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Abstract. The present study investigated the mechanism under-
lying the effects of glucosamine (GlcN) on the proliferation of 
chondrocytes isolated from the knee cartilage of Sprague‑Dawley 
rats. Chondrocytes were treated with various concentrations of 
GlcN or without GlcN. The effects of GlcN on chondrocyte prolif-
eration were determined using reverse transcription‑polymerase 
chain reaction, western blot analysis and immunohistochemistry. 
The results indicated that GlcN significantly improved chondro-
cyte viability, accelerated G1/S transition during progression of 
the cell cycle and promoted the expression of cell cycle regulatory 
proteins, including cyclin D1, cyclin‑dependent kinase (CDK)4 
and CDK6, thus indicating that GlcN may promote chondrocyte 
proliferation. Furthermore, GlcN upregulated the expression 
levels of Wnt‑4, Frizzled‑2 and β‑catenin, and downregulated the 
expression of glycogen synthase kinase‑3. GlcN also promoted 
β‑catenin translocation; β‑catenin is able to activate numerous 
downstream target genes, including cyclin D1. To determine 
the role of the Wnt/β‑catenin signaling pathway in chondrocyte 
proliferation, the Wnt/β‑catenin signaling pathway was inhibited 
using Dickkopf‑1 (DKK‑1), after which chondrocytes were 
treated with GlcN. The results demonstrated that the expression 
levels of β‑catenin and cyclin D1 were decreased in chondrocytes 
treated with DKK‑1 and GlcN. These results suggested that GlcN 
may promote chondrocyte proliferation via the Wnt/β‑catenin 
signaling pathway.

Introduction

Osteoarthritis (OA) is a chronic disease that affects the joint 
cartilage of middle‑aged and elderly individuals, which is 

associated with degradation of articular cartilage (1). Articular 
cartilage is an avascular tissue with limited regenerative 
ability, which is composed of chondrocytes and extracellular 
matrix (ECM) components. As the only cell type in articular 
cartilage, chondrocytes control the balance between catabolism 
and anabolism, in order to maintain appropriate functioning of 
the ECM (2,3). During the process of OA, chondrocyte death 
is associated with degradation of the ECM and calcification, 
thus suggesting a role for cell death in the pathogenesis of OA. 
Therefore, enhancing chondrocyte proliferation may be a poten-
tial method to inhibit the development and progression of OA.

As a vital process for cell proliferation, the cell cycle is 
composed of four key phases: G1, S (DNA replication), G2 and 
M (mitosis). Between the S and M phases, there are two gaps, 
G1 prior to the S phase and G2 prior to the M phase (4). The 
activity of cyclin D1, and its binding partners cyclin‑depen-
dent kinase (CDK)4/6, controls the progression through 
every phase of the cell cycle and is implicated in chondro-
cyte proliferation  (5,6). The normal function of cartilage 
is affected by numerous signaling pathways, including the 
Wnt/β‑catenin signaling pathway (7‑9). The Wnt/β‑catenin 
signaling pathway serves an important role in the regulation 
and control of cell proliferation and maintenance of pheno-
typic characteristics, and is important for the regulation 
of cartilage function (10). Binding of Wnt proteins to cell 
surface receptor complexes, which are composed of Frizzled 
proteins and low‑density lipoprotein receptor‑related proteins 
(LRP)5/6, results in the activation of dishevelled, after 
which glycogen synthase kinase‑3β (GSK‑3β) activity and 
β‑catenin phosphorylation are inhibited. Non‑phosphorylated 
β‑catenin accumulates in the cytoplasm and translocates to 
the nucleus, where it binds to the transcription factors T‑cell 
factor (TCF) and lymphoid enhancer factor (LEF), in order 
to regulate target gene expression  (11,12). These factors 
accelerate cell cycle progression by accommodating the 
expression of cyclin D1 (13). It has previously been reported 
that the Wnt/β‑catenin signaling pathway acts upstream of 
cyclin D1 (14). Therefore, the Wnt/β‑catenin pathway may 
have an important role in cell proliferation via the regulation 
of cyclin D1.

Glucosamine (GlcN) is an amino‑monosaccharide synthe-
sized from glucose, which is used for the biosynthesis of 
glycoproteins and glycosaminoglycans (15). GlcN is a natural 
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compound present in the majority of human tissues, with the 
highest concentrations detected in cartilage (16). GlcN is widely 
used in the clinical treatment of OA, due to its fundamental 
role in stimulating the metabolism of chondrocytes (17,18). 
However, the molecular mechanisms underlying the effects of 
GlcN on chondrocytes remain unclear. Therefore, the present 
study aimed to clarify the mechanisms underlying the effects 
of GlcN on chondrocytes.

Materials and methods

Preparation of GlcN. GlcN was obtained from Shanghai 
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China) 
and was dissolved in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS) 
(both from HyClone; GE Healthcare Life Sciences, Logan, 
UT, USA). Subsequently, GlcN was filtered through a 0.22‑µm 
filter.

Isolation, culture and identification of chondrocytes. Male, 
4‑week‑old, Sprague‑Dawley specific pathogen‑free rats 
(weight, 200-300 g) were purchased from Shanghai SLAC 
Laboratory Animal Co., Ltd. (Shanghai, China). The care and 
use of animals in the present study were conducted in strict 
accordance with the Guide for the Care and Use of Laboratory 
Animals of Fujian University of Traditional Chinese Medicine 
(Fuzhou, China). The present study was approved by the 
Ethics Committee of Fujian University of Traditional Chinese 
Medicine. Sprague‑Dawley rats were sacrificed using carbon 
dioxide (cage size, 7x11x5  inches; flow rate, 1.3  l/min), 
according to the Guide for the Care and Use of Laboratory 
Animals.

Chondrocytes were isolated from the knee cartilage 
of Sprague‑Dawley rats and were cultured as previously 
described (19). Briefly, four Sprague‑Dawley rats were sacri-
ficed, and their knees were stripped and soaked in 75% ethanol 
for 15 min. The articular cartilage was cut open in the bilat-
eral knee joints, collected with a blade and washed with PBS 
(HyClone; GE Healthcare Life Sciences) three times under 
sterile conditions. The cartilage samples were cut into 1‑mm3 
sections and digested with 0.2% collagenase II (Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany) at 37˚C in an incubator 
containing 5% CO2. The supernatant fluid was collected every 
2 h, and was centrifuged at 110 x g for 5 min. The isolated cells 
were resuspended in DMEM containing 10% FBS, and were 
cultured in 50 ml culture flasks containing 4 ml DMEM supple-
mented with 10% FBS at 37˚C in a 5% CO2 incubator. Primary 
chondrocytes were termed passage 0 (P0), and P2 chondrocytes 
at ~80% confluence were used in subsequent experiments. P2 
chondrocytes were identified by collagen  II immunohisto-
chemistry (20). Briefly, the cells were seeded onto a sterilized 
round coverslip and placed in a 6‑well plate (2x104 cells/well); 
the cells were cultured at 37˚C in a 5% CO2 incubator for 48 h. 
Subsequently, the cells were fixed with 4% paraformaldehyde 
(Sigma‑Aldrich; Merck KGaA) for 30 min at 4˚C and blocked 
with 10% bovine serum albumin (BSA) (Sigma‑Aldrich; Merck 
KGaA) for 1 h. The round coverslip was then incubated with 
a type II collagen rabbit polyclonal antibody (dilution 1:500; 
BS1071; Bioworld Technology, Inc., St. Louis Park, MN, USA) 
overnight at 4˚C. The round coverslip was then incubated with 

horseradish peroxidase (HRP)‑conjugated affinipure goat 
anti‑rabbit immunoglobulin (Ig)G (dilution: 1:200; ZB‑2301) 
for 30 min, followed by incubation with diaminobenzidine 
(ZLI‑9018) (both from OriGene Technologies, Inc., Beijing, 
China) for 5 min at room temperature. The slides were finally 
counterstained with hematoxylin (Sigma‑Aldrich; Merck 
KGaA) and were dehydrated. Images were captured under a 
light microscope (BH2; Olympus Corporation, Tokyo, Japan). 
According to the MTT assay, chondrocytes were treated with 
0, 100, 200 and 300 µg/ml GlcN for 72 h. In order to further 
verify the mechanisms involved, chondrocytes were treated 
with 0.2  µg/ml Dickkopf‑1 (DKK‑1; R&D Systems, Inc., 
Minneapolis, MN, USA) and were treated with GlcN (200 µg/
ml) in the presence or absence of DKK‑1 for 72 h at 37˚C.

Evaluation of cell viability by MTT assay. The P2 chon-
drocytes were plated onto a 96‑well plate at a density of 
1.0x104/ml and were cultured for 24 h. The cells were then 
treated with various concentrations of GlcN (50, 100, 200, 
300 and 600 µg/ml) for 24 or 72 h. Subsequently, 100 µl MTT 
(1 mg/ml in PBS) was added to each well and was incubated 
at 37˚C for 4 h. The supernatant was then removed and 150 µl 
dimethyl sulfoxide was added to dissolve the formazan. The 
solution was agitated for 10 min and the optical density was 
measured at 490 nm using an ELISA reader (model ELx800; 
BioTek Instruments, Inc., Winooski, VT, USA).

Cell cycle analysis. Following treatment with GlcN, chondro-
cytes were collected and chondrocyte density was adjusted 
to 1x106/ml. The process of staining was performed using a 
cell cycle assay kit (BD Cycletest™ Plus DNA reagent kit; 
BD Biosciences, Franklin Lakes, NJ, USA) according to the 
manufacturer's protocol. Subsequently, the cells were analyzed 
using fluorescence‑activated cell sorting (FACSCalibur™; BD 
Biosciences, San Diego, CA, USA). The percentage of cells 
in the different phases of the cell cycle, including G0/G1, S, 
G2 and M phases, was calculated using ModFit software 4.0 
(Verity Software House, Topsham, ME, USA) .

RNA extraction and reverse transcription‑polymerase chain 
reaction (RT‑PCR) analysis. Following treatment with GlcN, 
total RNA was extracted using TRIzol® reagent (Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) according 
to the manufacturer's protocol. Total RNA (1 µg) was reverse 
transcribed into cDNA using a RevertAid First Strand cDNA 
Synthesis kit (Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol. The following primers were used 
for PCR to determine the mRNA expression levels of CDK4, 
CDK6, cyclin D1, Wnt‑4, β‑catenin, Frizzled‑2 and GSK‑3β: 
CDK4, forward 5'‑GAA GAC GAC TGG CCT CGA GA‑3', 
reverse, 5'‑ACT GCG CTC CAG ATT CCT CC‑3'; CDK6, 
forward 5'‑TTG TGA CAG ACA TCG ACG AG‑3', reverse 
5'‑GAC AGG TGA GAA TGC AGG TT‑3'; cyclin D1, forward 
5'‑AAT GCC AGA GGC GGA TGA GA‑3', reverse 5'‑GCT 
TGT GCG GTA GCA GGA GA‑3'; Wnt‑4, forward 5'‑TCA 
GCC CAC AGG GTT TCC A‑3', reverse 5'‑CGC TCG CCA 
GCA TGT CTT T‑3'; β‑catenin, forward 5'‑AAG GAA GCT 
TCC AGA CAT GC‑3', reverse 5'‑AGC TTG CTC TCT TGA 
TTG CC‑3'; Frizzled‑2, forward 5'‑TCG AGG CCA ATT CGC 
AGT A‑3', reverse 5'‑CAG GAA GGA TGT GCC GAT G‑3'; 
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GSK‑3β, forward 5'‑AAA GTG CAT CGC TGG CTT A‑3', 
reverse 5'‑GTC GAC GGT TTG TTT CCA AT‑3'; and β‑actin, 
forward 5'‑CAC CCG CGA GTA CAA CCT TC‑3' and reverse 
5'‑CCC ATA CCC ACC ATC ACA CC‑3'. The thermocycling 
conditions (annealing temperature, annealing time and number 
of cycles) were as follows: Wnt-4: 57˚C, 45 sec, 35 cycles; 
Frizzeld-2: 58˚C, 45  sec, 35  cycles; Gsk-3β: 60˚C, 30  sec, 
28 cycles; β-catenin: 60˚C, 45 sec, 35 cycles; Cyclin D1: 55˚C, 
30 sec, 35 cycles; CDK4: 60˚C, 40 sec, 32 cycles; CDK6: 60˚C, 
30 sec, 30 cycles. The DNA bands were examined via gel elec-
trophoresis (1.5% agarose) using a gel documentation system 
(Model Gel Doc 2000; Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA). β‑actin was used as an internal control.

Western blot analysis. Following treatment with GlcN, 
proteins were collected from the cells using radioimmuno-
precipitation assay lysis buffer supplemented with 1  mM 
phenylmethanesulfonyl fluoride (both from Beyotime Institute 
of Biotechnology, Shanghai, China). Protein concentration 
was quantified using the bicinchoninic acid assay method. 
Proteins (20 µg) were separated by 12% SDS‑PAGE and were 
transferred onto polyvinylidene fluoride membranes (Thermo 
Fisher Scientific, Inc.). After transfer, the membranes were 
blocked in 5% skimmed milk for 1 h at room temperature and 
were incubated overnight at 4˚C with the following primary 
antibodies (1:1,000): CDK4 (sc‑260), CDK6 (sc‑177), Wnt‑4 
(sc‑5214), Frizzled‑2 (sc-68327), cyclin D1 (sc‑718), β‑actin 
(sc‑47778) (Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA), GSK‑3β (9315) and β‑catenin (9582) (Cell Signaling 
Technology, Inc., Beverly, MA, USA). Membranes were 
then incubated with HRP‑conjugated secondary antibodies 
[anti‑goat (dilution 1:500; ZDR-5105); anti-rabbit (dilution 
1:500; ZDR-5306); anti-mouse (dilution 1:1,000; ZDR-5109), 
Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd., 
Beijing, China] at room temperature for 1 h. The immuno-
complexes were detected using a Bio‑Rad ChemiDoc XRS+ 
imaging system (Image Lab 3.0; Bio‑Rad Laboratories, Inc.). 
β‑actin was used as an internal control.

Immunohistochemistry. Following treatment with GlcN, 
chondrocytes were fixed with 4%  paraformaldehyde for 

15 min at room temperature and were permeabilized with 
1% Triton X‑100 in PBS for 10 min at room temperature. 
Subsequently, the chondrocytes, fixed with paraformaldehyde 
and permeabilized with 1% Triton X-100 in PBS, were washed 
three times and were blocked with 5% BSA in PBS for 1 h 
at room temperature. After blocking, the chondrocytes were 
incubated with rabbit anti‑β‑catenin antibody (dilution 1:200; 
sc‑7199; Santa Cruz Biotechnology, Inc.) overnight at 4˚C. 
After exposure to the primary antibody, the chondrocytes 
were washed and incubated with the corresponding secondary 
antibody (DyLight 488 AffiniPure Goat Anti‑Rabbit IgG) 
for 1 h at room temperature. Finally, DAPI was used to stain 
cell nuclei at room temperature for 5 min. The signal was 
visualized and images were acquired using a fluorescence 
microscope (LSM710; Carl Zeiss AG, Oberkochen, Germany).

Statistical analysis. Data are presented as the means ± stan-
dard deviation. The experiments were repeated 3 times. Data 
were processed using SPSS software version 18.0 (SPSS, Inc., 
Chicago, IL, USA) and were analyzed with Student's t‑test or 
analysis of variance. The multiple comparisons tests used were 
least significant difference (LSD) and Dunnett tests. P<0.05 
was considered to indicate a statistically significant difference.

Results

Morphology and characteristics of chondrocytes. Chondrocyte 
morphology has been described in previous studies (21,22); the 
chondrocytes in the present study exhibited a spherical, fusiform 
and slabstone shape, which is typical of chondrocytes (Fig. 1). 
The newly isolated chondrocytes were small and round when first 
suspended in DMEM. After being cultured for 2 h, the chondro-
cytes gradually attached themselves to the culture flask (Fig. 1A). 
After being cultured for 3 days, the volumes of adherent cells 
became larger and some cells began to elongate and form a 
fusiform shape (Fig. 1B). After 6 days of proliferation, the cells 
coated the whole bottom of the culture flask (Fig. 1C). P1 and P2 
chondrocytes spread across the flask more rapidly and usually 
reached 80‑90% density within ~5 days (Fig. 1D and E). The cyto-
plasm of P2 chondrocytes was stained brown, which indicated 
that the P2 chondrocytes exhibited a more typical chondrocyte 

Figure 1. Morphology and identification of chondrocytes (original magnification, x200). Primary chondrocytes cultured for (A) 24 h, and (B) 3 and (C) 6 days. 
(D) First passage chondrocytes cultured for 3 days. (E) Second passage chondrocytes cultured for 3 days. (F) Second passage chondrocytes cultured for 4 days 
were identified by collagen II immunohistochemistry. (G) Negative control cells also underwent collagen II immunohistochemistry.
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morphology and contained large levels of collagen II (Fig. 1F) 
compared with in the negative control cells (Fig. 1G). Therefore, 
in view of the typical characteristics of P2 cells, P2 chondrocytes 
were used in subsequent experiments.

GlcN enhances chondrocyte viability and promotes cell 
cycle progression. To investigate whether GlcN exerts 
effects on chondrocyte viability, chondrocytes were treated 
with various concentrations of GlcN (50, 100, 200, 300 and 
600 µg/ml) for 72 h or with 100 µg/ml GlcN for the indicated 
time periods (Fig. 2). GlcN treatment promoted the viability of 
cells in a dose‑ and time‑dependent manner (Fig. 2A and B). 
According to the MTT assay results, cell viability was mark-

edly enhanced following treatment with 200 µg/ml GlcN for 
72 h; therefore, 0, 100, 200 and 300 µg /ml GlcN and 72 h were 
set as variables for further experimentation.

As shown in Fig. 2C‑F, the percentage of GlcN‑treated 
chondrocytes in the G0/G1 phase was reduced, whereas the 
percentage of cells in S phase was increased compared with 
in the untreated chondrocytes. Furthermore, the present study 
investigated whether cell cycle progression was associated 
with an increase in the protein expression levels of cyclins 
and CDKs. The results indicated that GlcN upregulated the 
mRNA and protein expression levels of cyclin D1, CDK4 and 
CDK6 (Fig. 3). These results indicated that GlcN caused an 
increase of cell proliferation.

Figure 2. GlcN promotes chondrocyte proliferation. (A) Chondrocytes were treated with various concentrations of GlcN for 72 h. (B) Chondrocytes were 
treated with 100 µg/ml GlcN for 24 and 72 h. (C and D) Chondrocytes were treated with or without GlcN and were stained with propidium iodide followed by 
fluorescence‑activated cell sorting analysis. Percentage of chondrocytes in (E) S phase and (F) G0/G1 phase following treatment with or without GlcN. Data are 
presented as the means ± standard deviation. *P<0.05, **P<0.01 compared with the untreated cells. GlcN, glucosamine.
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GlcN promotes the expression and nuclear translocation of 
β‑catenin. β‑catenin is a well‑known inducer of chondrocyte 
proliferation and a cytoplasmic protein, which interacts 
with TCF/LEF proteins to activate target genes, including 
cyclin D1 (23). The present study detected β‑catenin nuclear 

translocation and expression using immunofluorescence, and 
western blotting and RT‑PCR, respectively (Figs. 4 and 5). 
The present results demonstrated that GlcN may promote the 
mRNA and protein expression levels of β‑catenin (Fig. 5A, 
B, F and J). The effects of GlcN on the nuclear translocation 

Figure 3. GlcN increases the expression levels of CDK4, CDK6 and cyclin D1. (A) mRNA expression levels of CDK4, CDK6 and cyclin D1 were analyzed by 
reverse transcription‑polymerase chain reaction. (C‑E) Semi‑quantification of CDK4, CDK6 and cyclin D1 mRNA expression. (B) Western blot analysis of the 
protein expression levels of CDK4, CDK6 and cyclin D1. β‑actin was used as an internal control. (F‑H) Semi‑quantification of the CDK4, CDK6 and cyclin D1 
protein expression. *P<0.05, **P<0.01 compared with the untreated cells. CDK, cyclin‑dependent kinase; GlcN, glucosamine.

https://www.spandidos-publications.com/10.3892/ijmm.2018.3587
https://www.spandidos-publications.com/10.3892/ijmm.2018.3587


MA et al:  Glucosamine promotes chondrocyte proliferation66

of β‑catenin were further confirmed by immunofluorescence 
staining.

Immunof luorescence staining revealed that GlcN 
markedly enhanced translocation of β‑catenin into the 
nucleus (Fig. 4). Following treatment with GlcN, β‑catenin 
staining was more intense and was localized in the nucleus, 
whereas β‑catenin was predominantly localized in the cyto-
plasm in the untreated cell group. These results indicated that 
GlcN may promote the expression and nuclear localization of 
β‑catenin.

GlcN increases Wnt‑4 and Frizzled‑2 expression, and 
decreases GSK‑3β expression. β‑catenin is a downstream 
intracellular signaling molecule of the Wnt/β‑catenin signaling 
pathway (24). The Wnt/β‑catenin signaling pathway inhibits 
phosphorylation of β‑catenin, thus resulting in its stabilization, 
cytoplasmic accumulation and subsequent nuclear transloca-
tion. A previous study demonstrated that the Wnt/β‑catenin 
signaling pathway has an important function in controlling 
a wide range of developmental processes, including cell 
proliferation (24). Therefore, to detect whether the effects of 
GlcN on chondrocyte proliferation are associated with the 
Wnt/β‑catenin signaling pathway, the mRNA and protein 
expression levels of relevant factors in the Wnt/β‑catenin 
signaling pathway were detected. The results indicated that the 
mRNA and protein expression levels of Wnt‑4 and Frizzled‑2 
were increased in the GlcN‑treated chondrocytes compared 
with in untreated cells (Fig. 4A‑C, E, G and I), whereas the 
mRNA and protein expression levels of GSK‑3β were reduced 
compared with in untreated cells (Fig. 4D and H). These results 
indicated that the effects of GlcN on chondrocyte proliferation 
may be associated with the Wnt/β‑catenin signaling pathway.

Cyclin  D1 and β‑catenin expression is partly decreased 
following inhibition of the Wnt/β‑catenin signaling pathway. 
With regards to the aforementioned results of the present study, 
it is unclear whether the Wnt/β‑catenin signaling pathway 
serves a crucial role in the regulation of chondrocyte prolif-
eration. Therefore, DKK‑1 was used to block the Wnt/β‑catenin 

signaling pathway. The results revealed that the expression 
levels of cyclin D1 and β‑catenin were partly inhibited by 
DKK-1 (Fig. 6). These results further strengthened the evidence 
that GlcN may participate in the regulation of chondrocyte 
proliferation via the Wnt/β‑catenin signaling pathway.

Discussion

Functional alterations to chondrocytes have an important role 
in cartilage damage, and the proliferation of chondrocytes is 
required for the maintenance of cellular volume (25). Numerous 
studies have indicated that an association exists between 
cartilage degradation and chondrocyte apoptosis  (26,27). 
Therefore, promotion of chondrocyte proliferation is essential 
and may be a potential therapeutic strategy for the treatment 
of OA. In the present study, the results demonstrated that GlcN 
promoted chondrocyte proliferation via the Wnt/β‑catenin 
signaling pathway. Firstly, the results indicated that GlcN 
treatment promoted chondrocyte proliferation via the promo-
tion of cell cycle progression. The results of an MTT assay 
revealed that GlcN promoted chondrocyte viability in a 
dose‑ and time‑dependent manner. Furthermore, the results of 
a flow cytometric analysis demonstrated that the percentage 
of chondrocytes in G0/G1 phase was markedly decreased, 
whereas the percentage of chondrocytes in S phase was signifi-
cantly increased in cells treated with GlcN compared with in 
untreated cells. The cell cycle is responsible for cell prolifera-
tion; however, there are two restriction points, G1/S and G2/S, 
within the cell cycle. The G1/S restriction point begins during 
the initial synthesis of DNA and the G2/S restriction point 
starts at the beginning of mitosis. The G1/S restriction point 
is more important since it determines which cell cycle phases 
the cells pass through (6). The present results indicated that 
GlcN treatment promoted chondrocyte proliferation via the 
promotion of cell cycle progression.

To further determine the mechanism underlying the effects 
of GlcN on chondrocyte proliferation, the protein expression 
levels of cyclins and CDKs were detected. Cell cycle progres-
sion is predominantly regulated via CDKs and cyclins, which 

Figure 4. GlcN promotes β‑catenin nuclear translocation. Chondrocytes were treated with 200 µg/ml GlcN for 72 h, followed by immunofluorescence staining 
for β‑catenin (green). The nuclei were stained with DAPI (blue). β‑catenin immunostaning was predominantly localized in the nucleus following treatment 
with GlcN. GlcN, glucosamine.
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Figure 5. GlcN increases the expression of Wnt‑4, Frizzled‑2 and β‑catenin, and decreases the expression of GSK‑3β. (A) mRNA expression levels of Wnt‑4, 
Frizzled‑2, β‑catenin and GSK‑3β were determined by reverse transcription‑polymerase chain reaction. (B) Western blot analysis was used to detect the 
protein expression levels of Wnt‑4, Frizzled‑2, β‑catenin and GSK‑3β. β‑actin was used as an internal control. (C‑F) Semi‑quantification of Wnt‑4, Frizzled‑2, 
β‑catenin and GSK‑3β mRNA expression. (G‑J) Semi‑quantification of Wnt‑4, Frizzled‑2, β‑catenin and GSK‑3β protein expression. *P<0.05, **P<0.01 com-
pared with untreated cells. GlcN, glucosamine; GSK‑3β, glycogen synthase kinase‑3β.
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are two basic protein families of the cell cycle control system. 
Various cyclin/CDKs exert their functions in different phases 
of the cell cycle. In the cell cycle, cyclin D1 is the active regu-
latory factor for the procession of G1/S phase, and is important 
to cell proliferation (28). Cyclin D1 forms a complex with 
CDKs, which proceed through the G1/S phase transition by 
translocating to the nucleus and inducing cell signaling (29). It 
has been reported that cyclin D/CDK4‑6 and cyclin E/CDK2 
allow progression in G1 and elicit the G1/S transition (30). The 
present results suggested that GlcN treatment may promote the 
progression of chondrocytes from G1 to S phase by regulating 
cyclin  D1, CDK4 and CDK6 expression. It has also been 
reported that GlcN increases cell migration, cell cycle regula-
tory protein expression (cyclin D1, CDK4, cyclin E and CDK2), 
and the percentage of S phase cells in mouse embryonic stem 
cells (31). In addition, GlcN and chondroitin sulfate association 
increases tibial epiphyseal growth plate proliferation and bone 
formation in ovariectomized rats (22).

It has previously been indicated that the expression of 
cyclin D1 is directly regulated by numerous transcription 
factors, including β‑catenin (21,32). Through interaction with 
TCF/LEF and coactivators, β‑catenin is able to activate the 
downstream target genes of cyclin D1, thus resulting in cell 
proliferation (33). As the key effector of the Wnt/β‑catenin 
signaling pathway, β‑catenin is responsible for transducing the 
signal to the nucleus and initiating transcription of Wnt‑specific 
genes, which are responsible for the control of cell fate deci-
sions in several cells and tissues (34). Our previous study also 
indicated that the Wnt/β‑catenin signaling pathway medi-
ates rat chondrocyte proliferation (21). In the present study, 
the results suggested that GlcN may increase the expression 
levels of Wnt‑4, Frizzled‑2 and β‑catenin, whereas it may 
decrease GSK‑3β expression. In addition, GlcN significantly 
promoted the translocation of β‑catenin into the nucleus, thus 
suggesting that GlcN promotes chondrocyte proliferation via 
the Wnt/β‑catenin signaling pathway.

Figure 6. Inhibitory effects of DKK‑1 on GlcN‑induced cyclin D1 and β‑catenin expression. Chondrocytes were treated with 0.2 µg/ml DKK‑1, and were 
incubated with GlcN (200 µg/ml) in the presence or absence of DKK‑1. (A) β‑catenin and cyclin D1 mRNA expression was detected using reverse transcrip-
tion‑polymerase chain reaction. (B) β‑catenin and cyclin D1 protein expression was detected using western blotting. (C and D) mRNA expression levels 
of β‑catenin and cyclin D1 were semi‑quantified. (E and F) Protein expression levels of β‑catenin and cyclin D1 were semi‑quantified. *P<0.05, **P<0.01 
compared with untreated cells. DKK‑1, Dickkopf‑1; GlcN, glucosamine.
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To confirm whether GlcN enhances chondrocyte prolifera-
tion via the Wnt/β‑catenin signaling pathway, DKK‑1 was used 
to inhibit the Wnt/β‑catenin signaling pathway. DKK‑1 binds 
to LRP5/6 on target cells, thus resulting in the inhibition of 
Wnt/β‑catenin signaling (35,36). In the Wnt/β‑catenin signaling 
pathway, GSK‑3β is thought to be phosphorylated in the absence 
of Wnt signaling, consequently inducing the degradation of 
β‑catenin and decreasing cyclin D1 expression. The present 
results suggested that the expression levels of β‑catenin and 
cyclin D1 were partly inhibited by DKK‑1, further indicating 
that GlcN may promote chondrocyte proliferation through the 
Wnt/β‑catenin signaling pathway. These results indicated GlcN 
may participate in the regulation of chondrocyte proliferation 
via the Wnt/β-catenin signaling pathway. In addition, it also 
demonstrated that chondrocyte proliferation was not completely 
dependent on the Wnt/β‑catenin signaling pathway. 

In conclusion, the present results demonstrated that 
GlcN promotes the proliferation of chondrocytes via the 
Wnt/β‑catenin signaling pathway. However, it is undeniable 
that other signal pathways may also be involved in this regu-
lation. Therefore, further studies are required to verify this 
conclusion using cell and animal models.
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