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Abstract: Objective: To investigate the protective effect of Chondroitin Sulfate from Sturgeons on rat chondrocytes 
and its possible mechanism. Methods: The model of chondrocyte injury induced by hydrogen peroxide was estab-
lished and chondrocytes were cultured and divided into the following groups: control group, sham group, model 
group, Sofast group, Low dose of Chondroitin Sulfate from Sturgeon B (CSSB-L) group, Moderate dose of Chondroitin 
Sulfate from Sturgeon B (CSSB-M) group and High dose of Chondroitin Sulfate from Sturgeon B (CSSB-H) group. The 
cell proliferation was analyzed by Cell Counting Kit-8 (CCK-8) assay. The cell apoptosis was detected by flow cytom-
eter. The expression levels of Interleukin-6 (IL-6), Interleukin-8 (IL-8) and Interferon gamma (IFN-γ) in cell superna-
tants were examined by Enzyme-linked immunosorbent assay (ELISA). Western blot analysis was used to detect the 
levels of proteins associated with Wnt signal pathway in chondrocytes. Results: Compared with the control group 
and sham group, the cell proliferation was decreased significantly, cell apoptosis was increased obviously, and the 
levels of IL-6, IL-8 and IFN-γ were remarkably increased in the model group. For Wnt signal pathway related proteins, 
the levels of Wnt3a, Frizzled5, Dsh, β-Catenin and C-myc proteins in the model group were significantly reduced, 
and p-GSK3β expression level was obviously increased (all P<0.05). Compared with the model group, CSSB could 
promote cell viability, and inhibit cell apoptosis and the levels of IL-6, IL-8 and IFN-γ (all P<0.05). The levels of Wnt 
signaling pathways related proteins in the CSSB-M group and CSSB-H group were obviously expressed. Conclusions: 
Chondroitin sulfate from sturgeons protected rat chondrocytes from injuries induced by hydrogen peroxide, which 
may be associated with the Wnt signaling pathway.

Keywords: Chondroitin sulfate from sturgeons, chondrocytes, hydrogen peroxide, Wnt signaling pathway

Introduction

The Wnt/β-catenin signaling pathway belongs 
to the canonical Wnt signaling pathways, which 
regulate the function, growth, development, 
and death of cells and plays an important role 
in these process [1, 2]. The Wnt/β-catenin sig-
naling pathway is a hot topic at present. It is an 
important regulatory pathway in the differentia-
tion, proliferation and apoptosis of bone cells 
from patients with osteoarthritis. The abnormi-
ties of the Wnt/β-catenin signaling pathway 
could lead to metabolic imbalance in the skel-
etal system and ultimately result in the devel-
opment of osteoarthritis. Matrix metallopro-
teinases (MMPs) can destroy the extracellu- 
lar matrix (ECM) of articular cartilage. It was 

reported that MMP-3 and MMP-13 were the 
most closely associated with the pathogenesis 
of knee osteoarthritis [3, 4]. The dynamic bal-
ance of the extracellular matrix is maintained 
by chondrocytes through anabolism and catab-
olism. The reduced anabolism and increased 
catabolism can further cause degradation of 
the extracellular matrix and in turn lead to knee 
osteoarthritis. Among the currently known ma- 
trix metalloproteinases, MMP-13 is the most 
effective type II collagenase, and overexpres-
sion of the MMP-13 gene could cause the 
destruction of articular cartilage. Some studies 
showed that the Wnt/β-catenin signal transduc-
tion pathway could regulate the expression lev-
els of downstream genes MMPs and BMP fam-
ily genes [5, 6]. It follows then that MMPs are 
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the key proteins of Wnt/β-catenin signal path-
ways in the development of osteoarthritis.

Previous studies showed that chondroitin sul-
fate from sturgeons could play an important 
role in improving osteoarthritis pain in rats 
through regulating the protein expression of 
MMP-1 and MMP-13 [7, 8]. This study intended 
to detect the related expression of proteins 
involved in the Wnt signaling pathways to inves-
tigate the molecular mechanism of chondroitin 
sulfate from sturgeons in protecting chondro-
cytes, treating and relieving osteoarthritis and 
related pain. Canonical Wnt signaling pathway 
includes Wnt secretion proteins, Wnt receptor 
proteins, glycogen synthesis kinase 3 (GSK-3), 
adenomatous polyposis coli protein (APC), 
β-catenin and other transcriptional regulatory 
factors and so on [9, 10]. Wnt3a is the main 
protein from the canonical Wnt signaling path-
way, which is associated with bone loss, bone 
mineral density loss and osteoblast function 
[11]. The receptor protein Frizzled-5 can induce 
the β-catenin pathway by specific interaction 
with Wnt-5A. Dsh (Dishevelled) is the key com-
ponent of Wnt receptor complex associated 
with cell membranes and can inhibit GSK-3, 
APC and other proteins after activation. C-myc 
protein is the expressed product of C-myc pro-
to-oncogene and can induce cell apoptosis. In 
this study, we focused on the Wnt/β-catenin 
signaling pathway and explored the relation-
ship between the protective effect of chondroi-
tin sulfate from sturgeons on rat chondrocytes 
and the Wnt signal pathway by detecting the 
related proteins expression levels from the Wnt 
signaling pathway in chondrocytes under dif- 
ferent conditions through Western blot. The 
results of this study provide experimental basis 
and research direction to further clarify the 
molecular mechanism of chondroitin sulfate 
from sturgeons in the treatment of osteoarthri-
tis and related pain, and provide a research 
foundation for the application of a patented 
medicine of chondroitin sulfate from stur- 
geons. 

Material and methods

The model of chondrocyte injury induced by 
hydrogen peroxide 

This research was authorized by the Animal 
Ethics and Welfare Committee (AEWC) of the 
Second Hospital, Cheeloo College of Medicine, 

Shandong University (Ethics approval number: 
No. 2019-135). Chondrocytes were separated 
from the knees of 4-week-old male Sprague 
Dawley rats. Cartilage was isolated from the 
knee joints, and then cut and chopped into 
small pieces, and washed with phosphate-buff-
ered saline (PBS) three times. The cartilage 
was digested using 0.25% trypsin in a 37°C 
constant temperature bath for 30 minutes. The 
digested cartilage was filtered through 150 
mesh strainer and centrifuged at 1200 rpm for 
5 minutes, and then collagenase II was added 
and incubated for 2 hours at 37°C. Finally, 
chondrocytes were collected after centrifuga-
tion at 1200 rpm for 5 minutes. 

Chondrocytes were cultured in DMEM medium 
containing 10% fetal bovine serum (FBS) and 
penicillin/streptomycin in a 37°C constant  
temperature incubator with 5% CO2. The conflu-
ent chondrocytes were separated in 1:2 ratios 
up to passage 2-3 and these chondrocytes 
were used for the subsequent experiments. 

Chondrocytes were cultured in 6-well plates 
and 200 μmol/L H2O2 was added to incubate 
for 24 h at 37°C when chondrocytes reached 
80% confluence [12]. These chondrocytes we- 
re divided into groups as follows: (1) Control 
group: normally cultured chondrocytes. (2) 
Sham group: The cultured chondrocytes were 
treated with PBS. (3) Model group: The cultured 
chondrocytes were treated with H2O2. (4) Sofast 
group: The H2O2-processed chondrocytes were 
further treated with 400 μg/mL chondroitin sul-
fate Sofast® (Shandong Freda Pharmaceutical 
Group Co., Ltd.). (5) Low dose of Chondroitin 
Sulfate from Sturgeon B (CSSB-L) group: The 
H2O2-processed chondrocytes were further 
treated with 100 μg/mL Chondroitin sulfate 
from Sturgeon bone (CSSB). (6) Moderate  
dose of Chondroitin Sulfate from Sturgeon B 
(CSSB-M) group: The H2O2-processed chondro-
cytes were further treated with 200 μg/mL 
Chondroitin sulfate from Sturgeon bone. (7) 
High dose of Chondroitin Sulfate from Sturgeon 
B (CSSB-H) group: The H2O2-processed chon-
drocytes were further treated with 400 μg/mL 
Chondroitin sulfate from Sturgeon bone. All the 
cells from different groups were treated for 24 
h. 

CCK-8 analysis

Cells viability was determined by CCK-8 assay 
according to the procedure reported by previ-



Effects of chondroitin sulfate from sturgeon

4729 Am J Transl Res 2023;15(7):4727-4734

ous studies [13]. Briefly, 5 × 105 cells/ml were 
cultured in 96-well plates. Then, chondrocytes 
were treated with H2O2 and various doses of 
CSSB as before for 24 h. Next, 10 μL CCK-8 
solution was added in each well and cultured 
for 2 h under the conditions of 37°C and 5% 
CO2. OD values were detected at 450 nm by the 
microplate reader.

Cell apoptosis

Cell apoptosis was determined with Flow 
cytometry according to the procedure reported 
by previous studies [14]. Briefly, 5 × 105 cells 
per well were cultured in 6-well plates. Ch- 
ondrocytes were treated with H2O2 and various 
doses of CSSB as before. The Chondrocytes in 
different groups were collected after washing 
with cool PBS. Then the cells were resuspend-
ed in 100 μL binding buffer. Next, 5 μL propidi-
um iodide (PI) and 5 μL FITC Annexin V were 
added in the above buffer for 15 minutes at 
room temperature in the dark. Finally, 400 μL 
binding buffer was added prior to detecting the 
apoptosis rate by flow cytometer. 

Enzyme-linked immunosorbent assay (ELISA) 
analysis

The cell supernatants from different groups 
were collected through centrifugation at 3500 
rpm for 10 minutes. The levels of IL-6 (No. 
PI330, Beyotime Biotech. Inc., China), IL-8 (No. 
PI641, Beyotime Biotech. Inc., China) and IFN-γ 
(No. PI325, Beyotime Biotech. Inc., China) in 
cell supernatants were detected by ELISA ac- 
cording to the protocols of the manufacturer. 
The optical density was examined at 450 nm by 
the microplate reader.

Western blot analysis

The expression levels of proteins associated 
with the Wnt signal pathway in chondrocytes 
from different groups were detected by Wes- 
tern blot analysis. The Cells were lysed in Radio 
Immunoprecipitation Assay (RIPA) buffer solu-
tion containing protease inhibitors and centri-
fuged at 12,000 rpm for 10 min at 4°C, and  
cell supernatant was harvested. Next, proteins 
were separated with SDS/polyacrylamide gel 
electrophoresis and transferred to Polyvinyli- 
dene Fluoride (PVDF) membranes. Then, PVDF 
membranes were blocked in a TBS-T buffer 
containing 5% skim milk for 1 hour. After wash-

ing with Tris Buffered Saline-T (TBS-T) buffer, 
these membranes were incubated with the pri-
mary antibodies including Wnt-3a (Dilution: 
1:500, No. AF8352, Beyotime Biotech. Inc., 
China), Frizzled-5 (Dilution: 1:1000, No. ab- 
75234, Abcam Company, USA), Dsh (Dilution: 
1:1000, No. ab126745, Abcam Company, USA), 
p-GSK-3β (Dilution: 1:800, No. sc-373800, 
Santacruze Company, USA), β-Catenin (Dilu- 
tion: 1:1000, No. ab32572, Abcam Company, 
USA), C-myc (Dilution: 1:1000, No. ab32072, 
Abcam Company, USA), β-actin (Dilution: 
1:2000, No. ab8226, Abcam Company, USA) 
overnight under the condition of 4°C. Next, 
after rinsing, HRP-labeled Goat Anti-Rabbit IgG 
(Dilution: 1:1500, No. A0208, Beyotime Bio- 
tech. Inc., China) was added and incubated for 
2 hours at room temperature. Finally, the PVDF 
membrane was detected using an enhanced 
chemiluminescence reagent, and the images 
were captured through the Bio-rad Gel Imaging 
System (Bio-Rad Laboratories, Inc., USA). The 
expressional levels of proteins associated with 
the Wnt signal pathway were normalized to the 
intensity level of β-actin.

Statistical analysis

All data included in this study were analyzed 
with SPSS 20.0. The measurement data were 
expressed by mean ± standard deviation (_x  ± 
SD), and the independent sample t-test was 
used for the comparison between two groups. 
One-way ANOVA followed by post hoc Bonfe- 
rroni analysis was performed among groups. 
P<0.05 was considered as statistically signifi-
cant difference.

Results

CSSB could promote the cell viability in chon-
drocytes caused by H2O2

As shown in Figure 1, compared with control 
group or sham group, the cell viability in the 
model group was obviously reduced (P<0.01). 
The cell viability was presented in a dose-
dependent manner when chondrocytes were 
treated with different doses of CSSB and H2O2. 
Compared with CSSB-L group and CSSB-M 
group, the cell viability in CSSB-H group was 
significantly increased, but there was no differ-
ence in cell viability between the Sofast group 
and CSSB-H group. This indicated that 200 μg/
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Figure 1. The viability of chondrocytes treated with H2O2 and different doses 
of CSSB was detected by CCK-8 analysis. Compared with the Model group, 
**P<0.01.

Figure 2. The cell apoptosis analysis of chondrocytes treated with H2O2 and 
different doses of CSSB. Compared with the Model group, **P<0.01.

mL and 400 μg/mL CSSB could reverse the 
decrease of cell viability induced by H2O2. 

CSSB could inhibit the cell apoptosis in chon-
drocytes caused by H2O2

As shown in Figure 2, the rate of cell apoptosis 
in the model group was obviously increased in 
contrast to the control group or sham group 
(P<0.01). There was no significant difference in 

cell apoptosis between the mo- 
del group and CSSB-L group. 
The cell apoptosis rates in the 
CSSB-M group and CSSB-H 
group were significantly lower 
than that in the model group 
(P<0.01). Moreover, no statis- 
tical differences were found 
between the CSSB-H group 
and Sofast group. This indi- 
cated that CSSB could inhibit 
the cell apoptosis caused by 
H2O2 in chondrocytes. 

CSSB could inhibit the expres-
sion levels of inflammatory 
cytokines

As shown in Table 1, compar- 
ed with the control group and 
sham group, the levels of IL-6, 
IL-8 and IFN-γ were signifi- 
cantly increased in the model 
group; compared with the mo- 
del group, no statistical differ-
ences were observed in the 
CSSB-L group. The expression 
levels of IL-6, IL-8 and IFN-γ in 
the CSSB-M or CSSB-H group 
were significantly lower than 
those in the model group. 
Moreover, there were no obvi-
ous differences between the 
CSSB-H group and Sofast gr- 
oup. This further showed that 
CSSB could inhibit the levels  
of inflammatory cytokines in 
chondrocytes treated by H2O2.

Effects of CSSB on Wnt signal-
ing pathway related proteins 
in Chondrocytes

As shown in Figure 3, there 
was no difference in Wnt sig-

naling pathway related proteins levels between 
the control group and sham group; compared 
with the control group and sham group, the lev-
els of Wnt3a, Frizzled5, Dsh, β-Catenin and 
C-myc proteins in the model group were sig- 
nificantly decreased, and p-GSK3β expression 
level was obviously increased (all P<0.001). 
Compared with the model group, the levels of 
Wnt3a, Frizzled5, Dsh, β-Catenin and C-myc 
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Table 1. Effect of CSSB on IL-6, IL-8 and IFN-γ in Chondrocytes 
induced by H2O2

Groups IL-6 (pg/ml) IL-8 (pg/ml) IFN-γ (pg/ml)
Control group 1.58±0.26 2.74±0.61 1.24±0.20
Sham group 1.51±0.22 2.70±0.58 1.26±0.24
Model group 3.57±0.41*** 7.45±0.87*** 16.74±2.55***

Sofast group 2.08±0.34*** 4.17±0.48*** 11.62±1.21***

CSSB-L group 3.17±0.52*** 6.97±0.72*** 16.08±1.97***

CSSB-M group 2.64±0.37###,*** 5.09±0.66###,*** 13.12±1.65###,***

CSSB-H group 2.13±0.48###,*** 4.32±0.57###,*** 12.14±1.35###,***

F value 116.235 57.419 78.642
P value <0.001 <0.001 <0.001
Note: Compared with Control group or Sham group, ***P<0.001; Compared 
with Model group, ###P<0.001.

proteins in the CSSB-M group and CSSB-H 
group were significantly elevated, while and 
p-GSK3β expression level was obviously de- 
creased (all P<0.01 or 0.001). Moreover, the 
expression levels of Dsh and C-myc in CSSB-H 
group were higher than in the Sofast group.

Discussion

Osteoarthritis has been considered as a degen-
erative disease, with a high incidence, which 
severely affects the life quality of patients and 
becomes the primary reason for disability in 
elderly people. However, in clinical practices, 
currently available treatments are not satisfy-
ing. Therefore, it is imperative to find drug tar-
gets and new treatment regimens for osteoar-
thritis. Pain and cartilage extracellular matrix 
destruction are the primary symptom and fea-
tures of OA. Some studies demonstrated that 
inflammasome-signaling molecules were im- 
portant regulators of pyroptosis, which were 
also involved in osteoarthritis progression [15]. 
Other studies revealed that repeated injuries 
on the articulation could induce the increased 
release of inflammation cytokines including 
IL-1β, tumor necrosis factor-α (TNF-α) etc., 
which were confirmed to exert an important 
role in the development of osteoarthritis [16]. 
In chondrocytes, extracellular signal-regulated 
kinase 1/2 (Erk1/2) and p38 mitogen-activat-
ed protein kinase (p38MAPK) could be activat-
ed by IL-1β, and then the nuclear translocation 
of the nuclear factor-κB (NF-κB) and the activa-
tor protein-1 (AP-1) were induced. These tran-
scription factors bind to consensus sequences 
of many pro-inflammatory genes and initiate 

and maintain the inflammatory 
reaction in chondrocytes [17]. 
These inflammatory reactions 
could also induce the expression 
of matrix metalloproteases, TNF-α 
and so on. Chondroitin Sulfate 
from Sturgeons is a natural gly-
cosaminoglycan expressed in the 
extracellular matrix surrounding 
cells, especially in the cartilage 
and it could form an essential 
component of proteoglycans. This 
study used H2O2 as the source of 
the free radicals to induce the 
damages of chondrocytes in an 
early-stage OA model. It was also 
reported that H2O2 can induce 

chondrocyte apoptosis, enhance the secretion 
of inflammatory factor and promote inflamma-
tion [18]. The results of this study showed that 
CSSB could inhibit the levels of pro-inflamma-
tion factors such as IL-6, IL-8 and IFN-γ in H2O2 
induced chondrocyte pyroptosis. Moreover, 
Jomphe et al. reported that CSSB could dimin-
ish IL-1β induced NF-κB nuclear translocation 
and sodium nitroprusside-induced chondro- 
cyte apoptosis [19], which was similar with this 
study. 

In previous studies [20], chondroitin sulfate 
from sturgeons could relieve the osteoarthritis 
pain caused by sodium iodoacetate in rats by 
down-regulating expression of matrix metallo-
proteinase-1 (MMP-1), matrix metalloprotein-
ase-13 (MMP-13), and up-regulating the ex- 
pression of matrix metalloproteinases tissue 
inhibitor-1 (TIMP-1) protein. ECM components 
from cartilage are synthesized by chondrocytes 
to maintain their proper functioning. Cartilage 
ECM mainly includes glycosaminoglycans, col-
lagen II fibers and proteoglycans. The composi-
tion and organization of ECM not only provides 
a specialized environment for the chondro-
cytes, but also determines the biomechanical 
properties of cartilage. During the cartilage 
degeneration and osteoarthritis progression, 
the ECM is gradually degraded, and compo-
nents may serve as biomarkers of cartilage 
degeneration. In addition, Matrix metallopro-
teinases are also the key proteins in the Wnt/β-
catenin signaling pathway involved in osteoar-
thritis development. Therefore, we speculated 
that the expression of Wnt/β-catenin signaling 
pathway related proteins might play an impor-
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Figure 3. Western blot analysis of Wnt signaling path-
way associated proteins in chondrocytes treated with 
H2O2 and different doses of CSSB. Compared with the 
model group, *P<0.05, **P<0.01, ***P<0.001. A. The 
representing images of Western blot; B. Wnt3a; C. 
Frizzled5; D. Dsh; E. p-GSK3β; F. β-Catenin; G. C-myc.

tant role for chondroitin sulfate from sturgeons 
in the treatment and alleviation of osteoarthri-
tis pain. In this study, the protective effect of 
chondroitin sulfate from sturgeons on rat chon-
drocyte was investigated and Western Blot 
method was conducted to analyze the expres-
sion levels of associated proteins before and 
after the treatment in hydrogen peroxide-in- 
duced chondrocyte injury model in vitro. The 
results of this study confirmed that chondroitin 
sulfate from sturgeons showed a significant 
effect in recovering expression levels of Wnt 
signaling pathway related proteins in injured 
chondrocytes in a dose-dependent manner. 

Among many signal pathways, the Wnt signal-
ing pathway plays an important role in regulat-
ing the homeostasis of the internal environ-
ment in joints [21, 22]. It was generally believed 
that the activation of cellular Wnt signaling 
pathway could lead to the overexpression of 
signaling proteins associated with catabolism 
in chondrocytes, which in turn results in the 

imbalance of the homeostasis in cell physiolog-
ical processes, and ultimately causes tissue 
damage and functional inactivation [23, 24]. It 
was reported that the classic Wnt signaling 
pathway was summarized as follows: Wnt→ 
Frizzled→Dsh→depolymerization of β-catenin 
degradation complexes (GSK-3β played an 
important role)→accumulation of β-catenin in 
the endonuclear→TCF/LEF1→transcription of 
downstream targeted genes such as MMPs, 
BMP, c-myc, cyclinD1, and so on [25].

In this study, it was shown that the down-regu-
lation of Wnt3a, Frizzled5, Dsh, β-Catenin and 
C-myc proteins expression, and up-regulation 
of p-GSK3β protein expression were significant 
in hydrogen peroxide-induced chondrocyte inju-
ry model (Model group) in vitro, which indicated 
that the development of osteoarthritis was 
associated with Wnt signaling pathway [26]. 
Chondroitin Sulfate from sturgeons could in- 
crease the expression levels of Wnt signaling 
pathway related proteins such as Wnt3a, Fri- 
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zzled5, Dsh, β-Catenin, C-myc, etc. in rat chon-
drocytes stimulated by hydrogen peroxide-
mediated oxidative stress, and decrease the 
expression level of catabolite gene protein 
p-GSK3β in a dose-dependent manner. Com- 
pared with the commercial chondroitin sulfate 
Sofast® (Sofast group) derived from porcine 
cartilage, 400 μg/mL chondroitin Sulfate from 
sturgeons showed a more significant effect in 
recovering the expression levels of Dsh and 
C-myc proteins in injured chondrocytes. The 
results of this study confirmed that the roles of 
chondroitin sulfate from sturgeons in protect-
ing rat chondrocytes from injury induced by 
hydrogen peroxide and relieving and treating 
osteoarthritis pain were associated with the 
Wnt signaling pathway. Chondroitin sulfate 
from sturgeons played an important role in a 
dose-dependent manner. 

In conclusion, it was found that the protective 
effect of chondroitin sulfate from sturgeons in 
rat chondrocytes induced by hydrogen peroxide 
may be correlated with the Wnt signaling path-
way, and it showed a dose-dependent manner. 
However, there are still some limitations about 
this research: it was a single-center study, with 
a small sample size and cell experiments. This 
study was not involved in animal or human 
experiments, which may be more superior than 
cell experiments. The Wnt signaling pathway 
was not intervened with to explain whether the 
protective effects of CSSB were due to the Wnt 
signaling. In the future, a multicenter and deep-
er study with animal models or human experi-
ments is required for further confirmation. 
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