-inflammatory mechanism of Dio 
described in previous studies [18, 19, 28, 32]. Therefore, 

Fig. 7  Effects of Dio on pain-related behaviors in rat OA models. A Evolution of paw withdrawal threshold (PWT) over time in all groups (n = 8 rats/
group) from Week 0 (before surgery) to Week 8. B Evolution of Weight-bearing asymmetry over time in all groups (n = 8 rats/group) from Week 0 
(before surgery) to Week 8. *P < 0.05 vs. OA group; **P < 0.01 vs. OA group; ***P < 0.001 vs. OA group
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the protective effects of Dio on OA may be related to the 
inhibition of the MAPK and NF-κB pathways (Fig. 9).

To further demonstrate the protective effect of Dio 
against OA in  vivo, we established an OA rat model. 
Clinically, ECM degeneration leads to progressive dam-
age to the articular cartilage and is usually accompanied 
by pain. We used PWT and weight-bearing asymmetry 
to assess pain behaviors in rat OA models. The find-
ings demonstrated that Dio could significantly allevi-
ate pain-related behaviors in rat OA models. Moreover, 
the in  vivo results indicated that Dio could alleviate 
joint degeneration in OA rat models. The images of 
H&E and Safranin-O-Fast green staining showed that 
characteristics of OA, such as cartilage surface ero-
sion, chondrocyte diminution, and cartilage matrix 
loss, were significantly reversed by Dio. Similarly, Lu 
et al. [40] demonstrated that Dio has a protective effect 
on sodium iodoacetate induced cartilage destruc-
tion in rats. Moreover, immunohistochemical staining 
analysis further confirmed the anti-inflammatory and 

anti-catabolic effects of Dio, which are consistent with 
the trends observed in the in vitro studies. In addition, 
the OARSI score in rat OA models was significantly 
reduced after Dio treatment. Thus, taken together, our 
results strongly suggest that Dio can ameliorate the 
progression and reduce pain of OA.

This research is not without limitation. Firstly, the most 
effective dose of Dio in  vivo application is unclear and 
needs further evaluation. However, a 90-day subchronic 
toxicological evaluation in Sprague–Dawley rats indi-
cated that Dio was safe for potential clinical application 
[41]. Moreover, the dioscin-containing DA-9801 com-
pleted its Phase II clinical trial in the United States for 
the treatment of diabetic neuropathy [42], indicating that 
Dio is potentially safe for therapeutic use. In addition, the 
results demonstrate that Dio has an anti-inflammatory 
effect and reduce pain in  vivo. The specific target and 
mechanism in detail of Dio action in vivo need to be fur-
ther elucidated in the future experiments.

Fig. 8  Dio alleviated osteoarthritis progression in rat OA models. A The H&E and Safranin-O-Fast green staining demonstrated that the OA group 
showed obvious damage to the cartilage compared with the sham group. However, the administration of Dio significantly ameliorated the cartilage 
damage compared with the OA group. B The immunohistochemical staining of collagen II, aggrecan, MMP13 and iNOS also confirmed the positive 
effects of Dio on cartilage. C The OARSI scores of each group. D Quantitative of collagen II, aggrecan, MMP13, and iNOS in the cartilage samples 
from each group. #P < 0.05 vs. sham group; **P < 0.01 vs. OA group
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Conclusions
In summary, our research provides new insights into 
the protective effects of Dio against OA. Dio exerts anti-
inflammatory and anti-catabolic effects in the progres-
sion of OA. Moreover, the underlying mechanism of Dio 
action includes the inhibition of the MAPK and NF-κB 
signaling pathways. In addition, an in vivo study revealed 
that Dio could ameliorate cartilage degradation and alle-
viate pain. These findings indicate that Dio is an effective 
therapeutic agent for the treatment of OA.
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