
Abstract

Background: Knee osteoarthritis (OA) is well known to be one of the most common joint disease in 
elderly people and characterized by pain, stiffness and loss of function in articulating joints, which 
develop slowly and worsen over time. Chondroitin sulfate (CS) and glucosamine hydrochloride are used 
for the treatment of OA and reported that these substances are favorably modify the clinical symptoms, 
especially pain, however, the therapeutic mechanisms of these substances are not fully understood. The 
present study was undertaken to examine the influence of CS on the production of periostin, which is 
one of the important molecules associated with OA development, by synoviocytes from an OA patient 
by an in vitro cell culture technique. 
Methods: Synoviocytes (1 x 105 cell/ml) were stimulated with 10.0 ng/ml IL-13 in the presence of various 
concentrations of CS. After 48 h, periostin content in culture supernatants was examined by ELISA. 
We also examined the influence of CS on transcription factor, STAT6, activation and periostin mRNA 
expression in synoviocytes 12 and 24 h after IL-13 stimulation, respectively. 
Results: Addition of CS into cell cultures caused the suppression of periostin production from 
synoviocytes induced by IL-13 stimulation through the inhibition of STAT6 activation and periostin 
mRNA expression. The minimum concentration of CS that caused significant suppression of periostin 
production, STAT6 activation and mRNA expression was 10.0 μg/ml. 
Conclusion: These results strongly suggest that the ability of CS to suppress periostin production from 
synoviocytes may account, at least in part, for the clinical efficacy of CS on OA.
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Introduction

Knee osteoarthritis (OA) is well known to be one of the most 
common joint diseases and is a major cause of impaired mobility 
and disability in elderly people. OA is also accepted to be a disease 
characterized by pain, stiffness, swelling and deformation of the 
joints, which develop slowly and worsen over time [1,2].  Although 
OA is not life-threatening disease, it can deteriorate the quality 
of life and an economic burden through the clinical symptoms 
such as pain in affected joints during or after movement [3]. OA is 
characterized by progressive cartilage erosion mainly caused by the 
degradation and destruction of proteoglycan and collagen. It is also 
observed osteophyte formation and subchondral bone formation in 
diseased joints [1,4]. These histological and morphological changes 
are called tissue remodeling and triggered primarily by matrix 
metalloproteinases [1,2,5].

Periostin is a 90-kDa extracellular matrix protein originally 
isolated from a mouse osteoblast cell line and is a newly characterized 
matricellular protein functioned in the modulation of cell-matrix 
interactions rather than playing a direct structural role [6,7]. Periostin 
is well known to play essential roles in bone formation, cardiac 
development, tissue repair, tumor development and metastasis [6,7, 
8]. It is also reported that periostin participates the development and 
the persistence of inflammatory diseases such as bronchial asthma, 
atopic dermatitis and allergic rhinitis [9-11]. Although the function 
of periostin on the development of OA is not fully understood, it is 
reported that synovial fluids obtained from OA patients contain much 
higher levels of periostin and its concentration gradually increases 
along with the progression of OA [2]. Immunohistochemical analysis 
of knee tissues obtained from patients with mild-to-moderate OA
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reveals the presence of periostin in chondrocytes and lacuna located 
near the erosive area [1]. In sever OA, the number of periostin positive 
chondrocytes is increased and the majority of matrix is lost, which is 
responsible for the development of many deep clefts [1].  These reports 
may suggest that periostin plays crucial roles in pathogenesis of OA.

Administration of nonsteroidal anti-inflammatory drugs, 
acetaminophen and intra-articular injection of either hyaluronic acid 
or corticosteroids are frequently used for the treatment of OA [12, 
13]. Physical exercises, a prominent component of OA guidelines, 
are also used to prevent the development and the persistence of OA 
[12]. These treatments are well known to relieve pain and improve 
functionally, but not resolve the pathological changes once triggered 
[12, 14]. On the other hand, there are much evidence that oral 
administration of glucosamine hydrochloride and chondroitin sulfate 
(CS), which are used as dietary supplements, into OA patients can 
favorably modify the clinical conditions of OA, especially pain and 
stiffness and joint swelling [13-16]. It is also reported that these two 
dietary supplements also exert the suppressive effects on joint space 
narrowing and osteoarthritis progression [17]. Although the clinical 
efficacy of these agents are considered to be owing to inhibition of
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prostaglandin biosynthesis, which is responsible for development of 
pain and degradation of glycosaminoglycan, as well as hyaluronic acid 
synthesis in the joint, the precise therapeutic mechanisms of dietary 
supplements are not well defined [17]. The present study, therefore, 
was undertaken to examine the influence of dietary supplements on 
periostin production from synoviocytes through the choice of an in 
vitro cell culture technique and CS. 

Materials and Methods

Reagents

CS, purchased from WAKO Pure Chemicals Co. Ltd. (Osaka, 
Japan) was firstly dissolved in phosphate-buffered saline at a 
concentration of 1.0 mg/ml, sterilized by passing through 0.2 μm 
filters and further diluted with Synoviocyte Growth (SG) Medium 
(Cell Applications, Inc., San Diego, CA, USA) at appropriate 
concentrations for experiments just before use.  Recombinant human 
IL-13 was purchased from R & D Systems, Inc. (Minneapolis, MN, 
USA) as preservative free pure powders. IL-13 was also dissolved in 
SG Medium, sterilized and stored at -40°C until used. mRNA isolation 
kits (TaqMan Gene Expression Cells-to-CtTM) and real-time reverse 
transcription-polymerase chain reaction kits (RT-PCR; TaqMan Gene 
Expression Assays) were purchased from Applied Biosystems (Foster 
City, CA, USA). 

Cell culture
 
Human synoviocytes (HFLS-OA) obtained from the inflamed 

synovial tissues of an OA patient (Cell Applications, Inc.) was 
suspended in SG Medium at a concentration of 1 x 105 cells/ml and 
used as a target cell. To examine the influence of IL-13 on periostin 
production from HFLS-OA, 1 x 105 cells (1.0 ml) were introduced 
into 24-well culture plates in triplicate and stimulated with various 
concentrations of IL-13 in a final volume of 2.0 ml.  After 24 to 72 h, 
culture supernatants were collected and stored at -40°C until used. 
In the case of examining the influence of CS on periostin production 
from HFLS-OA, 1 x 105 cells (1.0 ml) were stimulated in triplicate 
with 10.0 ng/ml IL-13 in the presence of 5.0 to 50.0 μg/ml CS in a 
final volume of 2.0 ml. After 48 h, the culture supernatants were 
obtained and stored -40°C until used. To prepare cells for examining 
the influence of CS on transcription factor, signal transducer and 
activator of transcription factor 6 (STAT6), activation and periostin 
mRNA expression in HFLS-OA after IL-13 stimulation, 1 x 105 cells 
(1.0 ml) were stimulated in triplicate with 10.0 ng/ml IL-13 in the 
presence of 10.0 to 50.0 μg/ml CS in a total volume of 2.0 ml for 
12 and 24 h, respectively.  In all experiments, CS was added to cell 
cultures 2 h before stimulation.

Assay for periostin

Periostin levels in culture supernatants was examined in duplicate 
by commercially available human periostin ELISA test kits (Phoenix 
Pharmaceuticals, Inc., Burlingame, CA, USA) according to the 
manufacturer’s instructions. The minimum detectable level of this 
ELISA kit was 0.027 ng/ml.

 
Assay for transcription factor activation 

STAT6 activity in cultured cells was analyzed by examining the 
levels of phosphorylated STAT6 with ELISA test kits (Abcam plc., 
Cambridge, MA, USA) according to the manufacturer’s recommended 
procedures.

Assay for mRNA expression

mRNA expression for periostin in cultured cells was examined 
by real-time RT-PCR. Total RNA was isolated from 1 x 105 cells 
using 50 μL of a lysis solution (P/N4383583) after incubation for 2 
h at 37°C. Each sample of total RNA was subjected to RT using a 20x 
RT enzyme mix (P/N 4383585) and a 2x RT buffer (P/N43833586) 
with a T100 thermal cycler (Bio-Rad Co., Hercules, CA, USA). After 
the RT reaction, the cDNA templates were amplified by PCR using 
TaqMan Gene Expression Assays, PCR primers and RT master mix 
(P/N 4369016). Predesigned and validated gene-specific TaqMan 
Gene Expression Assays [18-20] were duplicated for quantitative 
RT-PCR, according to the manufacturer’s protocols. PCR assays 
were conducted as follows: 10 min denaturation at 95°C, 40 cycles 
of 15 s, denaturation at 95°C, and 1 min annealing and extension at 
60°C. Samples were analyzed using an ABI Prism 7900HT Fast RT-
PCR System (Applied Biosystems) [20, 21]. Relative quantification 
(RQ) studies [22] were prepared from collected data [threshold 
cycle numbers (Ct)] with ABI Prism 7900HT Sequence-Detection 
System (SDS) software v. 2.3 (Applied Biosystems). The primers 
used for periostin mRNA expression was purchased from Applied 
Biosystems (ID: Hs01566734_m1) and 18S ribosomal RNA used as a 
housekeeping gene was also purchased from Applied Biosystems (ID: 
Hs99999901_s1).

Statistical analysis
 
Statistical significance between control and experimental groups 

was examined by ANOVA followed by Dunette’s multiple comparison 
test. Data analysis was performed by using ANOVA for Mac (SPSS 
Inc., Chicago, IL, USA). The level of significance was considered at a 
P value of less than 0.05.

Result

Influence of CS on periostin production from HFLS-OA after IL-13 
stimulation

The first experiments were undertaken to examine whether IL-
13 stimulation could induce periostin production from HFLS-OA. 
HFLS-OA (1 x 105 cells/ml) was stimulated with 10.0 ng/ml IL-13 
and periostin levels in culture supernatants were measured 24 to 
72 h after stimulation. As shown in Figure 1A, periostin levels in 
culture supernatants were gradually increased, peaked at 24 h and 
plateaued 72 h after culture.  The next experiments were designed to 
examine the dose response profile of IL-13 on periostin production 
from HFLS-OA. HFLS-OA (1 x 105 cells/ml) was stimulated with 
various concentrations of IL-13 in triplicate and culture supernatants 
were collected 48 h after culture for measurement of periostin levels. 
As shown in Figure 1B, IL-13 stimulation at 5.0 ng/ml scarcely 
affected periostin production from HFLS-OA: periostin levels in 
experimental culture were nearly identical (not significant) to that 
in non-stimulated control. However, IL-13 at more than 10.0 ng/ml 
caused significant increase in periosin production from HFLS-OA 
(Figure 1B). The third experiments were undertaken to examine the 
influence of CS on periostin production from HFLS-OA after IL-13 
stimulation. As shown in Figure 2, treatment of cells with CS at 10.0 
μg/ml significantly suppressed periostin production from HFLS-OA, 
which was increased by IL-13 stimulation. The data also showed that 
CS at more than 20.0 μg/ml completely inhibited the ability of HFLS-
OA to produce periostin: periostin levels in experimental culture 
supernatants were nearly identical (not significant) to that in non-
stimulated control.
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Influence of CS on STAT6 activation in HFLS-OA after IL-13 
stimulation 
 

The third experiments were designed to examine the influence of 
CS on transcription factor, STAT6, activation in HFLS-OA in response 
to IL-13 stimulation. HFLS-OA (1 x 105 cells/ml) was stimulated with 
10.0 ng/ml IL-13 in the presence of CS at concentrations of 5.0 μg/ml 
to 50.0 μg/ml and levels of phosphorylated STAT6 was measured 12 
h after stimulation. As shown in Figure 3, treatment of cells with CS 
at more than 10.0 μg/ml, but not 5.0 μg/ml, significantly suppressed 
STAT6 activation, which was increased by IL-13 stimulation.

Influence of CS on periostin mRNA expression in HFLS-OA after 
IL-13 stimulation 
 

The final experiments were carried out to examine the influence 
of CS on periostin mRNA expression in HFLS-OA after IL-13 
stimulation. HFLS-OA (1 x 105 cells/ml) was stimulated with 10.0 ng/
ml IL-13 in the presence of CS at concentrations of 10.0 μg/ml to 50.0 
μg/ml for 24 h and periostin mRNA expression was examined by real 
time RT-PCR. As shown Figure 4, treatment of cells with CS at 10.0 
μg/ml caused significant suppression of periostin mRNA expression 
in HFLS-OA, which was increased by IL-13 stimulation. The data 
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Figure 1 Influence of IL-13 on periostin production from HFLS-OA in vitro. Human synoviocytes from an OA patient (HFLS-OA) at 1 
x 105 cells/ml were cultured with different concentrations of IL-13 for 24 to 72 h.  Concentration of periostin in culture supernatants was 
measured by ELISA. The results were expressed as the mean ng/ml ± SE of triplicate cultures. A: Time course of IL-13-induced periostin 
production; B: Dose response profile of IL-13-induced periostin production; Med. alone: Medium alone. One representative experiment 
of  two. 

Figure 2: Influence of chondroitin sulfate (CS) on periostin production from  HFLS-OA after IL-13 stimulation in vitro. 
Human synoviocytes from an OA patient (HFLS-OA) at 1 x 105 cells/ml were cultured with 10.0 ng/ml IL-13 for 48 h in 
the presence of various concentrations of CS. Periostin concentration in culture supernatants was measured by ELISA and 
the results were expressed as the mean ng/ml ± SE of triplicate cultures. Med. alone: Medium alone. One representative 
experiment of  two.
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in Figure 4 also showed that CS at more than 20.0 μg/ml completely 
inhibited periostin mRNA expression in IL-13-stimulated HFLS-OA: 
mRNA levels in experimental cells were nearly identical to that in 
non-stimulated cells. 

Discussion

OA is well known to be the major age-related public health problem 
resulting in pain, disability, and decreased quality of life [1, 2]. It is

also accepted that OA is characterized by progressive cartilage 
erosion and joint space narrowing, which follow alteration in the 
biomechanical and biochemical properties of the joints [4]. Since 
the precise mechanisms of OA progression is not fully understood, 
treatment is limited to symptomatic relief, especially pain or surgical 
replacement of the affected knee [1]. On the other hand, there is much 
evidence that oral administration of glucosamine hydrochloride and 
CS for long periods (e.g. approximately 1 year or more) into mild- to
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Figure 3 Influence of chondroitin sulfate (CS) on STAT6 activation after IL-13 stimulation in vitro. Human synoviocytes from an 
OA patient (HFLS-OA) at 1 x 105 cells/ml were cultured with 10.0 ng/ml IL-13 for 12 h in the presence of various concentrations of 
CS. STAT6 activation was measured by ELISA and the results were expressed as the mean optical density at 450 nm ± SE of triplicate 
cultures. Med. alone: Medium alone. One representative experiment of two.

Figure 4: Influence of chondroitin sulfate (CS) on periostin mRNA expression after IL-13 stimulation in vitro. Human synoviocytes 
from an OA patient (HFLS-OA) at 1 x 105 cells/ml were cultured with 10.0 ng/ml IL-13 for 24 h in the presence of various 
concentrations of CS. Periostin mRNA expression was measured by real time RT-PCR and the data expressed are the mean relative 
quantity (RQ) ± SE of triplicate cultures. Med. alone: Medium alone. One representative experiment of  two.
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moderate-, but not sever-, OA patients attenuate the progression 
of OA including joint space narrowing and joint swelling [13-17]. 
However, the therapeutic mode of action of these two agents is not 
well defined. The present study, therefore, was undertaken to examine 
the influence of CS on the ability of synoviocytes to produce periostin, 
which is one of the important molecules in the development of OA [1, 
2] by using an in vitro cell culture technique.

The present results clearly showed that treatment of synoviocytes 
from an OA patient with CS significantly inhibits periostin production 
from synoviocytes induced by IL-13 stimulation. The minimum 
concentration of CS that caused significant suppression was 10 μg/
ml.  After oral administration of 4000 mg CS, which is recommended 
standard therapeutic dose of OA [23], into healthy male volunteers, 
plasma CS levels gradually increased, peaked at 12.73 ± 4.69 μg/
ml with tmax (the time from administration at which the highest 
concentration in plasma is found) of 2.4 ± 1.4 hour, and decreased 
base line levels by 24 h [24]. It is also reported that approximately 10% 
to 20% of orally administered CS was absorbed and reached plateau 
levels at 10 to 15 μg/ml in plasma, when 1200 mg CS was administered 
orally into healthy volunteers [25, 26]. Judging from these reports, 
the findings of the present in vitro study may reflect the biological 
function of CS in vivo.

IL-13 is well known to be a multifunctional inflammatory cytokine 
mainly secreted from CD4+ T cells [27] and has been shown to be 
a useful biomarker to monitor the efficacy of treatment and the 
progression of OA [2, 27]. IL-13 functions are mediated by a complex 
receptor system, including type I and type II receptor system [28]. 
IL-13 first attaches to IL-13 receptor alpha (Rα)1 subunit, which 
then leads to the activation of tyrosine kinases, tyrosine kinase 2 
and janus kinase 2 [28,29]. Activation of these two kinases causes 
the phosphorylation and activation of transcription factor, especially 
STAT6, which is essential for mRNA expression for inflammatory 
mediators, including cytokines and periostin [11,30]. The second part 
of experiments, therefore, was undertaken to examine the possible 
mechanisms by which CS could inhibit periostin production from 
synoviocytes after IL-13 stimulation. The present data clearly showed 
the suppressive effects of CS at more than 10.0 μg/ml on STAT6 
activation and periostin mRNA expression in synoviocytes, which 
were increased by IL-13 stimulation.

Periostin is reported to increase the expression of MMP-1, MMP-
3, and MMP-13, which are thought to be essential collagenases for 
degradation of matrix in human OA cartilage [31], in chondrocytes [1]. 
In addition to MMPs, periostin increases the ability of chondrocytes 
to produce IL-6 and IL-8, which are responsible for cartilage 
degradation through the enhancement of MMP production in 
chondrocytes and synoviocytes [1]. Furthermore, periostin increases 
the production of nitric oxide (NO), which is one of the important 
final effector molecules in the development of OA, from synoviocytes 
through the enhancement of NOS2, inducible NO synthase isoform, 
expression [1, 32]. Together with these reports, the present results 
may be interpreted that oral administration of CS into OA patients 
suppresses periostin production from synoviocytes in response to IL-
13 stimulation and results in attenuation of OA progression.

Conclusion
 
The present results clearly demonstrated that CS at more than 10.0 μg/

ml exerts the inhibitory effects on IL-13-induced periostin production

from human synoviocytes. These results strongly suggest that the 
ability of CS to suppress periostin production from synoviocytes may 
account, at least in part, for the clinical efficacy of CS on OA. 
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