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Carboxymethyl-chitosan attenuates inducible nitric oxide synthase
and promotes interleukin-10 production in rat chondrocytes
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Abstract. Osteoarthritis (OA) is a common age-related
degenerative joint disease, which is caused by the breakdown
of joint cartilage and the underlying bone. Carboxymethyl
(CM)-chitosan is a soluble derivative of chitosan that has
similar physicochemical properties to the extracellular
proteoglycans identified in hyaline cartilage. Previous studies
have demonstrated that CM-chitosan serves a protective role
in a rabbit OA model. The aim of the present study was to
investigate the effect of CM-chitosan on NO production
and inflammation through its upregulation of interleukin
(IL)-10, and the activation of the janus kinase (JAK)/signal
transducer and activator of transcription (STAT)/suppressor
of cytokine signaling (SOCS) signaling pathway. In the
present study primary rat chondrocytes were induced to
inflammation with 2 ug/ml lipopolysaccharide. The cells
were subsequently subjected to increasing concentrations of
CM-chitosan (50, 100 and 200 pg/ml) and the relative mRNA
and protein expression of inducible nitric oxide synthase
(iNOS), IL-10, JAK1, STAT3 and SOCS3 were measured by
RT-qPCR and western blot analysis respectively. The results
revealed that CM-chitosan attenuated inflammation by
significantly reducing iNOS expression and upregulating the
anti-inflammatory cytokine IL-10 in a dose-dependent manner
(P<0.05). The expression of JAK1, STAT3 and SOCS3 were
also significantly upregulated by CM-chitosan (all P<0.05).
The protective role of CM-chitosan against NO production
was due to its upregulation of IL-10 and its activation of the
JAK/STAT/SOCS signaling pathway.

Introduction

Osteoarthritis (OA) is a common age-related degenerative joint
disease, which is caused by the breakdown of joint cartilage
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and the underlying bone (1). OA is a major cause of severe
joint pain, knee swelling and physical disability in elderly
patients (2). A previous study reporting an epidemiological
survey revealed that >10% of adults >60 years old suffer from
OA, and that the incidence rate increases with age and body
mass index (3). An understanding of the underlying mecha-
nisms of pathogenesis in OA is imperative to the development
of novel treatments against the disease.

Cartilage is an important component of joints and is
comprised of highly specialized chondrocyte cells (4). The
principal function of chondrocytes is to produce the extra-
cellular matrix, which includes collagen and proteoglycan,
so as to maintain the integrity and stability of the joint (4).
OA is characterized by the extensive loss of proteoglycan
content surrounding the chondrocytes (5). Several previous
studies have demonstrated that NO is a key mediator in the
pathogenesis of OA (6-8). Nitrite has been identified as being
increased in the synovial fluid and serum of patients with
OA, which suggests an increased rate of NO synthesis (9). In
experimentally induced models of OA, NO production was
induced by the proinflammatory cytokine interleukin (IL)-1$
and was associated with chondrocyte apoptosis (10). NO was
revealed as promoting lipocalin-2 production and decreasing
chondrocyte vitality (11). Endoplasmic reticulum stress also
contributed to NO production and chondrocyte apoptosis (12).

For patients with early or middle stage OA, a
non-arthroplasty treatment regime is typically prescribed,
which is focused on the control of symptoms including the
imbalance of cartilage homeostasis (13). Previous studies have
demonstrated that chitosan and its derivatives may serve a
protective role in OA (14,15). Chitosan is a linear polysaccharide
and carboxymethyl (CM)-chitosan is a soluble derivative of
chitosan. Chitinous materials have been described in many
previous studies as having antioxidant, anti-inflammatory,
antibacterial, anticancer and antifungal properties (16-18).
Chitinous materials have similar physiochemical properties
to the extracellular proteoglycans located in hyaline cartilage,
and they have been used in animal models to prevent OA (19).
CM-chitosan may inhibit matrix metalloproteinase (MMP)
expression and protect rabbit chondrocytes from IL-13 induced
apoptosis (20,21).

In the present study it has been hypothesized that the
protective role of CM-chitosan may be associated with NO
production, and the role of CM-chitosan in inducible NO
synthase (iNOS) expression has been investigated. The janus
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kinase (JAK)/signal transducer and activator of transcription
(STAT)/suppressor of cytokine signaling (SOCS) signaling
pathway has been revealed to be associated with iNOS
expression (22,23); therefore, it was also investigated whether
CM-chitosan was able to attenuate an inflammatory reaction
by activating the JAK/STAT/SOCS signaling pathway.

Materials and methods

Isolation of chondrocytes. A total of 8 four-week old male
Sprague-Dawley rats (180-200 g; Shandong Lukang Record
Pharmaceutical Co., Ltd., Jining, China) were used for the
isolation of articular chondrocytes as previously reported (24).
All rats were allowed to eat and drink freely and housed at
22-25°C with 45-75% relative humidity and a 12 h light/dark
cycle. Briefly, cartilage tissue from the knee joint was rinsed
with PBS containing 100 xg/ml streptomycin and 100 U/ml
penicillin. Chondrocytes were released from cartilage tissue
by 0.2% type II collagenase digestion at 37°C for 6 h and
filtered with a 150 mesh strainer. All cells were cultured
in Dulbecco's Modified Eagle's medium (DMEM; Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) supple-
mented with 10% fetal bovine serum (Gibco; Thermo Fisher
Scientific, Inc.) in a humidified hood with 5% CO, at 37°C for
24 h. Primary cell cultures were used in all experiments. The
animal protocol used in the present study was approved by the
Animal Use Committee of Jining Medical University (Jining,
China) prior to the commencement of the study.

Treatment of cells. Isolated chondrocytes were plated at a
density of 1.3x10° cells/well in 6-well plates and incubated for
24 h at 37°C. Fresh DMEM with 2 pg/ml lipopolysaccharide
(LPS) was added to treat the cells for 4 h. Different concen-
trations (0, 50, 100 and 200 ug/ml) of CM-chitosan (Hebei
Qian Sheng Biotechnology Co., Ltd., Shijiazhuang, China)
were then added at 37°C for 24 h. Chondrocytes without LPS
treatment were used as the negative control.

Quantification of mRNA by reverse transcription-quanti-
tative polymerase chain reaction (RT-qPCR). Total RNA
was extracted from the harvested chondrocytes using the
RNAiso plus kit (Takara Biotechnology Co., Ltd., Dalian,
China) according to the manufacturer's protocol. cDNA was
synthesized using the PrimeScript RT Master Mix kit (Takara
Biotechnology Co., Ltd.) according to the manufacturer's
protocol in a 25-ul reaction volume containing 1 pg template
RNA. Subsequently qPCR was performed using the SYBR
premix EX Taq kit (Takara Biotechnology Co., Ltd.) according
to the manufacturer's protocol. The amplification conditions
were: Initial denaturation at 94°C for 2 min and 40 cycles of
denaturation at 94°C for 30 sec, annealing at 56°C for 40 sec
and extension at 72°C for 30 sec. The endogenous control used
in this study was GAPDH. The primer sequences used in the
PCR amplification were as follows: iNOS, forward 5'-CCT
TGTTCAGCTACGCCTTC-3' and reverse 5'-CATGGTGAA
CACGTTCTTGG-3' (565 bp); IL-10, forward 5'-AATCTG
TGTTGTTTAAGCTGTTTCC-3" and reverse 5-TTTATT
CAAAACGAGGATCTGCTAC-3' (466 bp); JAKI1, forward
5S"TGTGGCTGCTGACAAGTGGAG-3' and reverse 5-ATG
ATGGCTCGGAAGAAAGGT-3' (215 bp); STAT3, forward
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5-ATGGGTTTCATCAGCAAGGAG-3' and reverse 5'-GGG
AATGTCAGGGTAGAGGTAGAC-3' (279 bp); SOCS3,
forward 5'-ACCAGCGCCACTTCTTCACA-3' and reverse
5'-GTGGAGCATCATACTGATCC-3' (450 bp); and GAPDH,
forward 5'-GGCACAGTCAAGGCTGAGAATG-3' and
reverse 5'-ATGGTGGTGAAGACGCCAGTA-3' (143 bp).
To compare the mRNA expression levels of targeted genes,
the relative expression ratio was calculated using the 2-44¢4
method, as previously reported (25) and standardized with the
control group.

Determination of protein expression by western blotting. Total
protein was extracted from the chondrocytes by lysing the
cells in a radioimmunoprecipitation assay lysis buffer (50 mM
Tris pH 7.4, 150 nM NaCl, 1% nonyl phenoxypolyethoxyle-
thanol-40, 0.5% sodium deoxycholate and protease inhibitor
cocktail (Santa Cruz Biotechnology, Inc., Dallas, TX, USA).
The protein concentration was determined via bicinchoninic
acid assay. Protein samples (30 pg each sample per lane) were
separated by 10% SDS-PAGE. Following electrophoresis,
the proteins were transferred to polyvinylidene difluoride
membranes (EMD Millipore, Billerica, MA, USA) and blocked
with 5% skimmed milk at 4°C overnight. The membranes
were subsequently probed with the following mouse mono-
clonal primary antibodies against iNOS (1:500; sc-7271),
IL-10 (1:1,000; sc-32815), JAK1 (1:1,000; sc-1677), STAT3
(1:1,000; sc-8019), SOCS3 (1:500; sc-73045) and GAPDH
(1:1,000; sc-47724; all Santa Cruz Biotechnology, Inc.) at room
temperature for 2 h. The membranes were washed three times
with TBST (10 mM Tris, 150 mM NaCl, 0.05% Tween-20)
and then incubated with horseradish peroxidase-conjugated
secondary antibody against mouse immunoglobulin G
(1:2,000; sc-516102; Santa Cruz Biotechnology, Inc.) at room
temperature for 2 h. Blots were visualized by the enhanced
chemiluminescence method (P0018; Beyotime Institute of
Biotechnology, Haimen, China). The bands were analyzed
by Quantity One software v4.62 (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA).

Statistical analysis. Each experiment was repeated in tripli-
cate and representative results were presented. SPSS version
20.0 software (IBM Corp., Armonk, NY, USA) was used
for data analysis. Data are presented as the mean + standard
deviation. Comparison among groups was analyzed by
one-way analysis of variance with Dunnett's post hoc test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Treatment with CM-chitosan causes a reduction in iNOS
production in a dose dependent manner. Elevated NO
concentration is typically observed in patients with OA (7).
NO is synthesized by the NO synthase family in vivo, of which
iNOS is a member. Therefore, the effect of CM-chitosan
on iNOS production in chondrocytes was investigated. As
revealed in Fig. 1, LPS exposure significantly increased
the expression of iNOS mRNA in chondrocytes compared
with the control group. However, treatment with increasing
concentrations of CM-chitosan caused inhibition of iNOS
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Figure 1. Effects of CM-chitosan on the mRNA levels of iNOS, IL-10, JAK1, STAT3 and SOCS3 in LPS-induced rat chondrocytes. Rat chondrocytes were
treated with LPS and subsequently increasing concentrations (50, 100 and 200 pxg/ml) of CM-chitosan were added. Reverse transcription-quantitative poly-
merase chain reaction was used to measure the relative mRNA levels of (A) iNOS, (B) IL-10, (C) JAKI (D) STAT3 and (E) SOCS3. Data are presented as the
mean + standard deviation. “P<0.05 vs. the control group, "P<0.05 vs. the LPS group, “P<0.05 vs. the LPS+50 g CM-chitosan group, and “"P<0.05 vs. the
LPS+100 ug CM-chitosan group. CM, carboxymethyl; iNOS, inducible nitric oxide synthase; IL, interleukin; JAK, janus kinase; STAT, signal transducer and
activator of transcription; SOCS suppressor of cytokine signaling; LPS, lipopolysaccharide.

mRNA in a dose-dependent manner. Treatment with 50, 100
and 200 yg/ml CM-chitosan caused a decline of iNOS mRNA
at a fold rate of 2.79, 2.08, and 1.42 respectively, compared
with the LPS group Fig. 2 demonstrates that the protein
expression of iNOS was also decreased by CM-chitosan in a
dose dependent manner.

Treatment with CM-chitosan increases IL-10 production
in a dose dependent manner. IL-10 is well known as an
anti-inflammatory cytokine. A previous study has revealed that
iNOS was induced in IL-10-deficient mice (26). The effects
of CM-chitosan on IL-10 production were analyzed in the
present study. As demonstrated in Fig. 1B, IL-10 mRNA was
downregulated by LPS exposure. Treatment with increasing

concentrations of CM-chitosan was revealed to recover IL-10
production to near-control levels in a dose-dependent manner.
There was no significant difference between the IL-10 mRNA
level of the control group and the group treated with 200 xg/ml
CM-chitosan. The level of IL-10 protein demonstrated the
same trend and also increased in a dose dependent manner
when treated with CM-chitosan (Fig. 2A and C). These results
indicated that iNOS inhibition was associated with IL-10
induction.

CM-chitosan activates the JAK/STAT/SOCS signaling
pathway. The present study also investigated whether the
JAK/STAT/SOCS signaling pathway was activated by
CM-chitosan. The mRNA levels of JAK1, STAT3 and
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Figure 2. Effects of CM-chitosan on the protein levels of iNOS, IL-10, JAK1, STAT3 and SOCS3 in LPS-induced rat chondrocytes. Rat chondrocytes were
treated with LPS and subsequently increasing concentrations (50, 100 and 200 pzg/ml) of CM-chitosan were added. (A) A western blot analysis was performed
to detect the proteins present in the rat chondrocytes. These results were quantified and the relative protein expression levels of (B) iNOS, (C) IL-10, (D) JAK1,
(E) STAT3 and (F) SOCS3 were presented. Data are presented as the mean + standard deviation. “P<0.05 vs. the control group, ‘P<0.05 vs. the LPS group and
"P<0.05 vs. the LPS+50 g CM-chitosan group. CM, carboxymethyl; iNOS, inducible nitric oxide synthase; IL, interleukin; JAK, janus kinase; STAT, signal
transducer and activator of transcription; SOCS suppressor of cytokine signaling; LPS, lipopolysaccharide.

SOCS3 were all suppressed in chondrocytes exposed to ~ When treated with 200 xg/ml of CM-chitosan all three proteins
LPS (Fig. 1D-F), and promoted by CM-chitosan treatment  were expressed at a markedly higher level than the control.
in a dose dependent manner. Similarly, western blot analysis  These results indicated that the JAK/STAT/SOCS signaling
demonstrated that the protein expression of JAK1, STAT3 and  pathway was activated by CM-chitosan and this activation was
SOCS3 were also upregulated in CM-chitosan groups (Fig. 2).  associated with NO inhibition and IL-10 induction.
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Discussion

Loss of cartilage is one of the primary symptoms identified in
patients with OA (27). Articular cartilage cannot be repaired
if it is damaged as chondrocytes, which are the only cell type
in cartilage, have a very low metabolic activity. This feature
of chondrocytes makes the treatment of OA challenging (3).
To the best of our knowledge there are currently no approved
disease-modifying drugs against OA. Inflammation plays a
central role in OA and Zheng et al (28) have recently reviewed
the use of anti-cytokine approaches to improve the symptoms
of OA as well as stabilizing the tissue structure. Inhibition
of NO production is another potential strategy to treat OA
as NO production is closely associated with inflammatory
reactions (10). Chemical substances including echinocystic
acid, selenomethionine and piperine have been identified
in previous studies as inhibitors of iNOS production and
therefore attenuators of inflammation (29-31). In the present
study, it was revealed that CM-chitosan inhibits iNOS produc-
tion and upregulates the anti-inflammatory cytokine IL-10
mRNA and protein production in LPS-induced chondrocytes.
To the best of our knowledge this is a novel discovery and
adds to the protective role that CM-chitosan appears to serve
against OA. Similar results were reported in a previous study
by Chen et al (20), in which CM-chitosan was revealed to
suppress the levels of NO in IL-1f induced chondrocytes.

The anti-inflammatory properties of chitosan and its
derivatives have been described in a number of diseases (32).
Although OA is conceptualized as a non-inflammatory disease,
inflammatory cytokines serve a vital role in the breakdown
of proteoglycan (33). Tumor necrosis factor (TNF)-a, IL-1p
and IL-6 are the main proinflammatory cytokines studied in
association with OA. These cytokines have complex regulatory
functions within OA (6,24,34). IL-1p and TNF-a may induce
MMP-mediated digestion of proteoglycan in OA (33,35). IL-1p
may induce the production of NO and promote apoptosis of
chondrocytes (10), whereas IL-6 may reduce the expression
of type II collagen and cartilage matrix proteins (33,36). In
the present study, the anti-inflammatory cytokine IL-10 was
studied. In previous studies the downregulation of IL-10 secre-
tion has been observed in patients with OA and a rat model of
OA (37,38). This downregulation of IL-10 was associated with
a reduction in T cell immunoglobulin mucin receptor 3 expres-
sion (39). In human articular chondrocytes IL-10 may upregulate
the expression of type II collagen and promote cartilage-specific
extracellular matrix synthesis in response to TNF-a (40). In
the present study, the results suggested that IL-10 activation
was correlated with inhibition of iNOS production and was
associated with the protective role of CM-chitosan against OA.

IL-10 interacts with its high-affinity receptor IL-10R1 and
low-affinity receptor IL-10R2 (41) and leads to the activation
of the JAK/STAT/SOCS signaling pathway (42). In the present
study it was revealed that the protective effect of CM-chitosan
was in part through the activation of the JAK/STAT/SOCS
signaling pathway. Previous studies have also demonstrated
that the JAK/STAT/SOCS signaling pathway was associated
with iNOS production (22,23).

In conclusion, the results of the present study indicated
that CM-chitosan inhibited iNOS production by upregulating
IL-10 and activating the JAK/STAT/SOCS signaling pathway.
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However, there were some limitations to the methodology used
in the present study; the experiments were performed in a cell
model, an animal model should be considered for any future
investigations to give a better representation of OA in humans.
The expression of selected proteins was tested, but the effect
of CM-chitosan on cell proliferation and extracellular matrix
synthesis was not measured. Further studies into the effect of
CM-chitosan on cartilage formation are required to develop
these findings.
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