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Abstract. Uncontrolled proliferation is important in tumori-
genesis. In the present study, the effects of glucosamine on 
lung cancer cell proliferation were investigated. The expres-
sion of cyclin E, one of the key cyclins in the G1/S transition, 
and Skp2, the ubiquitin ligase subunit that targets the negative 
cell cycle regulator, p27Kip1, were also assessed. Moreover, 
the underlying mechanisms of action of glucosamine were 
investigated in lung cancer cells. A549 and H446 cells were 
synchronized using thymidine in the presence or absence 
of glucosamine. The effect of glucosamine on lung cancer 
cell proliferation was determined by MTT assay. Cyclin E 
and p27Kip1 proteins and their phosphorylation levels were 
detected by western blot analysis. Furthermore, the effect 
of glucosamine on the cell cycle was evaluated by flow 
cytometry. Glucosamine was found to inhibit lung cancer cell 
proliferation and to suppress Skp2 and cyclin E expression. 
Notably, the phosphorylation levels of cyclin E (Thr62) and 
p27Kip1 (Thr187) were downregulated by glucosamine, and 
negatively correlated with degradation. Glucosamine was 
also found to arrest lung cancer cells in the G1/S phase. Thus, 
glucosamine may inhibit lung cancer cell proliferation by 
blocking G1/S transition through the inhibition of cyclin E 
and Skp2 protein expression.

Introduction

Glucosamine, a naturally occurring monosaccharide, acts as a 
preferred substrate for the biosynthesis of glycosaminoglycan 
and has been used for the treatment of osteoarthritis for 
>2 decades (1). Furthermore, glucosamine has been shown to 

inhibit neutrophil functions, including superoxide generation, 
phagocytosis, granule enzyme release, chemotaxis and CD11b 
expression, thereby possibly exhibiting an anti-inflammatory 
action (2,3). Glucosamine was recently reported to inhibit 
intercellular adhesion molecule-1 (ICAM-1) and monocyte 
chemoattractant protein-1 (MCP-1) expression in human 
umbilical vein endothelial cells (HUVECs), thus showing 
anti-atherosclerotic activities (4,5). A number of studies 
have reported that glucosamine has an additional biological 
function, whereby it inhibits tumor growth in vivo and 
in vitro (6,7). Wang et al (8) reported that the glucosamine 
sulfate-induced apoptosis of leukemia K562 cells is associ-
ated with the translocation of cathepsin D and downregulation 
of Bcl-xL. Another study has shown that D-glucosamine 
inhibits the proliferation of human cancer cells through 
inhibition of p70S6K (9). Although the study attempted 
to investigate the mechanisms underlying this antitumor 
effect, the exact mechanism remains to be fully elucidated. 
The regulation of cell cycle checkpoints is important for the 
proper transition from one phase of the cell cycle to the next. 
In particular, the regulation of the G1 switching mechanisms 
between quiescence and proliferation is defective in cancer 
cells, allowing them to continuously grow (10,11). Cyclin E 
levels reach a peak in the G1 phase, while cyclin E is rapidly 
degraded during the early S phase. Cyclin E expression and, 
consequently, cyclin E/CDK2 activity is closely associated 
with the G1/S checkpoint (12). Various studies have indicated 
that cyclin E is overexpressed in several tumor cells, such as 
breast cancer cells, and it has been reported to be a prognostic 
biomarker (13,14). p27Kip1 is one of the most important cell 
cycle regulatory proteins. The Skp2-induced ubiquitylation 
of p27Kip1 results in the recruitment of p27Kip1 to the Skp1p-
cullin-F-box protein (SCF) core complex, but only after 
p27Kip1 is phosphorylated on Thr187, a step that is required 
for Skp2 to recognize p27Kip1. The important role of Skp2 
in promoting entry into the S phase, mainly by promoting 
p27Kip1 destruction, has been demonstrated in both cell-free 
systems and cell cultures (15). Low levels of p27Kip1 have been 
found to markedly impact tumor progression and accurately 
predict poor prognosis in a large variety of cancers, including 
breast, colorectal and prostate carcinomas, as well as other 
epithelial carcinomas, sarcomas and hematological malignan-
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cies (15,16). These studies have suggested that loss of p27Kip1 
contributes to uncontrolled tumor proliferation.

In the present study, the effects of glucosamine on lung 
cancer cell proliferation, as well as on cyclin E and Skp2 
expression levels were investigated. Cyclin E and Skp2 
were found to be overexpressed in the lung cancer cell lines 
A549 and H446, indicating an association with lung cancer. 
Furthermore, glucosamine was shown to inhibit cyclin E 
and Skp2 expression in these cell lines. Therefore, this study 
suggests that glucosamine may inhibit lung cancer cell prolif-
eration by blocking G1/S transition through the inhibition of 
cyclin E and Skp2 protein expression.

Materials and methods

Reagents. D-glucosamine hydrochloride was purchased from 
Sigma-Aldrich (St. Louis, MO, USA).

Analysis of cyclin E and Skp2 protein expression and their 
phosphorylation levels by western blotting. Cells at 80% 
confluency were incubated with 2 mM thymidine for 16 h. 
The medium was then changed to normal medium and the 
cells were cultured for 9 h, followed by an additional culture 
with 2 mM thymidine for 16 h. Various concentrations of 
glucosamine (0.1-5 mM) were used in this study. To detect the 
phosphorylation levels of cyclin E, thymidine-synchronized 
cells were released into normal medium with or without 1 mM 
glucosamine and cultured for 1.5 h. The cells were recovered 
in 250 µl of lysis buffer (10 mM Tris-HCl, pH 7.4, 1% Triton 
X-100, 100 mM NaCl, 0.5% sodium deoxycholate, 1 mM 
EDTA, 1 mM EGTA and 1 mM di-isopropyl fluorophos-
phate) containing 1:25 v/v Complete™ (Roche Diagnostics, 
Mannheim, Germany). The cells were not synchronized for 
the detection of Skp2, since Skp2 is expressed throughout 
the cell cycle. Cell lysates were placed on ice for 30 min and 
centrifuged at 14,000 x g for 10 min. The supernatants were 
recovered, and samples (10 µg protein/lane) were subjected 
to 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel 
electrophoresis (PAGE). Separated proteins were transferred 
to polyvinylidene difluoride (PVDF) membranes (Millipore 
Corporation, Bedford, MA, USA). The membranes were 
blocked with 5% skimmed milk and probed with rabbit 
anti-human cyclin E, p27Kip1 polyclonal antibody or rabbit 
anti-human phospho-cyclin E (Thr62), phospho-p27Kip1 (Thr 
187) polyclonal antibodies, respectively (Cell Signaling 
Technology, Beverly, MA, USA). After washing with 
phosphate-buffered saline (PBS) with 0.05% Tween 20, the 
membranes were further probed with horseradish peroxi-
dase (HRP)-conjugated goat anti-rabbit IgG (Chemicon 
International, Temecula, CA, USA), and the target bands 
were finally detected with a the chemiluminescent substrate 
luminol (Pierce, Rockford, IL, USA). The detected bands 
were quantified using a GIS-1000 image analyzer (Fujitsu, 
Tokyo, Japan). The antibodies were then stripped from the 
membranes using Restore Western Blot stripping buffer 
(Pierce). GAPDH in each sample was detected using mouse 
anti-GAPDH monoclonal antibody (MAB374; Chemicon 
International) and HRP-conjugated goat anti-mouse IgG/IgM 
(Chemicon International). The protein content was deter-
mined with a BCA protein assay kit (Pierce).

MTT assay. Cell viability was assayed using the CellTiter 96® 
aqueous one solution cell proliferation assay (Promega, 
Medison, WI, USA) according to the manufacturer's instruc-
tions. Briefly, the cells were detached with trypsin and collected 
in 10 ml of complete medium. Cells (2x103) in a 90-µl volume 
were aliquoted in triplicate into each well of a 96-well plate. 
After 18 h, 10 µl of medium containing 0.1-5 mM concentrations 
of glucosamine was added to each well and incubated for 24 h. 
Then, 20 µl of a mixture containing phenazine methosulfate in 
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(-
4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) and phenazine 
ethosulfate was added to each well. The plates were incubated 
at 37˚C in 5% CO2 for 80 min. Formazan product was detected 
by measuring the absorbance at 490 nm. Percent growth inhibi-
tion (% GI) was calculated according to the following formula: 
100 x (T-T0)/(C-T0), where T is the absorbance of the test well 
after 72 h of exposure to test chemicals, T0 is the absorbance at 
time zero and C is the control absorbance.

Flow cytometry. For flow cytometric analysis of the DNA 
content, ~106 cells were fixed in 80% ethanol at -20˚C for 24 h. 
Ethanol-fixed cells were stained with propidium iodide (PI) 
staining solution (20 µg/ml PI, 0.1 mg/ml RNase A, 0.1% NP-40 
and 0.1% trisodium citrate) for 30 min, and then analyzed using 
a FACS analyzer (BD Labware, Franklin Lakes, NJ, USA).

Results

Glucosamine inhibits lung cancer cell proliferation. To eval-
uate the effect of glucosamine on lung cancer cell proliferation, 
A549 and H446 cells were incubated with various concentra-
tions of glucosamine for 36 h. As shown in Fig. 1, glucosamine 
inhibited cell proliferation in a dose-dependent manner.

Glucosamine treatment arrests cell cycle in the G1 phase. Cell 
cycle progression is disordered in cancer cells, and the inhibi-
tion of cell proliferation is important in cancer therapy (16). 
Therefore, we detected the effect of glucosamine on cell 
cycle progression. Glucosamine treatment altered lung cancer 
cell cycle progression (Figs. 2 and 3). More specifically, the 
number of thymidine-synchronized H446 cells arresting in the 
G1 phase was increased by ~6%, and the number of normally 
cultured H446 cells in the G1 phase was increased by ~14% 
(Fig. 2). Similar results were found in A549 cells (Fig. 3).

Cyclin E and Skp2 are overexpressed in lung cancer cells. The 
accumulation and degradation of cyclin E and Skp2 are impor-
tant for G1/S transition. Previous research has shown that 
cyclin E and Skp2 are overexpressed in various cancer cells 
and tissues (12,16). Therefore, cyclin E and Skp2 protein levels 
in the lung cancer cell lines A549 and H446 were investigated. 
As expected, cyclin E and Skp2 were overexpressed in these 
lung cancer cell lines compared with MRC-5 cells (human 
embryonic lung cells), indicating an association between 
cyclin E/Skp2 levels and lung cancer (Fig. 4).

Glucosamine inhibits Skp2 and cyclin E expression. The effect 
of glucosamine on cyclin E and Skp2 expression in the lung 
cancer cell lines A549 and H446 was evaluated. As shown in 
Fig. 5, glucosamine inhibited cyclin E and Skp2 expression in a 
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dose-dependent manner, indicating a potential inhibitory effect 
of glucosamine on lung cancer cell proliferation. The same 
inhibitory effect was observed in H446 cells (data not shown).

Glucosamine inhibits cyclin E degradation via cyclin E 
phosphorylation. Cyclin E is important in G1/S transition. 
Glucosamine was found to inhibit cyclin E Thr62 phosphory-

Figure 1. Effect of glucosamine (GlcN) on A549 and H446 cell proliferation. 
A549 and H446 cells at ~80% confluency were incubated without or with glu-
cosamine (0.1-5 mM) for 36 h. Cell viability was detected using an MTT assay.

Figure 4. Cyclin E and Skp2 expression in A549, H446 and MRC-5 cells. 
A549 and H446 cells were synchronized in the G1 phase using 2 mM thymi-
dine. Cyclin E protein levels were determined by western blot analysis. For 
the determination of Skp2 protein levels, the cells were not synchronized, 
since Skp2 is expressed throughout the cell cycle.

Figure 2. Effect of glucosamine (GlcN) on the cell cycle of H446 cells. 
H446 cells at ~80% confluency were incubated without or with glucosamine 
(1 mM) for 24 h. The cells were harvested, and the DNA was then isolated 
and analyzed using a FACS analyzer.

Figure 3. Effect of glucosamine (GlcN) on the cell cycle of A549 cells. 
A549 cells at ~80% confluency were incubated without or with glucosamine 
(1 mM) for 24 h. The cells were harvested, and the DNA was then isolated 
and analyzed using a FACS analyzer.
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lation, and to simultaneously reduce cyclin E degradation. 
These results indicate that glucosamine inhibits G1/S transi-
tion through affecting cyclin E degradation (Fig. 6).

Glucosamine inhibits p27Kip1 phosphorylation at Thr182. 
p27Kip1 is one of the target proteins of Skp2 ubiquitylation, 

and p27Kip1 phosphorylation at Thr182 is essential for the 
recognition of p27Kip1. p27Kip1 degradation promotes cell cycle 
progression into the S phase (16). Therefore, we detected the 
effect of glucosamine on p27Kip1 expression and specific site 
phosphorylation. Glucosamine was found to inhibit p27Kip1 
phosphorylation and the p27Kip1 protein level was found to be 
upregulated in A549 and H446 cells (Fig. 7).

Discussion

Lung cancer is the leading cause of cancer-related mortality 
worldwide. Despite the fact that early-stage disease may be 
cured with surgery, recurrence rates remain high. Cell cycle 
abnormalities are important in tumorigenesis. In particular, 
shortening of the G1 phase promotes S phase entry in the 
cell cycle (12). Cyclin E and Skp2 are key factors controlling 
G1/S phase transition, and the overexpression of cyclin E and 
Skp2 induces cell proliferation (13). In the present study, we 
initially investigated the association of cyclin E and Skp2 
levels with cell proliferation in the A549 and H446 lung cancer 
cell lines. Our results showed that cyclin E and Skp2 are over-
expressed in these cell lines, indicating that cyclin E and Skp2 
overexpression is associated with cell cycle abnormalities.

Glucosamine is a naturally occurring monosaccharide 
with anti-inflammatory and antitumor effects (2-5). Our 
results indicated that glucosamine inhibited lung cancer cell 
proliferation in a dose-dependent manner. In the present study, 
we investigated the antitumor effect of glucosamine and the 
underlying mechanism that regulates the G1/S checkpoint of 
the cell cycle. More specifically, cyclin E and Skp2 expression 
at the mRNA and protein levels with or without glucosamine 
treatment were examined. Furthermore, the suppressive 
effect of glucosamine on cyclin E and Skp2 expression was 
investigated, and our data indicated an inhibitory action of 
glucosamine against lung cancer cell proliferation in vitro. 
Cyclin E is expressed intermittently; it is accumulated in the 
late G1 phase and rapidly degraded in the early S phase. Thus, 
interfering with cyclin E degradation may affect cell cycle 
progression (17). The Skp2 gene is also periodically expressed 
throughout the cell cycle. It is low in the G0 and mid-G1 
phases, then the Skp2 level increases in late G1 and remains 
high during the S phase (18,19). Both Skp2 mRNA and protein 
levels are regulated during the cell cycle.

It is now recognized that the addition of O-linked 
N-acetylglucosamine (O-GlcNAc) to target proteins may 
modulate cellular functions, including nuclear transport, 
transcription, cell signaling, apoptosis and cell shape (20-22). 
In this context, it has been shown that glucosamine inhibits 
ICAM-1 and MCP-1 expression by interfering with p38-MAPK 
and nuclear factor (NF)-κB specific site phosphorylation (4,5). 
The turnover of cyclin E is controlled by SCFFbw7, and specific 
amino acid phosphorylation is important for its degradation 
level (23,24). Alanine point mutation studies have shown that 
Thr380 and Thr62 prevent cyclin E degradation through the 
SCFFbw7 pathway (25). In the present study, protein O-GlcNAc 
modification levels in lung cancer cell lines incubated with 
glucosamine were investigated, and the results obtained were 
consistent with expectations (data not shown). Glucosamine 
was able to modulate protein phosphorylation by O-GlcNAc 
modification of serine and threonine residues (26-28). Thus, 

Figure 6. Effect of glucosamine on cyclin E phosphorylation. A549 cells 
were synchronized in the G1 phase and then released into normal medium 
with or without glucosamine (GlcN; 1 mM) for 2 h. The phosphorylation 
level was detected by western blot analysis.

Figure 7. Effect of glucosamine on p27Kip1 protein levels and p27Kip1 phos-
phorylation. A549 and H446 cells were incubated with glucosamine (GlcN) 
for 4 h. The p27Kip1 protein and phosphorylation levels were then detected by 
western blot analysis.

Figure 5. Effect of glucosamine on cyclin E and Skp2 expression. A549 cells 
were synchronized with 2 mM thymidine and cultured without or with glu-
cosamine (GlcN). Cell lysates were recovered and the cylin E protein level 
was detected by western blot analysis. For the determination of Skp2 protein 
levels, the cells were not synchronized, since Skp2 is expressed throughout 
the cell cycle.
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we observed the specific phosphorylation site associated with 
cyclin E and p27Kip1 degradation in the presence or absence 
of glucosamine. Data showed that glucosamine inhibited 
cyclin E Thr62 and p27Kip1 Thr187 phosphorylation, and simul-
taneously reduced degradation. These results indicated that 
glucosamine inhibited G1/S cell cycle progression through 
affecting cyclin E degradation. Results obtained from flow 
cytometric analysis also demonstrated that glucosamine treat-
ment increased the number of cells arrested in the G1 phase.

In conclusion, glucosamine may inhibit lung cancer cell 
proliferation by blocking cell cycle progression. The expression 
levels of cyclin E and Skp2, two key G1/S phase regulators, at 
a transcriptional (data not shown), translational and post-trans-
lational level were found to be suppressed by glucosamine. In 
conclusion, negative cell cycle control by cyclin E and Skp2 
may constitute one of the potential underlying mechanisms 
via which glucosamine inhibits lung cancer cell proliferation. 
Further studies are required for an in-depth evaluation of the 
anticancer effects of glucosamine in vivo.
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