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Glucosamine induces cell death via proteasome inhibition in 
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Abstract

Glucosamine, a naturally occurring amino monosac-
charide, has been reported to play a role in the regu-
lation of apoptosis more than half century. However the 
effect of glucosamine on tumor cells and the involved 
molecular mechanisms have not been thoroughly 
investigated. Glucosamine enters the hexosamine bi-
osynthetic pathway (HBP) downstream of the rate-lim-
iting step catalyzed by the GFAT (glutamine:fluc-
tose-6-phosphate amidotransferase), providing UDP- 
GlcNAc substrates for O-linked β-N-acetylglucos-
amine (O-GlcNAc) protein modification. Considering 
that O-GlcNAc modification of proteasome subunits 
inhibits its activity, we examined whether glucosamine 
induces growth inhibition via affecting proteasomal 
activity. In the present study, we found glucosamine in-
hibited proteasomal activity and the proliferation of 
ALVA41 prostate cancer cells. The inhibition of protea-
somal activity results in the accumulation of ubiquiti-
nated proteins, followed by induction of apoptosis. In 
addition, we demonstrated that glucosamine down-
regulated proteasome activator PA28γ and over-

expression of PA28γ rescued the proteasomal activity 
and growth inhibition mediated by glucosamine. We 
further demonstrated that inhibition of O-GlcNAc abro-
gated PA28γ suppression induced by glucosamine. 
These findings suggest that glucosamine may inhibit 
growth of ALVA41 cancer cells through down-
regulation of PA28γ and inhibition of proteasomal ac-
tivity via O-GlcNAc modification.
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Introduction

Glucosamine, a naturally occurring amino mono-
saccharide, is present in connective and cartilage 
tissues, and contributes to maintaining the strength, 
flexibility and elasticity of these tissues. Thus, glu-
cosamine has been widely used to treat osteo-
arthritis in humans (Reginster et al., 2001). In addi-
tion to its chondroprotective action, glucosamine 
has been supposed to exert anticancer action 
more than five decades (Marlow and Bartlett, 1953; 
Quastel and Cantero, 1953; Fjelde et al., 1956; 
Sorkin and Fjelde, 1956; Ball et al., 1957; Luhrs, 
1957; Kizer and Mc, 1959).
    Between 2 and 5% of the glucose transported 
into cells is converted to UDP-GlcNAc (the donor 
sugar for the biosynthesis of O-GlcNAc) through 
the hexosamine biosynthetic pathway (HBP) 
(McClain, 2002). Elevated extracellular glucose or 
glucosamine concentrations lead to increased 
modification of intracellular proteins with O-GlcNAc 
(Thomas et al., 2003). The addition of O-GlcNAc to 
serine and threonine residues is a posttranslational 
modification of cytoplasmic and nuclear proteins 
that is thought to act in a manner analogous to pro-
tein phosphorylation. Changes in O-GlcNAc levels 
have been shown to alter the behavior of specific 
proteins by modulating enzyme activity, pro-
tein-protein interactions, DNA binding, subcellular 
localization, the half-life and proteolytic processing 
of proteins (Zachara et al., 2004). Therefore, treat-
ment with glucosamine has also been widely used 
as a tool to investigate the effects of increased 
HBP flux on a variety of cell signaling pathways.
    In this context, proteasome function has been 
shown to be regulated by the posttranslational mod-
ification (PTM) of its cap by O-GlcNAc (Han and 
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Figure 1. Glucosamine induces growth inhibition and apoptosis in 
ALVA41 cells. (A) ALVA41 cells were treated with various concentrations 
of glucosamine (GlcN) for 24 h, and cell viability was analyzed using 
MTT assay. (B) ALVA41 cells were treated with 1 mM of glucosamine for 
the indicated period and cell viability was analyzed using MTT assay. (C) 
ALVA41 cells were treated with various concentrations of glucosamine for 
24 h, and apoptotic cells were analyzed using annexin V-FITC/propidium 
iodide (PI) double staining and subsequent flow cytometry. (D) ALVA41 
cells were treated with 1 mM of glucosamine for the indicated period, and 
apoptotic cells were analyzed using annexin V-FITC/PI double staining 
and subsequent flow cytometry. *P ＜ 0.01.

Kudlow, 1997; Lee et al., 1999; Su et al., 2000; Zhang 
et al., 2003; Liu et al., 2004). Proteasomes are large 
complexes that carry out crucial roles in many cel-
lular pathways by degrading proteins in the cytosol 
and nucleus of eukaryotic cells to enforce quality 
control and to regulate many cellular processes 
such as cell survival, proliferation, apoptosis and 
other critical cellular functions (Adams, 2004). Many 
proteins involved in cancer cell growth and survival 
are regulated by proteasomal degradation, making 
it an attractive therapeutic target (Adams, 2004).
    Although the anticancer effect of glucosamine 
has been reported more than half century, the me-
chanism underlying its action remains poorly 
defined. Here for the first time we show that glu-
cosamine reduced proteasome activity and in-
duced growth arrest and apoptosis in ALVA41 
prostate cancer cells. The decrease in proteasome 
activity occurred prior to apoptosis. We also found 
that glucosamine specifically downregulated PA28γ, 
one of the proteasome activator. Importantly, over-
expression of PA28γ rescued the proteasome inhi-
bition and apoptosis induced by glucosamine. In 
addition, we found inhibition of O-GlcNAc by alloxan 
or specific siRNA targeting of the key HBP enzyme 
UDP-N-acetylglucosamine (GlcNAc): polypeptide-) 
-β-acetylglucosaminyltransferase (OGT) blocked 
glucosamine induced suppression of PA28γ. Col-
lectively, the current study suggested that glucos-
amine is likely to induce cell death in ALVA41 cells, 
possibly by affecting PA28γ expression and protea-
some activity via O-GlcNAc modification.

Results

Glucosamine induces cell death in human ALVA41 
prostate cancer cells

The effect of glucosamine on ALVA41 prostate cell 
proliferation was evaluated by MTT assay. Treat-
ment with glucosamine potently decreased prolife-
ration in ALVA41 cells in a dose-dependent manner 
(Figure 1A). The inhibitory effect was evident when 
ALVA41 cells were treated with 0.5-2 mM of glu-
cosamine (Figure 1A). ALVA41 cells were then 
treated with 1mM of glucosamine for the indicated 
times. The cell viability was decreased after 8 h 
treatment, which was further increased afterwards 
(Figure 1B). To examine whether glucosamine ex-
erts the proliferation inhibitory effect against 
ALVA41 cells via apoptosis induction, annexin V/PI 
double staining and subsequent flow cytometry 
was performed, which revealed an increase in the 
proportion of apoptotic cells compared with vehicle- 
treated in a dose-dependent manner (Figure 1C). 
Time course confirmed that 1mM of glucosamine 

caused significant apoptosis of ALVA41 cells at 8 
h, which was further increased afterwards (Figure 
1D).

Glucosamine causes proteasome inhibition in 
human ALVA41 prostate cancer cells

Cellular glucosamine treatment provides obligate 
substrates for O-GlcNAc modification of proteins, 
furthermore, the posttranslational modification of 
the mammalian proteasome by O-GlcNAc can in-
hibit its proteolytic function (Zhang et al., 2003, 
2007). To verify whether glucosamine can affect 
the cellular 26S proteasome activity of ALVA41 
cells, cells were treated with the indicated concen-
trations of glucosamine for 8 h, followed by the 
measurement of proteasome activity in the cell ly-
sates prepared. The proteasomal chymotrypsin- 
like activity was inhibited by glucosamine in a 
dose-dependent manner (Figure 2A). Glucosamine 
caused approximately 10, 37, 49 or 70% inhibition 
at 0.2, 0.5, 1 or 2 mM, respectively. In accordance 
with inhibition of proteasomal activity, ubiquitinated 
proteins, which were tagged by polyubiquitins for 
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Figure 2. Glucosamine reduces the proteasomal activity. (A) ALVA41 
cells were treated with various concentrations of glucosamine for 8 h and 
the chymotrypsine-like activity of proteasomes was analyzed. (B) ALVA41 
cells were treated as A, and polyubiquitinated proteins were analyzed us-
ing Western blot analysis.

Figure 3. Proteasome inhibition mediated by glucosamine occurs prior to 
induction of apoptosis. (A) ALVA41 cells were treated with 1 mM of glu-
cosamine for the indicated period and chymotrypsine-like activity of pro-
teasomes was analyzed. (B) Cells were treated as A, and Western blot 
analysis was performed using the indicated antibodies. (C) Cells were 
treated as A, and apoptotic cells were measured using annexin V/PI dou-
ble staining and subsequent flow cytometry. *P ＜ 0.01.

the proteasome degradation, were accumulated in 
a dose-dependent manner; slight accumulation by 
0.5 mM glucosamine treatment and further accu-
mulation by 1-2 mM glucosamine (Figure 2B).

Glucosamine-induced proteasome inhibition occurs 
prior to tumor cell death

We performed kinetic experiments using ALVA41 
cell lines to determine which event occurs first, pro-
teasome inhibition or cell death induction. ALVA41 
cells were treated with 1 mM of glucosamine for up 
to 24 h, followed by Western blotting and flow cy-
tometry analysis. The proteasomal chymotrypsin- 
like activity in ALVA41 was inhibited around 40% at 
as early as 1 h after addition of glucosamine, which 
was lasted to 4 h and then further increased to 
65% inhibition at 24 h (Figure 3A). Consistently, 
accumulation of ubiquitinated proteins was de-
tected from 4 h to 24 h, peaked at 12-16 h during 
the treatment of glucosamine (Figure 3B). In a 
sharp contrast to the proteasome inhibition at early 
hours, cell death occurred in later hours. PARP 
cleavage, an indicator apoptotic cell death, was de-
tected only after 8 h treatment of glucosamine 
(Figure 3B). We also performed annexin V/PI dou-
ble staining and subsequent flow cytometry to 
measure the apoptotic cells in the cells after glu-
cosamine treatment. Compared with untreated 

control, apoptotic cells were increased after 8 h and 
further increased afterwards (Figure 3C).

Overexpression of PA28γ rescues the inhibition of 
proteasomal activity as well as cell death induced by 
glucosamine

To investigate the potential mechanism(s) under-
lying inhibition of proteasomal activity by glucos-
amine, we analyzed the levels of some compo-
nents of proteasome using Western blot analysis. 
Glucosamine markedly decreased the level of pro-
teasome activator PA28γ, also known as 11S regu-
lator (11S REGγ), whereas had little effect on pro-
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Figure 4. Overexpression of PA28γ abrogates glucosamine-mediated 
proteasomal inhibition and apoptosis. (A) ALVA41 cells were treated with 
various concentrations of glucosamine for 24 h and Western blot analysis 
was performed using the indicated antibodies. (B) ALVA41 cells were 
treated with vehicle or the indicated concentrations of glucosamine for 24 
h and Western blot analysis was performed to measure the expression 
level of PA28γ. The ratios vs. that of control (normalized by γ-tubulin) 
from the three different experiments were graphed. (C) 24 h after trans-
fection with mock or PA28γ expression vector, ALVA41 cells were treated 
with vehicle or 1 mM of glucosamine for additional 24 h and PA28γ ex-
pression was analyzed using Western blot analysis. A representative im-
age was presented, and the ratios vs. that of control (normalized by γ-tu-
bulin) were noted at the bottom of the image (n = 3). (D) 24 h after trans-
fection with mock or PA28γ expression vector, ALVA41 cells were treated 
with vehicle or 1 mM of glucosamine for additional 24 h and chymo-
trypsin-like proteasomal activity was measured. (E) 24 h after trans-
fection with mock or PA28γ expression vector, ALVA41 cells were treated 
with vehicle or 1 mM of glucosamine for additional 24 h and apoptotic 
cells were measured using annexin V/PI double staining and subsequent 
flow cytometry. *P ＜ 0.01.

Figure 5. O-GlcNAc modification is implicated in suppression of PA28γ
by glucosamine. (A) ALVA41 cells were treated with 1 mM of glucos-
amine alone or combination with 0.5 mM of alloxan for 24 h and Western 
blot analysis was performed using the indicated antibodies. A representa-
tive image was presented, and the ratios vs. that of control (normalized 
by γ-tubulin) were noted at the bottom of the image (n = 3). (B) ALVA41 
cells were transfected with scramble or specific siRNA against OGT for 
24 h, then treated with vehicle or 1mM of glucosamine for additional 24 h 
and Western blot analysis was performed. A representative image was 
presented, and the ratios vs. that of control (normalized by-tubulin) were 
noted at the bottom of the image (n = 3).

teasome activator PA28α, PA28β or other compo-
nents (Figure 4A). The reduction of PA28γ by glu-

cosamine was further confirmed by three different 
experiments (Figure 4B). To investigate the poten-
tial involvement of PA28γ in the inhibition of protea-
some activity and growth mediated by glucos-
amine, we overexpressed PA28γ in ALVA41 cells 
(Figure 4C). Overexpression of PA28γ rescued glu-
cosamine-induced downregulation of PA28γ (Figure 
4C) and suppression of proteasomal activity (Figure 
4D). Importantly, overexpression of PA28γ also 
markedly blocked cell apoptosis mediated by glu-
cosamine (Figure 4E). 

O-GlcNAc modification is implicated in glucosamine- 
induced downregulation of PA28γ and proteasome 
inhibition

Glucosamine enters the HBP downstream of the 
rate-limiting step to provide UDP-GlcNAc for O- 
GlcNAc modification of proteins. Thus, we inves-
tigated the relationship between the glucosamine- 
induced O-GlcNAc modification and suppression of 
PA28γ expression by using alloxan, an inhibitor of 
O-GlcNAc modification. We confirmed that glucos-
amine increased protein O-GlcNAc modification, 
and alloxan effectively prevented the glucos-
amine-induced O-GlcNAc modification (Figure 5A). 
Of importance, alloxan abrogated the glucosamine- 
induced suppression of PA28γ (Figure 5A). Since 
chemical inhibitor may have limitations, potentially 
causing other “off target” effects on the cells, 
siRNA specific against OGT (siOGT) was utilized 
to bolster these data. Western blot analyses con-
firmed a decrease in OGT protein expression in 
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siOGT transfected cells (Figure 5B). siOGT blocked 
glucosamine-mediated downregulation of PA28γ, 
while the scramble siRNA had no obvious effect 
(Figure 5B).

Discussion

Glucosamine is widely used to relieve symptoms of 
osteoarthritis (Biggee and McAlindon, 2004), and 
its clinical safety and effects have been thoroughly 
evaluated (Anderson et al., 2005). Glucosamine 
enters the hexosamine biosynthetic pathway (HBP) 
downstream of the rate-limiting step catalyzed by 
the glutamine: fluctose-6-phosphate amidotransfer-
ase (GFAT). One consequence of increased HBP 
activity is an accumulation of UDP-GlcNAc 
(Marshall et al., 2004), which is the obligate sub-
strate for the O-GlcNAc transferase (OGT), the en-
zyme responsible for O-linked β-N-acetylglucosa-
mien (O-GlcNAc) protein modification (Dong and 
Hart, 1994). It is now recognized that the addition 
of O-GlcNAc to target proteins may modulate cel-
lular functions, such as nuclear transport, tran-
scription, translation, proteolytic degradation, cell 
signaling, apoptosis and cell shape (Thomas et al., 
2003; Hart et al., 2007; Lingbeck et al., 2008). 
Protein glycosylation with O-GlcNAc is a reversible 
post-translational modification at serine and threo-
nine residues on myriad nuclear and cytoplasmic 
proteins, which occurs with similar time scales, dy-
namics and stoichiometry as protein phosphor-
ylation and interplays with phosphorylation in a “Yin 
Yang” manner (Hart et al., 2007). Phosphorylation 
of PA28γ by MEKK3 has been reported to increase 
the protein levels most likely by increasing its sta-
bility (Hagemann et al., 2003). In addition, using ar-
tificial neural network based PTM prediction meth-
ods (Kaleem et al., 2009), we found one in silico 
predicted Yin Yang site (Ser 248) and one false 
negative Yin Yang site (Ser 247). In this context, 
the current study demonstrated that glucosamine 
can induce the O-GlcNAc modification and inhibit 
PA28γ expression in ALVA41. Furthermore, allox-
an, an OGT inhibitor eliminated the inhibitory effect 
of glucosamine on PA28γ expression. These find-
ings suggest that possible involvement of glucos-
amine- induced O-GlcNAc modification of PA28γ in 
reduction of its level, which is under investigation in 
our lab.
    PA28γ is a member of the PA28 family of pro-
teins, which have been shown to bind specifically 
to 20S proteasomes and stimulate the hydrolysis of 
peptides. There are three PA28 homologs, called 
PA28α, β and γ. Interestingly two other members of 
the PA28 family of proteins, PA28α and PA28β, 

were not altered by glucosamine treatment, under-
lying the specificity of the reported downregulation 
of PA28γ by glucosamine in ALVA41 cells. In the 
current study, we found that PA28γ downregulation 
was implicated in proteasomal inhibition and cell 
death induced by glucosamine. Consist with our 
finding, several studies have reported a potential 
role of PA28γ in G1 cell cycle arrest and induction 
of apoptosis, indicating that PA28γ is an anti-apop-
totic factor (Murata et al., 1999; Hagemann et al., 
2003; Masson et al., 2005; Rechsteiner and Hill, 
2005; Qian et al., 2007). In addition, abnormally 
high expression of PA28γ has been reported in 
some malignant cells (Roessler et al., 2006; Tagawa 
et al., 2008). The proposed anti-apoptotic proper-
ties of PA28γ could explain its downregulation in 
ALVA41 cell death induced by glucosamine.
    In summary, the current study suggested a novel 
mechanism of action by which glucosamine could 
induce ALVA41 cell death by suppression of pro-
teasomal activity, which is likely ascribed to reduc-
tion of proteasome activator PA28γ via O-GlcNAc 
modification.

Methods

Cell viability assays

For cell viability assay, cells were plated in 96-well dishes 
(1 ×104 cells/per well) and, the next day, were treated with 
or without apoptosis-inducing agents in 2% FBS containing 
media and grown over a 24 h period. Cell viability was as-
sessed using the MTT assay (Chemicon, Bedford, MA) ac-
cording to the manufacturer’s instruction.

20S proteasome activity assay

Cell lysates (without protease inhibitors) were used to 
measure proteasome activity using 20S proteasome assay 
kit (Chemicon International, Temecula, CA) following the 
manufacturer’s instructions. The assay is based on de-
tection of the fluorophore 7-amino-4-methylcoumarin (AMC) 
after cleavage from the labeled substrate LLVY-AMC. 
Levels of released AMC were measured using an ex-
citation wavelength of 380 nm and an emission wavelength 
of 460 nm with an automatic multi-well plate reader. The 
relative activity was standardized by protein concentration, 
determined using Coomassie Protein Assay Reagent 
(Pierce, Rockford, IL).

Detection of apoptotic cell death

For apoptotic cell death assays, cells were washed twice 
in phosphate-buffered saline and then stained with 
Annexin V-FITC (Biovision, Mountainview, CA) and propi-
dium iodide (PI, Sigma-Aldrich, Saint Louis, MO) according 
to the manufacturer’s instructions. After staining with an-
nexin V-FITC and PI, samples were analyzed by fluo-
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rescence-activated cell scanner (FACScan) flow cytometer 
(Becton Dickinson, Franklin Lakes, NJ).

Construction of PA28γ plasmid and cell transfection

A cDNA encoding human PA28γ was generated by poly-
merase chain reaction (PCR) from human brain cDNA li-
brary (Invitrogen, Carlsbad, CA) and subcloned into the eu-
karyotic expression plasmid pcDNA3 (pcDNA3-PA28γ). 
ALVA411 cells were transfected with pcDNA3-PA28γ or an 
empty vector (pcDNA3) using Lipofectamine 2000 accord-
ing to the protocol of the manufacturer.

Western blot analysis

Cells were lysed in lysis buffer (20 mM Tris-HCl, 150 mM 
NaCl, 2 mM EDTA, 1% Triton-X100 and protease inhibitor 
cocktail (Sigma-Aldrich, Saint Louis, MO). Cell extract pro-
tein amounts were quantified using the BCA protein assay 
kit. Equivalent amounts of protein (25 μg) were separated 
using 12% SDS-PAGE and transferred to PVDF mem-
brane (Millipore Corporation, Billerica, MA). Western im-
munoblotting was performed using primary antibodies 
against 19S S1-8 (Thermo Scientific Pierce Antibodies), 
20S C2 (Thermo Scientific Pierce Antibodies), 20S LMP7 
(Thermo Scientific Pierce Antibodies), PA28α,β,γ (Alexis) or 
tubulin (Sigma-Aldrich), horseradish peroxidase (HRP)- 
conjugated anti-rabbit or anti-mouse secondary antibodies 
(Amersham Biosciences, UK) and ECL solutions 
(Amersham Biosciences, UK).

Posttranslational modification (PTM) prediction 
methods

To predict potential of O-GlcNAc/phosphorylation mod-
ification and Yin Yang sites in human PA28γ, artificial neu-
ral networks YinOYang 1.2 (http://www.cbs.dtu.dk/serv-
ices/YinOYang) and Netphos 2.0 (http://www.cbs.dtu.dk/ 
services/Netphos) were used to predict potential Yin Yang 
sites and phosphorylation sites, respectively, as previously 
reported (Kaleem et al., 2009).

Small interfering RNA (siRNA)

The sequence of siRNA against OGT (siOGT) was 
GAAGAAAGUUCGUGGCAAA. The scramble nonsense 
siRNA (scramble; CCGUAUCGUAAGCAGUACU) that has no 
homology to any known genes was used as control. 
Transfection of siRNA oligonucleotide was performed with 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according 
to the manufacturer’s recommendations. 

Data analysis

Statistical difference were evaluated using ANOVA with 
Dunnett’s post hoc test and considered significant at P ＜
0.05.
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