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Abstract: Background: Osteoarthritis (OA) is common in the elderly. Baicalin (BA) is a flavonoid monomer extracted 
from Scutellaria baicalensis Georgi, which has been reported to have anti-inflammatory, anti-deformation and anti-
bacterial effects. Methods: Cultures of micromass and 3D alginate beads, Alcian blue and Safranin O (SO)/fast 
green staining were used to investigate chondrocyte viability and extracellular matrix (ECM) synthesis in chondro-
cytes of all groups. The expression of SOX9, Smad3, Aggrecan (ACAN), type II collagen (Col2α), matrix metallopeti-
dase 9 (MMP9), MMP13 and ADAMTS5 in chondrocytes of all groups were detected by western blot or qRT-PCR. 
Results: The present study demonstrates that BA neutralized the IL-1β-induced downregulation of chondrocyte vi-
ability and ECM secretion, including ACAN and Col2α. The downregulation of SOX9, and the upregulation of MMP9, 
MMP13 and ADAMTS5 induced by IL-1β were reversed by BA treatment. Moreover, BA increased the nuclear trans-
location of Smad3 and SOX9 in chondrocytes cultured by micromass and 3D alginate beads. Interestingly, Smad3 
inhibitor SIS3 reversed the promoting effect of BA on chondrocyte viability, ECM secretion, SOX9 and Smad3 nuclear 
translocation, and the inhibiting effect of BA on MMP9 and ADAMTS5 expressions. BA treatment also attenuated 
the decrease of Smad3 phosphorylation, SOX9 expression and the damage of cartilage integrity in mice which were 
induced by destabilization of the medial meniscus (DMM). Conclusion: BA promotes chondrocyte viability and the 
cell matrix synthesis through TGF-β/Smad3 pathway in IL-1β-treated chondrocytes and DMM treated mice. BA is a 
potential therapeutic target for OA.
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Introduction

Osteoarthritis (OA) is a common chronic joint 
disease in the elderly [1]. OA is characterized by 
joint pain, limb stiffness, as well as difficulty in 
movement which seriously affects the daily life 
of patients [2]. The high incidence of OA has 
become a great burden of individuals and soci-
ety [3]. Currently, drug and surgical treatments 
are the main treatment options for OA [4]. 
Expensive surgical treatment is usually used to 
treat OA patients at the advanced stage [5], 
while the drug treatment of OA is to inhibit the 
inflammation. Although drugs may have an 
advantage in relieving inflammation and pain 
symptoms, they are not able to prevent or delay 

the progress of OA completely [6]. It is, there-
fore, still an urgent need to seek new drugs for 
OA treatments.

Baicalin (BA) is a flavonoid monomer extracted 
from Scutellaria baicalensis Georgi. BA has 
anti-inflammatory, anti-bacterial and diuretic 
effects [7]. It has been reported that BA can  
significantly inhibit the inflammatory response 
and the expression of IL-1β in chondrocytes [8]. 
IL-1β is a pro-inflammatory factor, which has 
been shown to inhibit SOX9 expression and 
extracellular matrix (ECM) synthesis and to 
induce the productions of MMPs and ADAMTS5 
[9]. BA can transcriptionally activate SOX9, the 
synthesis of Aggrecan (ACAN) and type II colla-
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gen (Col2α), as well as two main components  
of cartilage ECM [10] while inhibit the expres-
sions of matrix metalloproteinases (MMPs) 
[11]. SOX9 is a key transcription factor in the 
development and differentiation of chondro-
cytes. The decreased expression of SOX9 ar- 
rests differentiation of prechondrocytes and 
results in serious skeletal deformities [12]. 
MMPs are proteases and can degrade the ECM 
[13]. SOX9 is involved in several pathways 
including TGF-β/Smads pathway [14]. TGF-β/
Smads pathway plays a key role in regulation  
of SOX9 expression during cartilage formation 
[15]. Recent studies have shown that TGF-β/
Smads could activate SOX9 expression [16]. As 
a key component of TGF-β/Smads pathway, 
Smad3 is actively involved in chondrocyte dif-
ferentiation during cartilage development [17]. 
The accelerated chondrocyte maturation in- 
duced by TGF-β/Smads signaling pathway can 
be inactivated by de phosphorylation of Smad3 
[18]. BA is known to protect chondrocytes by 
up-regulating SOX9 expression, but it remains 
unclear whether BA protects chondrocytes th- 
rough activation of TGF-β/Samd3 and its asso-
ciation with phosphorylation of Smad3. In this 
study, an in vitro chondrocyte inflammatory 
model was established by IL-1β stimulation. 
Cellular and molecular biology methods were 
used to investigate whether BA protects chon-
drocyte viability and ECM expression from 
inflammation through TGF-β/Smad3 pathway in 
vivo.

Materials and methods

Reagents

The main chemical component in BA is C33H- 
40O15 (Figure 1A), and it was purchased fr- 
om Shanghai PureOne Biotechnology Co., Ltd 
(#21967-41-9, Shanghai, China). BA was dis-
solved in dimethyl sulfoxide (DMSO) (#1015- 
90880, Sigma-Aldrich Co, St Louis, Mo, USA) 
and the solution (10-2 mol/L) was stored at 
-20°C. The final concentration of DMSO in the 
culture was 0.01% (v/v). IL-1β was purchased 
from PeproTech (#200-01B, Cranbury, NJ, USA). 
Smad3 inhibitor SIS3 was obtained from Med- 
ChemExpress Biological Technology Co., Ltd 
(#CS-7115. Shanghai, China).

Cell vitality assay

Mouse chondrocyte (ADTC5) was gifted by Dr 
Yang from Basic Medical College of Jinan 

University. All cells were grown in Dulbecco’s 
Modified Eagle medium (DMEM) (#C1196- 
5500137, Gibco, Grand Island, NY, USA) con-
taining 10% (v/v) FBS (#10099-141, Gibco), 
100 U/mL penicillin and 100 μg/mL strep- 
tomycin (#15-140-122, Gibco) in a 5% CO2 incu-
bator at 37°C. The chondrocytes were harvest-
ed, resuspended and then seeded in 96-well 
plates at a density of 4×103 cells/well. Two  
hundred microliters of DMEM medium with dif-
ferent concentrations of BA (0, 10, 20 and 40 
μmol/L) or IL-1β (0, 1, 2, 5 and 10 ng/mL) with 
or without SIS3 (10 μmol/L) were added to the 
plates respectively the next day. After culturing 
for 24 hours, cell viability was checked using 
the MTS method (Promega Corporation, WI, 
USA). The absorbance (OD value) at a wave-
length of 490 nm was recorded using a micro-
plate luminescence detector Promega GloMax 
96 (Promega Corporation).

Micromass culture and Alcian blue staining

Twenty microliters of chondrocyte suspension 
(1×106 cells) were added to 12-well plates and 
incubated for 3 hours at 37°C. One milliliter of 
fresh DMEM medium containing various con-
centrations of drugs was added to each well. 
The experiments were divided into four groups, 
namely control group, IL-1β group, IL-1β + BA 
group and IL-1β + BA + SIS3 group. The medium 
was changed every three days. After 2 weeks, 
ACAN was checked by alcian blue staining.

The alcian blue staining procedure: the plate 
wells were washed once with PBS (phosphate 
buffer saline) and then fixed for 20 min with  
1.0 mL of 4% (v/v) paraformaldehyde (PFA) 
(#158127, Sigma-Aldrich Co.). Subsequently, 
0.5 ml of 1.0% (w/v) alcian blue solution 
(#A5268, Sigma-Aldrich Co.) (v/v) was added to 
each well and incubated for 20 min at room 
temperature. After 1× wash with 70% (v/v) eth-
anol and three times’ wash with PBS, photomi-
crographs of the stained cell mass were ob- 
tained by a scanner (EPSON, V550, Nagano, 
Japan). The intensity of the alcian blue staining 
was expressed as the integrated optical densi-
ty (IOD) and analyzed by Image Pro Plus 6 
software.

Three-dimensional (3D) alginate-chondrocyte 
beads culture

A concentration of 4×106 cells/mL chondrocyte 
suspension was obtained with 2% (w/v) algi-
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nate solution. 20 μL alginate/cell mixtures were 
dropped into sterile 102 mM Calcium Chloride 
solution, and the 3D alginate-chondrocytes 
beads were formed in the Calcium Chloride 
solution for three minutes. After the stabiliza-
tion of 3D alginate-chondrocyte beads, the 
beads were transferred to a 6-well plate con-
taining conditioned medium. The experiments 
were divided into the same four groups as pre-
viously, namely control group, IL-1β group, IL-1β 
+ BA group and IL-1β + BA + SIS3 group. The 3D 
alginate-chondrocytes beads were cultured in 

the incubator at 37°C. The medium was ch- 
anged every 3 days up to 21 days. The algina- 
te/cell complexes were processed for mRNA 
expression, alcian blue staining and immuno-
histochemistry analysis.

Quantitative reverse transcription polymerase 
chain reaction (qRT-PCR)

Chondrocytes (2×105/mL) were cultured in 6- 
well plates at 37°C in an incubator containing 
5% CO2. After 24 hours of culture, total RNA 

Figure 1. BA promoted the viability of ADTC5 chondrocytes. A. Structural formula of BA. B. The cell viabilities of 
ADTC5 chondrocytes cultured with increasing concentrations of BA (0, 10, 20 and 40 μmol/L) for 24 hours were 
checked by MTS analysis. C. The cell viabilities of ADTC5 chondrocytes cultured with increasing concentrations of IL-
1β (1, 2, 5 and 10 ng/mL) for 24 hours were checked by MTS analysis. D. The cell viabilities of ADTC5 chondrocytes 
with various treatments for 24 hours were checked by MTS analysis. E. The cell morphologies of ADTC5 chondro-
cytes. *P<0.05 vs control group; #P<0.05 vs IL-1β group; ΔP<0.05 vs IL-1β + BA group, n=3.
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was extracted using TRIzol reagent (#1559- 
6018, Thermo Fisher, Carlsbad, CA, USA). cDNA 
was synthesized with a PrimeScriptTM Master 
Mix reagent kit (#RR036A, Takara Bio Inc., 
Japan). qRT‑PCR was performed with SYBR 
Premix ExTaq (#RR420A, Takara Bio) using the 
qTOWER version 3.0 PCR system (Analytikjena, 
Jena, Germany). The mRNA relative expressi- 
ons of all target genes were analyzed using a 
formula (2-ΔΔT). GAPDH was used as the internal 
control. The primer sequences of all genes are 
as listed in Table 1.

Immunofluorescence staining and chondrocyte 
morphology

Chondrocytes (1×105/mL) were seeded on the 
slides placed on 6-well plates. After 24 hours, 
the chondrocyte morphologies were captured 
using an inverted phase contrast microscope 
(#CKX41-A32PH, Olympus, Japan). For the im- 
munofluorescence staining, the chondrocytes 
were fixed with PFA for 10 min at room temper-
ature, and were then incubated with the pri- 
mary antibody diluent of rabbit anti-p-Smad3 
(#BM4033; 1:50; Boster, Wuhan, China) over-
night at 4°C. The coverslips were covered with 
fluorescence secondary antibody (#A32723; 
1:200; Thermo Fisher) against light for 30 min 
at room temperature. Mounting solution with 
DAPI (#C1005; Beyotime, Beijing, China) was 
used to detect the nuclei of chondrocytes. 
Fluorescence was detected by an inverted fluo-
rescence microscope (CX31-32RFL, Olympus). 
The intensity of the immunofluorescence stain-
ing was expressed as the integrated optical 
density (IOD) and analyzed by Image Pro Plus 6 
software.

Western blot

The chondrocytes (2×105/mL) were cultured in 
6-well plates. The four experimental groups 
were: control group, IL-1β (10 ng/mL) group, 

IL-1β (10 ng/mL) + BA (20 μmol/L) group and 
IL-1β (10 ng/mL) + BA (20 μmol/L) + SIS3  
blocker (10 μmol/L). The extracted protein was 
loaded, separated and transferred onto a poly-
vinylidene fluoride (PVDF) membrane (#ISEQ0- 
0010, Merck Millipore, Tullagreen, Germany) 
using semi-dry transfer method. The mem-
branes blocked by 5% Bovine Serum Albu- 
min (BSA) (#11021029; Thermo Fisher) were 
soaked overnight at 4°C with solutions of pri-
mary anti-SOX9 (#5173; 1:1000; Cell Signal 
Technology, Shanghai, China), anti-p-Smad3 
(#BM4033, 1:50, Boster), Smad3 (#BA4559; 
1:50; Boster) and anti-GAPDH (#51745; 
1:1000; Cell Signal Technology). The next day, 
the membrane was incubated with secondary 
antibody (#ARG65351; 1:3000; Arigo Biolabo- 
ratories, Shanghai, China) for 1 hour at room 
temperature. Images of the stained-protein 
bands were recorded using an ECL Western 
Blotting Substrate (#32106; Thermo Fisher) kit 
and quantified using the Image Lab system 
(Bio‑Rad Laboratories, Hercules, CA, USA).

Establishment of mouse OA model and treat-
ment of OA by BA

We carried out all animal experiments follow- 
ing the ethical requirements of the Guangzhou 
Red Cross Hospital, Guangzhou, China. Thirty 
of 4-weeks old C57BL/6 male mice with weigh- 
ts of 15-20 g could freely access to water  
and food. Before destabilization of the medial 
meniscus (DMM) surgery, the mice were adjust-
ed to the environment for five days. For estab-
lishment of mouse OA model, DMM surgery  
was implemented on the right knee joint after 
the mice were anesthetized using 5 mg/kg  
xylazine (#X1126, Sigma-Aldrich) and 40 mg/
kg ketamine (#693561, Sigma-Aldrich). After 
DMM surgery, 10 mice were orally given corn  
oil only and were considered as OA group; other 
10 mice were orally given 50 mg/kg/day of BA 
dissolved in corn oil and were considered as BA 

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’
ACAN 5’-CGTTGCAGACCAGGAGCAAT-3’ 5’-CTCGGTCATGAAAGTGGCG-3’
MMP9 5’-GTACTCGACCTGTACCAGCG-3’ 5’-AGAAGCCCCACTTCTTGTCG-3’
MMP13 5’-CTGGACCAAACTATGGTGGG-3’ 5’-GGTCCTTGGAGTGATCCAGA-3’
ADAMTS5 5’-AAGAGGAGGAGGAGGAGGAGGAG-3’ 5’-AATGGTTGTGAGCTGCCGTATGG-3’
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group [4]. Ten of mice without DMM surgery 
were used as control group. Six weeks later,  
the mice were euthanized by carbondioxide gas 
and the knee joints were harvested.

Histologic evaluation and immunohistochemi-
cal analysis

For 3D beads, alginate-chondrocyte complexes 
were fixed for 24 h with 4% (w/v) PFA after being 
rinsed in PBS. And then, the beads were soak- 
ed in a series of gradient sucrose, embedded in 
optimum cutting temperature (OCT) compound 
(#4583, Sakura USA Co., Torrance, CA, USA), 
and solidified by liquid nitrogen. Frozen sec-
tions were cut for standard alcian blue and 
immunohistochemical analysis.

For the histologic evaluation of the knee joints, 
the samples were fixed in 4% (w/v) PFA in PBS, 
decalcified, and embedded with paraffin. The 
sections were cut with a microtome at the  
thick-ness of 5 μm. The Serial sections were 
used for Hematoxylin & Eosin (HE), Safranin O/
fast green (SO) and Smad3 immunohistochemi-
cal staining. Safranine O positive staining area 
was determined by Image Pro Plus 6 software.

For immunohistochemistry analysis, the slides 
were incubated with either Smad3 or SOX9 pri-
mary antibody overnight at 4°C, and then the 
slides were incubated with HRP-conjugated 
secondary antibody (#ARG65351, 1:3000, Ari- 
goBiolaboratories, Shanghai, China) for 1 hour 
at room temperature. 3,3’-diaminobenzidine 
(DAB) (#ZLI-9018, Beijing Zhongshan Jinqiao 
Biotechnology) was used to visualize the color 
by reacting for less than 10 min at room tem-
perature. Images were captured with an invert-
ed phase contrast microscope (#CKX41-A32- 
PH, Olympus). The repair degree of BA on DMM-
induced knee damage was scored by three 
readers blindly according to the International 
Cartilage Repair Society (ICRS) II parameters. 
The matrix and cartilage surface integrity were 
adapted as the histological parameters for 
ICRS II [16].

Statistical analysis

All data were expressed as mean ± standard 
deviation and were calculated by SPSS 22.0 
software. A student’s t-test was used to calcu-
late the statistical differences between two 
groups. One-way ANOVA followed by a post hoc 

Bonferroni test was used for comparison 
among many groups respectively. A P-value 
<0.05 was considered statistically significant.

Results

BA promoted the viability of ADTC5 chondro-
cytes

In order to confirm the optimal concentration of 
BA on chondrocytes viability, the chondrocytes 
were cultured with various concentrations of 
BA (0, 10, 20 and 40 μmol/L) for 24 hours. The 
chondrocytes viability was analyzed using the 
MTS method. Various concentrations of BA (10-
40 μmol/L) increased the cell viability (P<0.05) 
(Figure 1B). The most significant effect on 
chondrocyte activity was found at 20 μmol/L of 
BA. As shown in Figure 1C, cell viability was sig-
nificantly decreased in 10 ng/mL of IL-1β group 
compared with the control group (P<0.05).

Combining MTS experimental results and litera-
ture [19], 20 μmol/L of BA, 10 ng/mL of IL-1β 
and 10 μmol/L of SIS3 were used in the subse-
quent experiments. The experimental groups 
were divided into 4 groups, namely control gr- 
oup (without any drugs), IL-1β group, IL-1β + BA 
group andIL-1β + BA + SIS3 group. After 24 
hours of culture, cell viability was analyzed 
using the MTS method. As shown in Figure 1D, 
the downregulation of chondrocyte viability in- 
duced by IL-1β was significantly attenuated by 
BA treatment (P<0.05). The addition of SIS3 
significantly inhibited the protective effect of 
BA on chondrocyte viability. Figure 1E indicat- 
ed that the addition of IL-1β, IL-1β + BA or IL-1β 
+ BA + SIS3 did not induce any change in chon-
drocyte morphology.

BA promoted ECM synthesis in ADTC5 chon-
drocytes

Alcian blue staining is a classic method to 
detect ECM key component ACAN [20]. As 
shown in Figure 2A, 2B, IL-1β treatment nota-
bly down-regulated the expression of ACAN in 
chondrocytes compared with the control group. 
On the contrary, the downregulation of ACAN 
induced by IL-β was obviously inhibited by BA. 
Moreover, the addition of SIS3 significantly 
reversed the protective effect of BA on the 
expression trend of ACAN. The staining results 
indicated that BA promoted the secretion of 
ACAN in chondrocytes and Smad3 inhibitor 
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Figure 2. BA promoted ECM synthesis and adjusted the expressions of ECM regulating genes in ADTC5 chondro-
cytes. (A) The chondrocyte masses were stained by alcian blue staining. (B) Quantitative analysis of alcian blue 
staining in chondrocyte masses. (C-H) The relative expression of SOX9 (C), ACAN (D), Col2α (E), ADMTS5 (F), MMP9 
(G) and MMP13 (H) were determined by qRT-PCR in chondrocytes with various treatments for 24 hours.
*P<0.05 vs control group; #P<0.05 vs IL-1β group; ΔP<0.05 vs IL-1β + BA group, n=3.

SIS3 decreased the secretion of ACAN stimu-
lated by BA.

By qRT-PCR, we confirmed that BA upregulated 
the expression of ACAN and Col2α in chondro-
cytes. As shown in Figure 2C-E, compared with 
the control group, the expressions of SOX9, 
ACAN and Col2α in IL-1β group were significant-
ly down-regulated (P<0.05). Meanwhile, the 
expressions of ADAMTS5, MMP9 and MMP13 
in IL-1β group were significantly increased 
(P<0.05) (Figure 2F-H). BA reduced the inhibi-
tion of IL-1β on SOX9, ACAN and Col2α expres-
sions (P<0.05), as well as the enhancement of 
IL-1β on MMP9, MMP13 and ADAMTS5 expres-
sions (P<0.05). The addition of SIS3 reversed 
the promotive effect of BA on IL-1β-induced 
down-regulation of SOX9, ACAN and Col2α (all 
P<0.05), and the inhibitory effect of BA on 
IL-1β-induced up-regulation of MMP9, MMP13 
and ADAMTS5 (all P<0.05). These results indi-
cated that BA promoted ECM secretion in chon-
drocytes and Smad3 inhibitor SIS3 decreased 
the promotion of BA on ECM secretion.

BA promoted ECM synthesis and adjusted the 
expressions of ECM regulating genes in ADTC5 
chondrocytes cultured in 3D alginate beads

To further define the effect of BA on ECM syn-
thesis of chondrocytes, an alginate-chondro-
cytes 3D culture system was employed, in 
which the 3D complexes served as a model for 
cartilage tissue engineering. Histological analy-
sis by alcian blue staining indicated that BA 
increased the production of ACAN which was 
down-regulated by IL-1β treatment. Moreover, 
the addition of SIS3 obviously reversed the  
protective effect of BA on the expression trend 
of ACAN (Figure 3A, 3B). These results indicat-
ed that BA promoted the secretion of ACAN in 
alginate-chondrocyte beads and Smad3 inhibi-
tor SIS3 decreased the promotion of BA on  
the secretion of ACAN. Immunohistochemical 
staining for SOX9 revealed that BA upregulat- 
ed the expression of SOX9 in chondrocytes in 
the alginate-chondrocyte 3D beads. Compared 
with control groups, the expression of SOX9 in 

the IL-1β group was significantly down-regulat-
ed (P<0.05, Figure 3C, 3D). BA abolished the 
inhibition of IL-1β on protein expression of  
SOX9 (P<0.05). The addition of SIS3 reversed 
the promotive effect of BA on IL-1β-induced 
down-regulation in protein expression of SOX9 
(P<0.05). As shown in Figure 3E-G, the mRNA 
expressions of SOX9, Col2α and ACAN in the 
IL-1β group were significantly down-regulated 
compared with those of the control group 
(P<0.05). However, the inhibition of IL-1β on the 
expressions of SOX9, Col2α and ACAN was 
abolished by BA treatment (P<0.05). The addi-
tion of SIS3 reversed the protective effect of  
BA on chondrocytes treated by IL-1β (P<0.05). 
These results suggest that BA promotes ECM 
synthesis and adjusts the expressions of ECM 
regulating genes in ADTC5 chondrocytes cul-
tured in 3D alginate beads.

BA activated Smad3 in ADTC5 chondrocytes

The effect of BA on the activation of Smad3 
and SOX9 in chondrocytes treated with IL-1β 
was detected by immunofluorescence and 
western blot. As shown in Figure 4A, 4B, 4E,  
4F, Smad3 and SOX9 were expressed both in 
the cytoplasm and nucleus of chondrocytes  
in the control group, while Smad3 and SOX9  
were mainly expressed in the cytoplasm of 
chondrocytes in the IL-1β group. The Smad3 
and SOX9 in the nuclear of chondrocytes in 
IL-1β-treated group were obviously less than 
that of control and BA + IL-1β groups. Con- 
versely, the addition of SIS3 obviously reversed 
the nuclear translocation trend of Smad3 and 
SOX9. Figure 4B, 4F showed the expressions  
of Smad3 and SOX9 by IOD, respectively. On 
the other side, as shown in Figure 4C, 4D, 4G, 
4H, the ratios of p-Smad3/Smad3 and SOX9/
GAPDH were down-regulated by IL-1β treat- 
ment (P<0.05). But BA treatment slowed down 
the decrease of p-Smad3/Smad3 and SOX9/
GAPDH induced by IL-1β treatment (P<0.05). 
Additionally, in the presence of IL-1β and BA 
simultaneously, the addition of SIS3 obviously 
blocked the influence of BA on IL-1β-inhibited 
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Figure 3. BA promoted ECM synthesis and adjusted the expressions of ECM regulating genes in alginate-chondro-
cyte beads. (A) The chondrocytes from the 3D alginate beads were stained by alcian blue staining. (B) Quantitative 
analysis of alcian blue staining in alginate-chondrocyte beads. (C, D) Immunohistochemical staining (C) and quanti-
tative analysis (D) of SOX9 in chondrocytes from the 3D alginate beads with various treatments for 24 hours. (E-G) 
The relative expressions of SOX9 (E), ACAN (F) and Col2α (G) in chondrocytes from 3D alginate beads with various 
treatments for 24 hours by qRT-PCR. *P<0.05 vs control group; #P<0.05 vs IL-1β group; ΔP<0.05 vs IL-1β + BA group, 
n=3.

Smad3 expression, phosphorylation, nuclear 
localization and SOX9 expression. These re- 

sults suggest that BA activates Smad3 and 
SOX9 in chondrocytes.
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Figure 4. BA activated the phosphorylation of Smad3 and the nuclear localization of SOX9 in ADTC5 chondrocytes. 
(A, B) Smad3 localization (A) and quantitative analysis of Smad3 expression (B) in chondrocytes with various treat-
ments for 24 hours by immunohistochemistry staining analysis. (C, D) The expressions (C) and the relative expres-
sion (D) of Smad3 and phosphorylated Smad3 in chondrocytes with various treatments for 24 hours by western blot. 
(E, F) SOX9 localization (E) and quantitative analysis of SOX9 expression (F) in chondrocytes with various treatments 
for 24 hours by immunohistochemistry staining analysis. (G, H) The expressions (G) and the relative expression (H) 
of SOX9 in chondrocytes with various treatments for 24 hours by western blot. *P<0.05 vs control group; #P<0.05 vs 
IL-1β group; ΔP<0.05 vs IL-1β + BA group, n=3.
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BA reduced the cartilage degradation in DMM-
induced OA mice by increasing Smad3 phos-
phorylation

The in vivo effect of BA on the structural fea-
tures of articular cartilage was examined using 
a DMM-induced OA mouse model, which sh- 
owed reduced Safranin O staining and a rough 
articular surface in mice undergone DMM sur-
gery and exhibited OA pathology [4]. As shown 
in Figure 5A, 5B, DMM surgery reduced the 
area of Safranin O staining. On the contrary, BA 
treatment recovered the reduced Safranin O 
staining induced by DMM-surgery. The ICRS II 
score of OA group including matrix staining and 
the articular surface integrity was significantly 
lower than that of control and BA groups. BA 
treatment significantly increased ICRS II score 
which was decreased by DMM surgery (Figure 
5C). The result indicated that BA could inhibit 
the progress of OA by increasing matrix stain- 
ing and articular surface integrity. Immunohis- 
tochemistry staining and quantitative analysis 
showed that the Smad3 positive cells in OA 
group mice were less than control and BA gr- 
oup mice (Figure 5D, 5E). Western blot and 
quantitative analysis revealed that the expres-
sions of Smad3, p-Smad3, SOX9 and the ratio 
p-Smad3/Smad3 in OA group mice were less 
than control and BA group mice (Figure 5F-H). 
These results indicated that DMM treatment 
significantly reduced the Smad3 positive cells 
and BA treatment obviously recovered the 
DMM-induced reduction of Smad3 positive ce- 
lls. This was consistent with the fact that BA 
resulted in increased Smad3 expression in ch- 
ondrocytes. Taken together; these results sug-
gested that BA treatment improved the integrity 
of the articular cartilage, partially by activating 
the TGF-β/Smad3 pathway in chondrocytes.

Discussion

OA is a common chronic joint disease in the 
elderlies [1]. At present, drug and surgical treat-
ments are the two main therapeutic interven-
tion for OA worldwide [4]. Compared with the 
high cost of surgical treatment, drug treatment 
of OA is more acceptable and cost-effective  
[5], which could effectively relieve inflammation 
and pain symptoms. It is reported that BA has 
anti-inflammatory, anti-deformation, anti-bac-
terial and diuretic effects [7, 8]. In this study, we 
demonstrated that BA increased the viability of 
chondrocytes, matrix expression and articular 

surface integrity. It is reasonable to postulate 
that BA protects cartilage from degradation 
induced by IL-1β in vitro or DMM surgery in vivo 
through, at least partially, the inhibition on 
TGF-β/Smad3 pathway.

IL-1β is an inflammatory factor and is related  
to the progress of OA [20]. It has been shown 
that IL-1β inhibited the secretion of Col2α and 
ACAN [21]. In addition, IL-1β stimulated the re- 
lease of MMP9/13 and ADAMTS5 in chondro-
cytes which are responsible for the degradation 
of ECM [22]. IL-1β has also been shown to  
inhibit ECM synthesis through decreasing the 
expression of SOX9, one of ECM synthesis pro-
moters [9]. In this study, IL-1β treatment re- 
duced chondrocyte viability, the secretions of 
Col2α and ACAN and the expression of SOX9; in 
contrast, IL-1β treatment increased the expr- 
essions of MMP9, MMP13 and ADAMTS5. All 
these results are consistent with the previous 
reports. It is appreciated that we used IL-1β as 
an inducer to establish an inflammatory and 
injury model of chondrocytes.

BA is known to significantly inhibitthe inflamma-
tory response and the expression of IL-1β in 
chondrocytes [8]. BA protects chondrocyte via-
bility either by inhibiting IL-1β-induced apopto-
sis or by activating IL-1β-inhibited autophagy 
through mi-R-766-3p/AIFMI axis [23]. Different 
from previous studies, we demonstrated that 
BA protects chondrocyte viability by reversing 
IL-1β-inhibited the expressions of Col2α, ACAN 
and SOX9 and decreasing IL-1β-induced ex- 
pression of MMP9, MMP13 and ADAMTS5. The 
promoting effect of BA on the expressions of 
SOX9 and ECM components is consistent with 
previous report [23].

The transcriptional activations of SOX9 and 
TGF-β are necessary for prechondrocyte differ-
entiation [24, 25]. It is reported that TGF-β  
regulates the transcription of SOX9 in human 
chondrocytes via TGF-β/Smad2/3 signaling 
pathway [26]. overexpression of Smad3 can 
significantly induce the formation of primary 
cartilage originated from human mesenchymal 
stem cell [27]. In addition, Smad3 enhances 
the transcriptional activity of SOX9 and Col2α 
expression, while Smad3 silencing inhibited  
the expression of SOX9 [28]. According to the 
literature [29], Smad2/3 is associated with 
SOX9 in TGF-β dependent manner and forms  
a transcription complex with SOX9 in the en- 
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Figure 5. BA reduced the cartilage degradation and increased the expression of Smad3 and SOX9 in OA mice. (A) HE 
and Safranin O staining of the articular cartilage from the control, the DMM-induced OA (OA) and the BA-treated OA 
(BA) mice 6 weeks after surgery. (B) Quantitative analysis of Safranin O positive area. (C) The ICRS II scores for ar-
ticular cartilages 6 weeks after surgery. (D, E) Immunohistochemical analysis of Smad3 (D) and the ratio of Smad3 
positive cells (E) in articular cartilage from the control, OA and BA mice 6 weeks after surgery. (F-H) The protein 
bands (F) and the relative protein expressions of p-Smad3 (G) and SOX9 (H) in articular cartilage from the control, 
OA and BA mice 6 weeks after surgery. *P<0.05 vs control group; #P<0.05 vs OA group, n=10.

hancer region of Col2α. The TGF-β/Smad3 
pathway plays a key role in SOX9-depen- 
dent cartilage formation through up-regulating 
Smad3 phosphorylation [30]. In chondrocytes, 
we found that that IL-1β treatment inhibited 

Smad3 expression, phosphorylation and nu- 
clear localization and BA treatment reversed 
these effects of IL-1β. Furthermore, the addi-
tion of Smad3 inhibitor SIS3 blocked BA effect 
and resurrected IL-1β-decreased Smad3 ex- 
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pression, phosphorylation and nuclear locali- 
zation. Also, BA treatment reversed IL-1β-
inhibited SOX9 expression, and Smad3 inhibi-
tor SIS3 reactivated IL-1β function on Smad3 
expression. In in vivo experiments, we demon-
strated that BA suppressed DMM-induced OA 
development and recovered DMM-inhibited 
Smad3 expression, phosphorylation and SOX9 
expression. These results indicate that the  
protective effect of BA on chondrocytes is, at 
least partially, through the regulation of TGF-β/
Smad3 signal pathway. In order to make sub-
stantial conclusion, Smad3 gene knockdown, 
even knockout experiments are needed in our 
future study since only Smad3 inhibitor was 
used in current study.

In summary, this study demonstrates that BA 
promotes chondrocyte viability and the cell 
matrix synthesis through TGF-β/Smad3 path-
way in IL-1β-treated chondrocytes and DMM 
treated mice. BA is a potential candidate drug 
for OA treatment. The main results are illustrat-
ed in Figure 6.
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