
Research Article
Fuyuan Decoction Enhances SOX9 and COL2A1 Expression and
Smad2/3 Phosphorylation in IL-1𝛽-Activated Chondrocytes

Yudi Zhang,1,2 Rongheng Li,1 Yu Zhong,1 Sihan Zhang,1,3 Lingyun Zhou,1 and Shike Shang1

1Department of Combination of Chinese and Western Medicine, The First Affiliated Hospital of Chongqing Medical University,
Chongqing 400016, China
2College of Laboratory Medicine, Chongqing Medical University, Yuzhong District, Chongqing 400016, China
3Longgang District People’s Hospital of Shenzhen, Longgang District, Shenzhen, Guangdong 518172, China

Correspondence should be addressed to Yu Zhong; yuyumou@sina.com

Received 29 July 2015; Revised 16 November 2015; Accepted 17 November 2015

Academic Editor: Youn C. Kim

Copyright © 2015 Yudi Zhang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Fuyuan Decoction (FYD), a herbal formula in China, has been widely used for osteoarthritis (OA) treatment. Herein, we
determined the effects of FYD on the expression of transcription factor SOX9 and its target gene collagen type II, alpha 1 (COL2A1)
as well as the activation of Smad2/3 in interleukin- (IL-) 1𝛽-stimulated SW1353 chondrosarcoma cells. Serum-derived FYD (FYD-
CS) was prepared to treat SW1353 cells with or without SB431542, a TGF-𝛽1 receptor inhibitor. Cell cycle progression was tested by
flow cytometry. The expression of SOX9 and COL2A1 and the activation of Smad2/3 (p-Smad2/3) were analyzed by quantitative
reverse transcription polymerase chain reaction (qRT-PCR) and/or western blot. The results showed that, after treatment, FYD-
CS, while inducing S-phase cell cycle arrest, enhanced cell proliferation and protected the cells against IL-1𝛽- and/or SB431542-
induced cell growth inhibition. Furthermore, FYD-CS reversed the decreased expression of COL2A1 and SOX9 induced by IL-1𝛽
and SB431542 and blocked the decreased phosphorylation of Smad2/3 induced by IL-1𝛽 alone or in combination with SB431542.
Our results suggest that FYDpromotes COL2A1 and SOX9 expression as well as Smad2/3 activation in IL-1𝛽-induced chondrocytes,
thus benefiting cell survival.

1. Introduction

Fuyuan Decoction (FYD) is an empirical formula used to
treat Bi Zheng in clinical practice and has been proven
effective in the treatment of osteoarthritis (OA). FYD can
inhibit the development of OA [1]. To date, several bioactive
components of FYD have been identified, including icariin
and arasaponin R1, which exhibit a number of biological
activities, including inhibiting inflammation and oxidative
damage [2] as well as the development and progression of
OA [3]. In addition, pilose antler, another component of FYD,
has been found to increase the expression of Smad2/3 in OA
cartilage [4].

In the early stages of OA, the inflammatory response is an
important contributing factor that initiates and promotes the
disease. Several inflammatorymediators have been identified
to be responsible for the inflammatory pathology of OA [5–
7]; among them, interleukin-1 beta (IL-1𝛽) plays a key role

in amplifying the inflammatory response and, in combina-
tion with dysregulated other factors including transforming
growth factor-𝛽 (TGF-𝛽) [8], exacerbates the pathogenesis
of OA [9]. TGF-𝛽 is a multifunctional growth factor that
plays an important role in the formation, homeostasis, and
repair of cartilage [10–12]. TGF-𝛽 stimulates the formation
of cartilage, including chondrogenic condensation [13, 14]
and chondroprogenitor cell proliferation and differentiation
[15, 16]. It also inhibits the terminal differentiation of chon-
drocytes into the hypertrophic phenotype by intercepting the
calcification of cartilage matrix, differentiation, and ossifi-
cation of osteoblasts [12, 17], resulting in the formation of
articular cartilage at the end of long bones [18].

Of the current treatment options for OA, nonsteroidal
anti-inflammatory drugs and selective cyclooxygenase-2
inhibitors are widely used. However, due to the potential side
effects and concerned effectiveness of these agents [19–21],
it is necessary to develop more safe and effective alternative
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drugs for the treatment of OA. In the context of traditional
Chinese medicine, OA belongs to the category Bi Zheng,
which is defined as a syndrome marked by arthralgia and
dyskinesia of the joints and limbs due to the meridians of
the limbs being attacked by wind, dampness, and heat or
cold pathogens. FYD is an empirical formula used to treat Bi
Zheng in clinical practice and has been proven effective in
the treatment of OA. Now, Fuyuan capsule made from FYD
has been confirmed to have a better effect on the treatment of
experimental OA than the positive control western medicine
glucosamine hydrochloride [2]. The purpose of this study
was to investigate the effects and mechanisms of FYD in
chondrocytes in the OA microenvironment. In particular,
the expression levels of SOX9 and COL2A1 as well as the
phosphorylation of Smad2/3 were analyzed.

2. Materials and Methods

2.1. Materials and Reagents. Notoginsenoside R1, icariin,
and digoxin were purchased from the National Institute
for the Control of Pharmaceutical and Biological Products
(Beijing, China). SB431542, a TGF-𝛽1 receptor inhibitor,
was obtained from Selleckchem (Houston, TX, USA). IL-
1𝛽 was purchased from PeproTech (Rocky Hill, NJ, USA).
Cell Counting Kit-8 (CCK-8) was obtained from Beyotime
Biotechnology (Shanghai, China). The mRNA primers were
synthesized by Sangon Biotech (Shanghai, China). TRIzol
reagent was obtained from Ambion (Grand Island, NY,
USA). The RevertAid First Strand cDNA Synthesis Kit was
obtained fromThermo Fisher Scientific Inc. (Waltham, MA,
USA). The SYBR Green PCR Master Mix Kit was provided
by the College of Laboratory Medicine, CWBIO (Beijing,
China). Rabbit anti-GAPDH antibody was obtained from
Zhongding (Nanjing, China). Rabbit anti-P-Smad2/Smad3
antibodies were obtained from Cell Signaling Technology
(Danvers, MA, USA). COL2A1 and SOX9 antibodies were
obtained from Bioworld Technology (Minneapolis, MN,
USA). Horseradish peroxidase- (HRP-) conjugated goat anti-
rabbit secondary antibody was obtained fromABGENT (San
Diego, CA, USA). Western blot Chemiluminescent HRP was
provided by the College of Laboratory Medicine (Immobilon
Western, USA).

2.2. Herbal Preparation. FYD was prepared from nine dried
powdered plant species as follows: 15 g of Epimedium bre-
vicornum, 15 g of Astragalus membranaceus, 15 g of Daval-
lia formosana, 15 g of Psoralea corylifolia, 10 g of Angelica
sinensis, 10 g of Panax ginseng, 5 g of Panax pseudoginseng
var. notoginseng, 10 g of Salvia miltiorrhiza, and 5 g of
Glycyrrhiza uralensis. These plant materials were from
Chongqing Tongjunge Pharmacy (Chongqing, China) and
identified by Professor Rongheng Li,The First Affiliated Hos-
pital of Chongqing Medical University (Chongqing, China).
Currently, these dried powdered plant species are being
stored in the Department of Pharmacy of The First Affil-
iated Hospital of Chongqing Medical University. FYD was
extracted according to the standard methods recommended
by the Chinese Pharmacopoeia (2010). In short, the herbal
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Figure 1: HPLC chromatograms of notoginsenoside R1 and icariin
in FYD. a: notoginsenoside R1; b: icariin; and c: digoxin as an
internal standard.

mixture was extracted twice in boiling water for 2 h each, and
the final residues were filtered using a 0.45 𝜇m microfilter,
concentrated, and then made into a freeze-dried powder (1).
The extraction yield of FYD was 13.67% (w/w), containing
12.18mg of notoginsenoside R1 and 54.65mg of icariin per
g of freeze-dried powder, according to a high-performance
liquid chromatography (HPLC)method (Figure 1).The resul-
tant powder was subsequently dissolved in sterile water at the
desired concentrations for the animal studies.

2.3. Preparation of FYD-Containing Serum (FYD-CS). Four-
month-old New Zealand rabbits weighing 1800–2000 g were
purchased from the Chongqing Medical Laboratory Animal
Center (License, SYXK (yu) 2012-0001). Animal care and all
experimental procedures were approved by the Ethics Com-
mittee of Animal Research of Chongqing University of Med-
ical Sciences (CUMS11-66). Rabbits were randomly assigned
to two groups containing two animals each. One group was
orally administered with 4.07 g/kg/d FYD (5.8mL/rabbit)
twice daily for 7 consecutive days, while the other group
was gavaged with an equal volume of physiological saline.
This dose and regimen were picked based on extrapolation
of the dosage for humans used in our clinical practice.
Approximately 2 h after the last administration on day 7,
the rabbits were euthanized by injection of pentobarbital
sodium at a dose of 40mg/kg in the marginal ear vein, and
blood was retrieved from the carotid artery. Serum from both
groups (FYD-CS and Con-s) was collected by centrifugation
at 3000×g for 20min at 4∘C, then filtered through a 0.22 𝜇m
filter, and stored in −20∘C in aliquots.

2.4. SW1353 Cell Culture and Treatment. Human chon-
drosarcoma cells (SW1353) have a similar phenotype as
chondrocytes [22, 23]; therefore, they were used instead of
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Figure 2: Effect of FYD-CS on cell viability in IL-1𝛽-activated SW1353 cells. The cells were treated with different concentrations of FYD-CS
or Con-s for 24–96 h; then cell viability was assayed by a colorimetric kit. The data are expressed as the mean ± SD (𝑛 = 3). (a) Cells treated
with different concentrations of FYD-CS. (b) Cells treated with the corresponding concentration of blank serum as used in the FYD-CS
treatments. (c) The effect of FYD alone, which was obtained by subtracting the blank serum results from the FYD-CS results. ∗𝑃 < 0.05
versus 10% FYD-CS, #𝑃 < 0.05 versus 15% FYD-CS, and &

𝑃 < 0.05 versus 15% FYD-CS on day 3.

cartilage cells to evaluate the regulatory effects of FYD in this
study. The SW1353 cells were obtained from the Institute of
Biochemistry and Cell Biology (Shanghai, China). The cells
were grown in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% (v/v) fetal bovine serum, 100 IU/mL
penicillin, 100 𝜇g/mL streptomycin, and 2mM glutamine at
37∘C in a 5%CO

2
incubator.When the cells reached 85% con-

fluence, different concentrations of FYD-CS (5–25% (v/v))
and/or 10 𝜇MSB431542were added. One hour later, 10 ng/mL
IL-1𝛽 was added to stimulate the cells. The cells were further
incubated for 24–96 h before assaying cell viability, gene
expression, and protein expression.

2.5. Cell Viability. SW1353 cells were incubated in 96-well
plates (0.5 × 104 cells/well) in the presence or absence of the
indicated concentrations of FYD-CS, Con-s, SB431542,
and/or IL-1𝛽 for 24–96 h. Next, 20𝜇L of CCK-8 was added to
eachwell, and the plates continued to be incubated at 37∘C for

an additional 4 h.The optical density values weremeasured at
450 nm on a microplate reader.

2.6. Cell Cycle Assay. SW1353 cells were grown in 6-well
plates (2 × 105 cells per well) in the presence or absence of the
indicated concentrations of FYD-CS, Con-s, SB431542, and/
or IL-1𝛽. After treatment for 72 h, the cells were harvested
and washed three times with cold phosphate-buffered saline
(PBS) and then fixed in cold 75% ethanol for at least 8 h at 4∘C.
After fixation, the cells were treated with PI/RNase staining
followed by fluorescence-activated cell sorting analysis.

2.7. Quantitative Reverse Transcription Polymerase Chain
Reaction (RT-qPCR). Total RNA was extracted using TRIzol
reagent as recommended by the manufacturer. First-strand
cDNA synthesis was performed using the Thermo Scientific
RevertAid First Strand cDNA Synthesis Kit.The SYBRGreen
PCRMasterMixKit was used for real-time PCR to determine
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the relative quantification of mRNA. 𝛽-actin was used as an
internal control. The following primer pairs were used: 𝛽-
actin (XM 006715764.1), 5-AAAGACCTGTACGCCAAC-
AC-3 (forward) and 5-GTCATACTCCTGCTTGCTGAT-
3 (reverse); COL2A1 (XM 006719242.1), 5-AACCAGATT-
GAGAGCATCCG-3 (forward) and 5-AACGTTTGCTGG-
ATTGGGGT-3 (reverse); and SOX9 (NM 000346.3), 5-
GCTCTGGAGACTTCTGAACGA-3 (forward) and 5-
CCGTTCTTCACCGACTTCCT-3 (reverse). The PCR
primers were designed by Invitrogen Biotechnology (Shang-
hai, China). Quantitative (real-time) PCR was performed
using a Bio-Rad CFX96 Real-Time PCR System (Hercules,
CA, USA) with 40 cycles of 95∘C for 10min, 95∘C for 10 s,
and 58∘C for 30 s; measurements were made at the end of a
58∘C annealing step. Data were analyzed using Bio-Rad CFX
Manager software (version 2.0).The 2−ΔΔCT methodwas used
to calculate the relative fold changes of theCOL2A1 and SOX9
mRNA expression.

2.8. Western Blot Analysis. The SW1353 cells were washed
three times with ice-cold PBS and lysed with cell lysis
buffer (20mM Tris-HCl (pH 7.5), 150mM NaCl, 1% EDTA,
1% TritonX-100, and 2.5mM sodium pyrophosphate) sup-
plemented with 1mM phenylmethylsulfonyl fluoride, 1mM
NaF, and 1mM sodium orthovanadate. Equal amounts of
cellular protein (40 𝜇g per well) were separated on a
12% sodium dodecyl sulfate-polyacrylamide gel and elec-
trophoretically transferred to a nitrocellulose membrane.
After blocking with 5% fat-free milk and 0.1% Tween 20 in
PBS, the membrane was incubated with a primary antibody
(anti-GAPDH (1 : 1000), anti-p-Smad2/Smad3 (1 : 1000), anti-
COL2A1 (1 : 500), or anti-SOX9 (1 : 500)) overnight at 4∘Cand
then a HRP-conjugated goat anti-rabbit secondary antibody
for 2 h at room temperature. The immunocomplexes were
visualized using a chemiluminescent HRP substrate, and
band intensities were quantitated using densitometry and
normalized to the density of GAPDH from the same treat-
ment group.

2.9. Statistical Analysis. All experiments were performed in
triplicate using independent samples. The data were pre-
sented as means ± standard deviation (SD) and analyzed
using SPSS (version 19.0, SPSS Inc., Chicago, IL, USA).
Differences between groups were analyzed by analysis of
variance, and𝑃 < 0.05was considered statistically significant.

3. Results

3.1. FYD-CS Enhances Cell Viability. To determine the
cytotoxicity and optimal dose of FYD-CS, IL-1𝛽-activated
SW1353 cells were treated with different concentrations of
FYD-CS for different periods of time. As shown in
Figure 2, 5–15% FYD-CS stimulated cell proliferation
in a concentration-dependent manner. However, higher
concentrations of FYD-CS reduced cell viability when
compared to 15% FYD-CS, suggesting that 15% FYD-CS
achieved the maximal enhancing effect of cell viability in IL-
1𝛽-induced SW1353 cells, especially at 72 h after treatment.
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Figure 3: Effect of FYD-CS on cell viability in IL-1𝛽- and/or
SB431542-treated SW1353 cells. The cells were treated with 15%
FYD-CS, 10 𝜇M SB431542, and/or 10 ng/mL IL-1𝛽 for 24–96 h, and
then the cell viabilitywas assayed.Thedata are expressed as themean
± SD (𝑛 = 3). We found that cell growth peaked at 72 h. ∗𝑃 < 0.05
versus the control; #

𝑃 < 0.05 versus the group treated with both
IL-1𝛽 and FYD-CS; &𝑃 < 0.05 versus the group treated with IL-1𝛽
alone; ∗∗𝑃 < 0.05 versus the group treated with IL-1𝛽, FYD-CS, and
SB431542.

Therefore, this concentration was used in the subsequent
experiments.

In another set of experiments, the involvement of TGF-
1𝛽 signaling in the FYD-CS regulation of cell growth was
evaluated. As shown in Figures 3 and 4, IL-1𝛽 induction
reduced SW1353 cell proliferation, inducing cell cycle G0/G1
arrest, compared to the Con-s control. When IL-1𝛽-activated
cells were treated with 15% FYD-CS and/or 10𝜇M SB431542
for 72 h, FYD-CS completely reversed the IL-1𝛽-mediated
inhibition of cell viability, inducing cell cycle arrest at the
S phase, while the ALK5 inhibitor enhanced the IL-1𝛽-
mediated inhibition. Interestingly, FYD-CS completely abol-
ished the inhibitory effect of the ALK5 inhibitor, indicating
that chondrocyte growth needs the help of the TGF-1𝛽
receptor and TGF-1𝛽 signaling and that FYD-CS protects
SW1353 cells against ALK5 inhibitor-induced inhibition of
IL-1𝛽-activated cells.

3.2. FYD-CS Upregulates the Gene Levels of COL2A1 and
SOX9. To further understand the underlying mechanisms of
FYD-CS in the regulation of IL-1𝛽- and SB431542-induced
cell proliferation inhibition, the mRNA expression levels of
COL2A1 and SOX9 were detected in IL-1𝛽-activated cells
treated with 15% FYD-CS and/or SB431542 by qRT-PCR
(Figure 5). The results showed that FYD-CS significantly
recovered the IL-1𝛽-induced decrease in the gene expression
of COL2A1 and SOX9.Moreover, SB431542 and IL-1𝛽 showed
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Figure 4: Effect of FYD-CS on cell cycle progression in IL-1𝛽- and/or SB431542-treated SW1353 cells.The cells were treatedwith 15% FYD-CS,
10𝜇M SB431542, and/or 10 ng/mL IL-1𝛽 for 72 h, and then cell cycle progression was assayed.
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Figure 5: Quantitative RT-PCR assay of COL2A1 and SOX9 in IL-1𝛽-activated SW1353 cells pretreated with 15% FYD-CS and/or 10𝜇M
SB431542. The data are expressed as the mean ± SD (𝑛 = 3). ∗𝑃 < 0.05 versus the control. #𝑃 < 0.05 versus the group treated with IL-1𝛽 and
FYD-CS; ∗∗𝑃 < 0.05 versus the group treated with IL-1𝛽; &𝑃 < 0.05 versus the group treated with IL-1𝛽, FYD-CS, and SB431542.

a synergistic inhibitory effect on the expression of the two
genes, but this inhibition was partially blocked by FYD-CS.
These data suggest that FYD-CS promotes collagen type II
expression in IL-1𝛽-activated SW1353 cells, partially through
the classical TGF-𝛽 signaling pathway.

3.3. FYD-CS Enhances Smad2/Smad3 Phosphorylation as
well as COL2A1 and SOX9 Protein Expression. To exam-
ine the effects of FYD-CS on the protein expression of
COL2A1 and SOX9 as well as the activation of TGF-1𝛽
signaling, IL-1𝛽-activated cells were treated with 15% FYD-
CS and/or SB431542 for 72 h, and the expression levels
of COL2A1, SOX9, and p-Smad2/Smad3 were analyzed by
western blot (Figure 6). It was found that the expression levels
of p-Smad2/Smad3, COL2A1, and SOX9 were significantly
decreased in IL-1𝛽-treated cells when compared to the base-
line SW1353 cells (𝑃 < 0.05); however, FYD-CS cotreatment
abrogated the effect of IL-1𝛽 (𝑃 < 0.05). Moreover, SB431542
further decreased the IL-1𝛽-induced inhibition of COL2A1
and SOX9 protein expression and Smad2/Smad3 phospho-
rylation, but this synergistic effect on TGF-1𝛽 signaling and
collagen type II synthesis was significantly suppressed by
FYD-CS (𝑃 < 0.05). These data further confirmed that
FYD-CS regulates IL-1𝛽-mediated Smad2/3 phosphorylation
as well as COL2A1 and SOX9 expression, whichwere partially
dependent on the classical TGF-𝛽 signaling pathway.

4. Discussion

OA is a common chronic degenerative joint disease in the
elderly. The typical pathological changes of OA include

articular cartilage impairment, bone sclerosis, osteophytes,
and subchondral synovial tissue fibrosis. Although the patho-
genesis of OA remains obscure, it is generally attributable
to the interactions of multiple factors including mechanical
and biological factors that cause an imbalance between tissue
damage and repair and resultant degradation of joint tissues,
especially articular cartilage.

Chondrocytes are the only cells found in cartilage and
are embedded in an extensive extracellular matrix (ECM)
[24]. Collagens and proteoglycans are the main components
of the ECM [24]. The majority of the collagen in articular
cartilage is type II collagen, which provides the tissue with
tensile strength [25, 26]. The major proteoglycan of articular
cartilage is aggrecan, which provides structural support by
retaining water in the matrix [27]. SOX9 is a transcription
factor essential for regulating the expression ofmany cartilage
ECM genes, including COL2A1 [28].

TGF-𝛽 signaling functions through cell surface hetero-
genic receptor complexes containing type II and type I (ALK5
or ALK1) receptors to phosphorylate two receptor-regulated
Smad proteins, Smad2 and Smad3. Smad2/3 phosphorylation
mediates anabolic signaling in chondrocytes essential for
articular cartilage matrix turnover and homeostasis [10,
12]. The TGF-𝛽/Smad2/3 signaling pathway is truncated by
using a powerful combination of competitive ALK5 receptor
inhibitors. Therefore, these inhibitors can affect the synthesis
of downstream target genes.This combination is very strong,
so the use of these inhibitors can simulate the reduced
expression of TGF-𝛽 receptors to the maximum limit in vitro
[29].

In normal chondrocytes, TGF-𝛽 signals the phospho-
rylation of Smad2/3 predominantly via ALK5, resulting in
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Figure 6: Western blot assay of COL2A1, SOX9, and p-Smad2/3 in IL-1𝛽-activated SW1353 cells pretreated with 15% FYD-CS and/or 10𝜇M
SB431542. Representative bands are shown. The band intensities were compared to that of the corresponding GAPDH band with the same
treatment. The data are expressed as the mean ± SD (𝑛 = 3). ∗𝑃 < 0.05 versus the control; #𝑃 < 0.05 versus the group treated with IL-1𝛽 and
FYD-CS; ∗∗𝑃 < 0.05 versus the group treated with IL-1𝛽; &𝑃 < 0.05 versus the group treated with IL-1𝛽, FYD-CS, and SB431542.

the formation of a complex with Smad4 and translocation
into the nucleus, where it regulates the expression of target
genes such as type II collagen and aggrecan. However, in OA,
TGF-𝛽 may phosphorylate Smad1 and Smad5 preferentially
via ALK1, leading to increased expression of matrix metal-
loproteinase 13 and decreased expression of type II collagen
and aggrecan. It has been shown that the phosphorylated
Smad2 level is reduced in cartilage during the progression of
OA in both spontaneous and collagenase-induced OAmouse
models [30]. Also, Smad2 phosphorylation in cartilage of old
mice is lower than that of young mice [31]. Another study
has reported that the decreased levels of phosphorylated
Smad3 in Smurf-2 transgenic mice cause the development
of an OA-like phenotype [32]. Additionally, Smad3 knockout
mice develop a degenerative joint disease resembling human

OA [18] and intervertebral disc degeneration [33]. Moreover,
some genetic studies have shown that Smad3 gene mutations
are a risk factor for the susceptibility to OA. Therefore, the
expression levels of TGF-𝛽 receptors and their downstream
proteins Smad2/3 are intimately associated with OA patho-
genesis.

In the present study, we used serum-derived FYD as the
drug source tomirror the in vivo biotransformation andphar-
macological effects of FYD and to minimize other uncertain
confounding factors [34, 35].We focused on TGF-𝛽 signaling
and SOX9 expression because they have a pivotal role in the
pathophysiology of joint cartilage. One of the aims of this
study was to simulate the TGF-𝛽 receptor expression level
decrease by using receptor inhibitors. When the receptors
were completely inhibited, the expression of phosphorylated
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Smad2/3 in chondrocytes was further downregulated, thus
achieving the purposes of the experimental modelling. FYD
could still activate certain Smad2/3 protein phosphorylation
in the presence of SB431542, but the level was lower than that
in the no SB431542 inhibitor group. These results indicated
that FYD could activate Smad2/3 protein phosphorylation
through the TGF-𝛽 receptor as well as by other means.

We demonstrated that the water-soluble active compo-
nents of FYD-CS increase Smad2/3 phosphorylation and pro-
mote COL2A1 and SOX9 expression, leading to increased cell
proliferation in IL-1𝛽-induced SW1353 cells. This regulatory
process may partly depend on the classical TGF-𝛽 signaling
pathway.

Healthy articular cartilage depends on the balance
between anabolic and catabolic cytokines and growth factors.
Accumulated evidence supports the association of OA with
reduced TGF-𝛽/ALK5/Smad2/3 signaling. IL-1𝛽, a proin-
flammatory cytokine and a critical catabolic factor, has been
found recently to induce MMP production, reduce Smad2/3
phosphorylation, and inhibit Smad3/4 activity and DNA
binding [9]. In the current study, IL-1𝛽was used to establish a
cellular OA model in SW1353 cells [36]. We found a rapid
decrease in the expression levels of p-Smad2/3, COL2A1,
and SOX9 in response to IL-1𝛽; however, FYD-CS effectively
abolished the inhibitory effects of IL-1𝛽 in SW1353 cells. To
the best of our knowledge, this is the first study to determine
that FYD-CS is a potent activator of Smad2/3 activity.
Moreover, we found that SB431542, an inhibitor of the TGF-
𝛽1 receptor, not only reduced the levels of phosphorylated
Smad2/3 but also reduced the expression levels of COL2A1
and SOX9. In addition, FYD-CS antagonized the effects of
the inhibitor, further confirming the role of FYD-CS in the
TGF-𝛽 signaling pathway.

FYD-CS is clinically effective in the treatment of OA.
In this study, we explored the mechanism of FYD-CS in
regulating the expression of COL2A1 and SOX9 in IL-1𝛽-
induced SW1353 cells. The results suggest that FYD-CS
increases the levels of phosphorylated Smad2/3 as well as the
expression of COL2A1 and SOX9 in IL-1𝛽-induced SW1353
cells.

5. Conclusion

In summary, our data support FYD as a beneficial agent
in the treatment of OA; it stimulates cell proliferation,
possibly through the positive regulation of TGF-𝛽 signaling
and its target genes that participate in the structure and
function of articular cartilage. These noteworthy findings
will help to treat OA by repairing the ECM. However,
further studies are needed to confirm the regulation of the
TGF-𝛽/Smad2/Smad3 signaling pathway by FYD in animal
models.
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K. Auho, M. P. Perälä, and E. I. Vuorio, “Differential expression
patterns of matrix metalloproteinases and their inhibitors dur-
ing development of osteoarthritis in a transgenicmousemodel,”
Annals of the Rheumatic Diseases, vol. 61, no. 7, pp. 591–597,
2002.

[6] J. Martel-Pelletier, “Pathophysiology of osteoarthritis,” Oste-
oarthritis and Cartilage, vol. 6, no. 6, pp. 374–376, 1998.

[7] P. Wang, F. Zhu, N. H. Lee, and K. Konstantopoulos, “Shear-
induced interleukin-6 synthesis in chondrocytes: roles of E
prostanoid (EP) 2 and EP3 in cAMP/protein kinase A- and PI3-
K/Akt-dependent NF-𝜅B activation,” The Journal of Biological
Chemistry, vol. 285, no. 32, pp. 24793–24804, 2010.

[8] C. Chen, J. Xie, R. Rajappa, L. Deng, and J. Fredberg,
“Interleukin-1𝛽 and tumor necrosis factor-𝛼 increase stiffness
and impair contractile function of articular chondrocytes,”Acta
Biochimica et Biophysica Sinica, vol. 47, no. 2, pp. 121–129, 2015.

[9] J. A. Roman-Blas, D. G. Stokes, and S. A. Jimenez, “Modulation
of TGF-𝛽 signaling by proinflammatory cytokines in articular
chondrocytes,” Osteoarthritis and Cartilage, vol. 15, no. 12, pp.
1367–1377, 2007.

[10] E. N. B. Davidson, P. M. van der Kraan, andW. B. van den Berg,
“TGF-𝛽 and osteoarthritis,”Osteoarthritis and Cartilage, vol. 15,
no. 6, pp. 597–604, 2007.

[11] B. Song, K. D. Estrada, and K. M. Lyons, “Smad signaling in
skeletal development and regeneration,” Cytokine and Growth
Factor Reviews, vol. 20, no. 5-6, pp. 379–388, 2009.

[12] P. M. van der Kraan, E. N. Blaney Davidson, A. Blom, and W.
B. van den Berg, “TGF-beta signaling in chondrocyte terminal
differentiation and osteoarthritis: modulation and integration
of signaling pathways through receptor-Smads,” Osteoarthritis
and Cartilage, vol. 17, no. 12, pp. 1539–1545, 2009.

[13] M. B. Goldring, K. Tsuchimochi, and K. Ijiri, “The control of
chondrogenesis,” Journal of Cellular Biochemistry, vol. 97, no. 1,
pp. 33–44, 2006.



Evidence-Based Complementary and Alternative Medicine 9

[14] I.Onyekwelu,M. B.Goldring, andC.Hidaka, “Chondrogenesis,
joint formation, and articular cartilage regeneration,” Journal of
Cellular Biochemistry, vol. 107, no. 3, pp. 383–392, 2009.

[15] Y. Kawakami, J. Rodriguez-León, and J. C. I. Belmonte, “The
role of TGF𝛽s and Sox9 during limb chondrogenesis,” Current
Opinion in Cell Biology, vol. 18, no. 6, pp. 723–729, 2006.

[16] L. Quintana, N. I. Zur Nieden, and C. E. Semino, “Mor-
phogenetic and regulatory mechanisms during developmental
chondrogenesis: new paradigms for cartilage tissue engineer-
ing,”Tissue Engineering B: Reviews, vol. 15, no. 1, pp. 29–41, 2009.

[17] P. M. van der Kraan, E. N. Blaney Davidson, and W. B. van
den Berg, “A role for age-related changes in TGF𝛽 signaling
in aberrant chondrocyte differentiation and osteoarthritis,”
Arthritis Research andTherapy, vol. 12, no. 1, article 201, 2010.

[18] X. Yang, L. Chen, X. Xu,C. Li, C.Huang, andC.-X.Deng, “TGF-
beta/Smad3 signals repress chondrocyte hypertrophic differen-
tiation and are required for maintaining articular cartilage,”The
Journal of Cell Biology, vol. 153, no. 1, pp. 35–46, 2001.

[19] B. Palmieri, D. Lodi, and S. Capone, “Osteoarthritis and
degenerative joint disease: local treatment options update,”Acta
Biomedica, vol. 81, no. 2, pp. 94–100, 2010.

[20] R. Cheung, T.-T. Cheng, Y. Dong et al., “Incidence of gastro-
duodenal ulcers during treatment with celecoxib or diclofenac:
pooled results from three 12-week trials inChinese patientswith
osteoarthritis or rheumatoid arthritis,” International Journal of
Rheumatic Diseases, vol. 13, no. 2, pp. 151–157, 2010.

[21] R. Singh, N. Akhtar, and T. M. Haqqi, “Green tea polyphenol
epigallocatechin-3-gallate: inflammation and arthritis. [cor-
rected],” Life Sciences, vol. 86, no. 25-26, pp. 907–918, 2010.

[22] S. E. Campbell, D. Bennett, L.Nasir, E. A.Gault, andD. J. Argyle,
“Disease- and cell-type-specific transcriptional targeting of
vectors for osteoarthritis gene therapy: further development of
a clinical canine model,” Rheumatology, vol. 44, no. 6, pp. 735–
743, 2005.
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