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were elucidated.

Background: Chondrocyte apoptosis activated by the mitochondrial dependent pathway serves a crucial role in
cartilage degeneration of osteoarthritis (OA). In the present study, the protective effects of CMCS against sodium
nitroprusside (SNP)-induced chondrocyte apoptosis were evaluated and the underlying molecular mechanisms

Methods: Chondrocytes were isolated from articular cartilage of SD rats and identified by type Il collagen
immunohistochemistry. The chondrocytes stimulated with or without SNP to induce apoptosis, were treated by CMCS for
various concentrations. The cell viability were determined by MTT and LDH assays. Cell apoptotic ratio was determined by
Annexin V-FITC/PI staining. Mitochondrial membrane potential (AWm) was detected by using Rhodamine123 (Rho123)
staining. To understand the mechanism, the mRNA expression levels of Bcl-2, Bax, cytochrome ¢ (Cyt ¢) and cleaved
caspase-3 were detected by real-time PCR and western blot analysis, respectively.

Results: It was shown using the MTT and LDH assays that CMCS protected the viability of chondrocyte against SNP
damage. Annexin V-FITC/PI and Rho123 staining showed that CMCS not only inhibited the cell apoptosis but also
restored the reduction of the AYm in chondrocytes. In SNP-induced chondrocytes, CMCS down-regulated the expression
of Bax, Cyt ¢ and cleaved caspase-3 but upregulated the expression of Bcl-2, as shown by real-time PCR and western blot.

Conclusions: Taken together, these results indicated that CMCS has the protective effect on chondrocytes against SNP-
induced apoptosis, at least partly, via inhibiting the mitochondrial dependent apoptotic pathway. Thus, CMCS may be
potentially used as a biological agent for prevention and treatment of OA.
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Background

Osteoarthritis (OA) is characterized by degeneration
of the articular cartilage and is a major cause of joint
dysfunction in the elderly population, is one of the
most common chronic disease, affecting an estimated
10% of man and 18% of women over the age of 60
years [1]. Numerous studies have suggested that the
main cause of OA is an excessive apoptosis related
loss of chondrocytes and degeneration of the
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cartilage. Although the exact pathogenesis of OA re-
mains poorly understood, there is no doubt that the
apoptosis of chondrocyte is the key pathogenic events
[2]. Several inflammatory cytokines have been widely
investigated to induce chondrocyte apoptosis, such as
nitric oxide (NO) [3], Interleukin-lbeta (IL-1f) [4],
hydrogen peroxide [5] and tumor necrosis factor-a
(TNF-a) [6]. Although there is growing interest in
medical management of OA, this requires new thera-
peutic strategies and approaches to deal with OA in
this rapidly aging society [2, 7]. Apoptosis was regulated by
extrinsic pathway (surface receptor dependent) and intrinsic
pathway (mitochondria dependent). One of the important
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elements involves in these pathways is the activation of
caspase-3 by cytochrome ¢ (Cyt ¢) that is induced in mito-
chondria signaling pathway. Based on the important roles of
mitochondria-dependent pathway in progress of chondro-
cyte apoptosis in cartilage degeneration and occurrence of
OA [8], inhibition of chondrocyte apoptosis through
regulating Bcl-2 family mediated mitochondrial dependent
apoptotic pathway has a major therapeutic importance in
treatment of articular cartilage degeneration in OA.

Carboxymethylated chitosan (CMCS), the soluble deriva-
tive of chitosan, which has many desirable biological and
pharmacological properties [9]. In our previous study, we
have found CMCS could promote proliferation and inhibit
apoptosis in cultured Schwann cells [10-13], we also found
CMCS could inhibit the apoptosis of cultured nucleus pul-
posus cells [14]. CMCS has been widely studied in OA
related diseases in recent years in vivo and in vitro in recent
days [15-17]. We have also used CMCS in cultured chon-
drocytes and found CMCS also has the inhibitory effect on
NO-induced apoptosis in cultured chondrocytes [18, 19].

Since OA is characterized by degeneration of cartil-
age, better understanding of the biological effects of
CMCS on cartilage would facilitate the development
of clinically available therapeutic agents for the treat-
ment of joint diseases. The aim of this study was to
clarify whether CMCS is effective in preventing SNP-
induced apoptosis and to discuss the potential and ad-
vantages of this approach as a therapeutic method for
the management of OA.

Methods

Animals and reagents

Three weeks old Sprague-Dawley (SD) rats were provided
by Experimental Animal Center of Wuhan University
Medical School. CMCS (Cat# 83512—85-0) was purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA,
USA). Dulbecco’s modified Eagle’s medium (DMEM; Cat#
11965092) and fetal bovine serum (FBS; Cat# 26140079)
were purchased from Gibco company (USA). Primers
were obtained from Invitrogen Biotech Company (USA).
MTT (Cat# M2128), Sodium nitroprusside (Cat# BP453)
and Rhodaminel23 (Cat# 83702) were purchased from
Sigma-Aldrich (USA). Lactate dehydrogenase (LDH) assay
kit (Cat# C0016) was provided by Beyotime Biotechnology
(China). The Annexin V-FITC apoptosis detection kit
(Cat# ALX-850-020-KI02) was provided by Enzo Life Sci-
ences (USA). Anti-Bcl-2 (Cat# 2870), anti-Bax (Cat#
5023), anti-Cyt ¢ (Cat# 11940) and anti-cleaved caspase-3
(Cat# 9579) antibodies were purchased from Cell Sig-
naling Technology, Inc. (USA). horseradish peroxidase
(HRP) conjugated mouse anti-rabbit IgG (Cat# sc-
2357), anti-collagen type-2 (Cat# sc-52,658) and f-
actin (Cat# sc-47,778) antibodies were purchased from
Santa Cruz Biotechnology, Inc. (USA).
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Cell culture and identification

The isolation and identification of primary chondrocytes
from SD rats according to the previously described [18, 19].
The experimental protocols were approved by Animal Eth-
ics Committee of Wuhan University (Wuhan, China). SD
rats were anesthetized through intraperitoneal injection
with 1% sodium pentobarbital (40 mg/kg). After experi-
ment, the animals were then euthanized using overexpos-
ure of carbon dioxide (CO,). The isolated cartilage was
digested by 0.25% trypsin-EDTA (Gibco, USA; Cat#
25200056) and washed twice with PBS (pH 7.4), then 0.2%
collagenase type II (Gibco, USA; Cat# 17101015) was added
for digestion at 37 °C. Harvested chondrocytes were cul-
tured in complete culture medium containing 10% FBS and
1% penicillin-streptomycin (Gibco, USA; Cat# 15140122).
Chondrocytes were identified by immunohistochemistry
staining of collagen type-1I as previously [20].

Establishment of apoptotic model and experimental
grouping

In this present study, different concentrations (0.5, 1.0,
2.0, 3.0 and 4.0mM) of sodium nitroprusside (SNP),
NO donor, was used to build up the chondrocyte apop-
totic model. Our previous results showed the maximum
apoptotic response was observed at 3 mM SNP treated
chondrocyte [18]. To investigate the protective roles
of CMCS on cytotoxicity and apoptosis, chondrocytes
pretreated by different doses of SNP followed by
addition of CMCS (50, 100 and 200 pg/ml) for further

experiments.

MTT assay

Cell proliferation was determined by MTT (3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide)
colorimetric analysis according to the manufacturer’s
protocol and previously described [21]. Chondrocytes
were cultured at the density of 1 x 10° cells in 96 well
plates overnight, the treated cells were then incubated
with MTT solution at 37 °C for 4h. The absorbance at
570 nm was recorded by Absorbance Microplate Reader
microplate reader (EL x 800, USA). The results were
expressed as OD value reduction relative to control
group, all assays were conducted in triplicate.

LDH assay

LDH (lactate dehydrogenase), a soluble cytosolic enzyme,
exists in almost all living cells. LDH is expressed extensively
in body tissues, it is released during tissue damage, its
release into culture medium due to cell plasma membrane
damage, the LDH increasing correlated to cell viability.
Briefly, chondrocytes were cultured in 96-well plates at
density of 1x10° cells following by indicated treatment.
The absorbance at 490 nm was detected spectrophotomet-
rically using Microplate Reader microplate reader (EL x
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800, USA). LDH activity was presented as percentage to
control group, experiments were conducted in triplicate.

Determination of apoptosis by Annexin V-FITC/PI staining
Chondrocyte apoptosis was determined by Annexin V-
FITC/PI double labeling according to the manufacturer’s
protocol. Briefly, after indicated cultures, chondrocytes
were digested and suspended in binding buffer. Then 5 pl
Annexin V and 5 pl PI solutions were added into cells and
incubated for 15 min. Apoptotic rate was detected by BD
FACSVerse™ flow cytometer (Becton Dickinson, Heidel-
berg, Germany) and analyzed by Cell Quest software (BD
Biosciences). Experiments were conducted in triplicate.

Detection of mitochondrial membrane potential (AYm)
Mitochondrial membrane potential (AWm) of chondrocytes
were detected by uptake of Rhodamine 123 (Rho123), the
fluorescent and cell-permeant dye, which can interact with
negative charges in the inner mitochondrial membrane.
The damage to AWm causes the leakage of Rho123 from
mitochondria to cytoplasm. Briefly, chondrocytes were
treated with SNP or SNP/CMCS for 24 h then treated by
Rho123 (10 pg/ml) for 20 min at room temperature, the
AW¥m was observed under excitation/emission (Ex/Em) at
488/510 nm by fluorescence microscope.

Quantitative real-time polymerase chain reaction (qQRT-PCR)
mRNA was isolated from chondrocytes using TRIzol
(Invitrogen, USA; Cat# 15596026) and quantified the
concentrations by using NanoDrop™ Spectrophotometer
(ND-1000; Thermo Fisher Scientific, USA) at 260/280 nm.
Reverse transcription was performed using iScript™ Reverse
Transcription Supermix (Bio-Rad, USA; Cat# 1708840).
PCR reaction was conducted in a volume of 20 pl system in
which 2 ul ¢DNA, 10 pl 2 x SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad, USA; Cat# 172-5274), 0.4 pl
primer (10 pM) and 7.2 pl ultrapure water was mixed. The
reaction was carried out in ABI 7500 Prism Detection
System (Applied Biosystems, USA). The data were calcu-
lated by using 2" and experiments were conducted in
triplicate. The primers are showed in Table 1.

Western blot analysis

The proteins in chondrocytes were extracted by protein
lysis buffer. After samples were quantified and boiled, the
equal samples were added into 12% SDS-polyacrylamide
gels and separated by electrophoresis, the proteins then
transferred to polyvinylidene fluoride (PVDF) membrane
(Thermo Scientificc USA; Cat# 88585). Subsequent to
blocking with 5% non-fat milk in Tris-buffered saline for
45 min then incubated with primary antibodies overnight.
After washing with PBST, the secondary horseradish
peroxidase-conjugated antibody (1:2000) was added. The
signals were visualized by using electrochemiluminescence

Page 3 of 10

Table 1 Primer sequences of target genes

Gene Primer Sequence Product size (bp)

Bcl-2 Forward  TACGAGTGGGATACTGGAGA 165
Reverse ~ TCAGGCTGGAAGGAGAAGT

Bax Forward ~ GTTACAGGGTTTCATCCAGG 175
Reverse  CGTGTCCACGTCAGCAATAC

Cytc Forward ~ AAATGGGTGATGTTGAAGCT 139
Reverse  TTGGTCCAGTCTTATGCGGCT

Caspase-3  Forward  CTGGACTGCGGTATTGAGTG 156
Reverse ~ GGGTGCGGTAGAGTAAGCG

GAPDH Forward ~ TGTCTCCTGCGACTTCAACAG 256
Reverse  GAGGCCATGTAGGCCATGAG

on Kodak-X-OMAT-AR film (Kodak, Rochester, NY, USA)
with enhanced chemiluminescence (ECL, Pierce, USA;
Cat# 32106), the images were captured by Geliance 200
Gel Imaging system. The desnitometry analysis was quanti-
fied by using the Imaging J software (Rawak Software, Inc.
Germany). The protein expressions were normalized to
that of B-actin.

Statistical analysis

Each experiment was performed at least three times and
samples in each group were provided in triplicate. The data
and value were presented as the mean + standard deviation
of the mean. Statistical analysis was performed using ana-
lysis of variance (ANOVA) by using Statistical Package for
Social Sciences (SPSS, version 19.0). The significance of
statistical level was set at P values less than 0.05.

Results

Chondrocytes culture and identification

In our present study, the cultured primary chondrocytes
grown as a suspension culture in the beginning of isola-
tion. Cultured overnight, the attached cells can be ob-
served and changed into cycle-like shapes. Cells spread
across the culture dish in the long spindle lines exhibited
clear boundaries after cultured for 3 days (Fig. 1a). After
cultured for 7days, the cells showed the irregular
cobblestone-like shape (Fig. 1b). The cultured cells were
identified by immunohistochemistry staining of collagen
type-2 (Fig. 1c).

NO inhibits cell viability in cultured chondrocytes

In this study, SNP (0.5, 1.0, 2.0, 3.0 and 4.0 mM) was used
to induce the cultured chondrocytes. The MTT results
showed that SNP could inhibit cell viability in cultured
chondrocytes with a concentration dependent manner,
3.0~4.0 mM SNP treated cells have the maximum inhibi-
tory response, there was no significant difference be-
tween 3.0 and 4.0 mM SNP-treated groups (Fig. 2a). As
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Fig. 1 Chondrocytes culture and identification in vitro. Figures of primary cultured chondrocytes for 3 days a, 7 days b and immunohistochemistry
staining by collagen type-ll ¢
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showed in Fig. 2b, the similar response pattern was
observed in LDH release sassy, there was a corresponding
gradual increase of LDH release in SNP-induced
chondrocytes.

CMCS increases cell viability in NO-induced chondrocytes

As showed in Fig. 2, the dramatic decrease of cell viabil-
ity and increase of LDH release were observed in 3.0
mM SNP induced chondrocyte, were 37.43 + 3.51% and
162.37 £ 10.98%, respectively. The cell viability was
increased up to 46.56 +4.21%, 56.48 +4.91%, 73.42 +
6.76% (Fig. 2c) and LDH release decreased to 151.22 +
12.38%, 135.47 £10.22%, 116.98 +9.72% (Fig. 2d) in
50, 100 and 200 pg/ml CMCS treated group, respectively.
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CMCS protects chondrocytes against NO-induced apoptosis
Chondrocytes apoptosis was detected by Annexin V-
FITC/PI double labelling staining flow cytometry ana-
lysis. Apoptotic rate was 68.5% in 3.0mM SNP-
treated chondrocytes (Fig. 3b), control cells were 3.1%
(Fig. 3a). The apoptotic rate decreased to 16.3% after
treatment with 200 ug/ml CMCS in 3mM SNP-
induced chondrocytes (Fig. 3c). All the results indicated
CMCS could protect chondrocyte against NO-induced
apoptosis.

CMCS restores AWYm in NO-induced chondrocytes
In this study, the effects of SNP with or without
CMCS on A¥Ym were determined by Rhol23 staining.
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As demonstrated in Fig. 4, 3.0 mM SNP (Fig. 4b) in-
duced a significant reduction of AYm compared with
control cells (Fig. 4a), 200 pg/ml CMCS increased the
A¥Ym in SNP-induced chondrocytes (Fig. 4c). all
above results indicated CMCS has protective effects
on mitochondrial function in NO-induced apoptosis
of chondrocytes.

CMCS regulates expression of Bcl-2 and Bax in NO-
induced chondrocytes

The expression levels of Bcl-2 and Bax were detected
by qRT-PCR and western blot, respectively. As illus-
trated in Fig. 5, the Bcl-2 level was decreased while
Bax was increased in 3mM SNP-induced chondro-
cytes, these down-regulation and up-regulation expres-
sions were reversed by following treatment with CMCS
(50, 100 and 200 pg/ml with dose dependent manner),
Bcl-2 was increased (Fig. 5a) and Bax was decreased
(Fig. 5b). The western blot results also showed the
similar expression patterns of Bcl-2 and Bax, de-
creased Bcl-2 and increased Bax were observed in 3.0
mM SNP treated group, CMCS (50, 100 and 200 pg/
ml) could reverse the expression pattern of Bcl-2 (Fig.
5c¢) and Bax (Fig. 5d) in SNP-induced chondrocytes.
Above results indicated CMCS protect NO-induced
apoptosis in chondrocyte via regulating expressions of
Bcl-2 and Bax.
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CMCS inhibits Cyt c release and caspase-3 activity in NO-
induced chondrocytes

The Cyt ¢ release from mitochondria and caspase-3 acti-
vation are the critical event during cell apoptosis. In this
study, the mRNA and protein expression levels of cyto-
plasmic Cyt ¢ and cleaved caspase-3 were detected by
qRT-PCR and western blot analysis, respectively. As
showed in Figs. 6, 3.0 mM SNP significantly increased the
mRNA expression of Cyt ¢ and activity of caspase-3 in
cultured chondrocytes, CMCS (50, 100, 200 pug/ml) could
down-regulate the expressions of cytoplasmic Cyt ¢
(Fig. 6a) and cleaved caspase-3 (Fig. 6b) with the concen-
tration dependent manner. The similar expression pat-
terns of cytoplasmic Cyt ¢ and cleaved caspase-3 were also
observed in western blot analysis, obvious elevations of
Cyt ¢ and caspase-3 in 3mM SNP treated group, after
treatment with CMCS (50, 100 and 200 pg/ml), the
expression levels of cytoplasmic Cyt ¢ (Fig. 6¢) and acti-
vated caspase-3 (Fig. 6d) were decreased with dose
dependent manner. Above results showed the involve-
ment of Cyt ¢ release and caspase-3 activation in protect-
ive effects of CMCS on NO-induced apoptosis in cultured
chondrocytes.

Discussion
Numerous studies have shown that OA often occurs
with the wear and degeneration of the cartilage, and

vs. 3.0 mM SNP treated cells

Fig. 4 CMCS restores NO-induced A¥Ym in chondrocytes. AYm of chondrocytes was detected by Rho123 staining. a Control group; b 3.0 mM
SNP treated group; € 3.0 mM SNP + 200 pug/ml CMCS treated group; d The column results of AWm assay. *P < 0.05 vs. the control cells, #P < 0.05
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changes in the cartilage are closely related to the
occurrence of OA. Chondrocytes are the only cell type
in cartilage tissue, play an important role in maintain-
ing the integrity of the structure and function of the
articular cartilage. The apoptosis of chondrocytes is
closely related to the progression of OA [22, 23].
Thus, inhibition of the chondrocyte apoptosis may be
an efficient method for the treatment of OA. The
present results showed that CMCS, the soluble derivative
of chitosan, inhibited the SNP-induced chondrocyte apop-
tosis, which indicates that CMCS may be a potential agent
for treatment of OA.

OA is a chronic, painful, degenerative and inflamma-
tory disease, and there is no radical therapy available to
date. Only several agents, such as non-steroidal anti-
inflammatory drugs (NSAIDs) and cyclooxygenase-2
inhibitors, are used for the treatment of OA. However,
the long-term use of NSAIDs may be associated with
detrimental effects, especially adverse gastrointestinal
effects [24]. Thus, novel and more effective therapeutic
methods need to be developed for reducing the disease
burden of OA.

Nitric oxide (NO) plays an important role in the devel-
opment and progression of OA via inducing the
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chondrocytes apoptosis and articular cartilage degener-
ation, which is a central pathogenic feature of OA, inhib-
ition of NO-induced apoptosis exerts the therapeutic
potential in treatment of OA [19, 25, 26]. SNP, as a donor
compound for NO, has been known as an ideal agent that
induces chondrocytes apoptosis in vitro [27, 28]. In the
current study, we established a model of SNP-induced
apoptosis of chondrocyte to investigate the anti-apoptotic
effect of CMCS. Firstly, treatment with SNP decreased the
cell viability of chondrocyte, however, CMCS partly abol-
ished this effect. Secondly, FCM revealed that CMCS ef-
fectively prevented chondrocytes apoptosis. Thirdly,

impairment of mitochondrial function, such as the loss of
mitochondrial membrane potential, is also involved in the
process of apoptosis. The results of Rho123 staining veri-
fied that CMCS greatly inhibited the SNP-induced col-
lapse of 2¥m. Our results also confirmed that the
protective effects of CMCS might be associated with 2¥m
recovery and stabilization. Based on these findings, we can
deduce that CMCS effectively mitigated the SNP-induced
chondrocyte apoptosis through certain intracellular
mechanisms.

It is widely recognized that apoptosis or programmed
cell death of articular chondrocytes is involved in the
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pathogenesis of OA, the pivotal role of cell apoptosis in
OA has also been confirmed in in vitro and in vivo
models [22, 23, 29]. Increased evidence indicates that
CMCS could protect chondrocyte against SNP-induced
apoptosis [18, 19]. Further, similar results were also
obtained from FCM experiment, the apoptotic rate of
chondrocytes in the SNP (3 mM) was 68.5%, while co-
treatment with CMCS (200 pg/ml) decreased to 16.3%
(Fig. 3b and c). All these results indicated that CMCS
could inhibit the SNP-induced chondrocyte apoptosis.
The loss of 2¥m is an early event in apoptosis and coin-
cides with the activation of caspase. Rho123 is sensitive
to 2¥m and can be used to evaluate the 2¥m, the
results of this present study indicated that CMCS could
alleviate the collapse of 4¥m in SNP-induced chondro-
cytes (Fig. 4).

The Bcl-2 family proteins, including Bcl-2 and Bax, act
as the key regulators and mediators of mitochondrial
dependent apoptosis pathway. The Bcl-2 family mem-
bers can act as anti- or pro- apoptotic regulators,
which also may regulate the mitochondrial permeabil-
ity transition pore or early perturbation of mitochon-
dria. Thus, the balance of Bcl-2 and Bax play the
important role in maintaining normal mitochondrial
function. Under pathological conditions, the Bcl-2/Bax
ratio and 4¥m decreases, thus release the apoptotic
inducible factors, such as Cyt ¢ and trigger the apop-
tosis cascade [30]. In this study, the effects of CMCS
on the activation of Bcl-2 and Bax were investigated
and the results showed that CMCS inhibited the
down-regulation of Bcl-2 and the up-regulation of
Bax at the mRNA and proteins expression levels in
SNP-induced chondrocytes (Fig. 5). Therefore, the
balance of the Bcl-2/Bax ratio was partially main-
tained or restored, thus protecting the mitochondrial
function and reducing the occurrence of SNP-induced
chondrocyte apoptosis.

The activated caspase cascade play the crucial roles in
mitochondrial dependent apoptotic pathway, in the
current study, we investigated the effects of CMCS on
the activation of caspase-3, which is the major executor
of apoptosis cascades [31]. CMCS markedly suppressed
the SNP-induced increase in the expression of cleaved
caspase-3. Thus, the anti-apoptotic activities of CMCS
in chondrocytes were related to the intrinsic mitochon-
drial dependent apoptosis pathway. Based on these
results, we proposed an in vitro model illustrated the
regulatory mechanism of CMCS in SNP-induced chon-
drocyte apoptosis. The probable regulatory mechanisms
contributed to the anti-apoptotic effect of CMCS is
achieved by inhibiting mitochondrial dependent apop-
tosis pathway, including changes of 4¥m, as well as the
mRNA and protein expression levels of Bcl-2, Bax, Cyt ¢
and cleaved caspase-3.
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Conclusions

This present study demonstrated CMCS may suppress
SNP-induced chondrocyte apoptosis via mitochondrial
dependent pathway, indicating that CMCS could
potentially be a novel and effective therapeutic agent
for treatment of OA.
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