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Abstract The purpose of the present study was to
elucidate the possible signal transduction pathway involved
in the underlying mechanism of glucosamine (GLN)’s
inXuence on the gene expression of matrix metalloprotein-
ases (MMPs) in chondrocytes stimulated with IL-1�. Using
chondrosarcoma cells stimulated with IL-1�, the eVects of
GLN on the mRNA and protein levels of MMP-3, the
activation of JNK, ERK, p38, NF-�B, and AP-1, the
nuclear translocation of NF-�B/Rel family members, and
PI3-kinase/Akt activation were studied. GLN inhibited the
expression and the synthesis of MMP-3 induced by IL-1�,
and that inhibition was mediated at the level of transcrip-
tion involving both the NF-�B and AP-1 transcription
factors. Translocation of NF-�B was reduced by GLN as a
result of the inhibition of I�B degradation. A slightly syner-

gistic eVect on the activation of AP-1 induced by IL-1� was
shown in the presence of GLN. Among MAPK pathways
involved in the transcriptional regulation of AP-1, phos-
phorylation of JNK and ERK was found to increase with
the presence of GLN under IL-1� treatment, while that for
p38 decreased. It was also found that GLN alone, but also
synergistically with IL-1�, was able to activate the Akt
pathway. The requirements of NF-�B translocation and p38
activity are indispensably involved in the induction of
MMP-3 expression in chondrosarcoma cells stimulated by
IL-1�. Inhibition of the p38 pathway in the presence of
GLN substantially explains the chondroprotective eVect of
GLN on chondrocytes that regulate COX-2 expression,
PGE2 synthesis, and NO expression and synthesis. The
chondroprotective eVect of GLN through the decrease in
MMP-3 production and stimulation of proteoglycan synthe-
sis may follow another potential signaling pathway of Akt.
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Introduction

Cartilage damage in osteoarthritis (OA) is well known for
mainly being mediated by interleukin 1� (IL-1�), a
cytokine that initiates a number of events leading to carti-
lage destruction, including inhibition of the biosynthesis of
matrix macromolecules and the increase in catabolic
pathways. This causes an imbalance between the biosynthe-
sis and degradation of matrix components leading to
progressive destruction of tissue and extensive articular
damage [1–3]. Some chondroprotective agents, such as
glucosamine (GLN), have been shown to be eVective in
relieving the symptoms of OA. Reports of symptomatic
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relief aVorded by GLN in the treatment of OA have encour-
aged research into its mechanisms of action on cartilage. In
rat chondrocytes, GLN has been demonstrated that could
decrease the IL-1�-induced stromelysin (MMP-3) mRNA
expression through downregulation of nuclear factor �B
(NF-�B) but not activator protein-1 (AP-1) transcription
factor [4]. In human skeletal muscle cells, GLN mimics
the stimulatory eVects of high glucose on the activation of
c-Jun N-terminal kinase (JNK) and ERK1/2 [5]. These
results indicated that GLN might play an inXuential role in
the signal transduction pathway involving NF-�B and mito-
gen-activated protein kinase (MAPK, including ERKs,
JNKs, and p38).

IL-1� binds to the IL-1 receptor type I (IL-1RI) that acti-
vates tumor necrosis factor receptor molecule-associated
factor-6 (TRAF-6), leading to activation of the NF-�B-
inducing kinase (NIK) [6] and thereby freeing up NF-�B to
interact with the nuclear importation machinery and be
translocated to the nucleus, where it binds its target gene to
upregulate the expression of many proinXammatory genes,
such as COX-2 and iNOS in rheumatic disease [7]. Alterna-
tively, TRAF-6 can also activate MAPK. The MAPK path-
ways (ERKs, JNKs, and p38) promote phosphorylation of
other substrates, such as c-Jun N-terminal kinase and the
Jun and Fos family, all of which are associated with the
transcriptional activity of AP-1, which regulates T cell acti-
vation, cytokine production, and production of matrix
metalloproteinases (MMPs) in rheumatic disease [7].
Therefore, IL-1� is released in OA patients to stimulate the
transcription of inXammatory mediators (NO and PGE2)
mainly through activation of NF-�B and that of MMPs
mainly through activation of activator protein-1 (AP-1) [8].
However, it was controversially reported in rat chondro-
cytes that GLN is able to fully prevent the upregulation of
stromelysin (MMP-3) mRNA expression induced by IL-1�,
but the addition of GLN with IL-1� only decreased the acti-
vation of the NF-�B, not AP-1 [4]. On the other hand, in
both non-diabetic and diabetic cells, the stimulatory eVects
of GLN on JNK and ERK1/2 activities were demonstrated
[5], both of which are able to activate the translocation of
AP-1. Thus, the aim of the present study was to elucidate
the possible signal transduction pathway involved in the
underlying mechanism of GLN’s inXuence on the gene
expression of MMPs (with particular emphasis on MMP-3)
in chondrocytes stimulated with IL-1�.

Materials and methods

Materials

D-(+)-Glucosamine (GLN) was supplied by Sigma (St
Louis, MO, USA), and IL-1� was purchased from R&D

systems (Minneapolis, MN, USA). Anti-mouse IgG–HRP,
anti-rabbit IgG–HRP, the phospho-Akt antibody, phospho-
Erk antibody, and total-p38 antibody were provided by
Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Chondrocyte culture

Human chondrosarcoma cells (SW-1353, HCCs) were
obtained from American Type Culture Collection (ATCC
HTB-94; Manassas, VA). HCCs were grown to conXuence
in L-15 medium supplemented with 10% fetal calf serum,
60 U/mL penicillin, 60 �g/mL streptomycin, and 2 mM
glutamine at 37°C. In each experiment, cells were rendered
quiescent for 24 h by the addition of L-15 medium without
serum and then were stimulated at diVerent times with
IL-1�. Where indicated, cells were preincubated with vari-
ous concentrations of GLN for 1 h, and these compounds
were maintained during the entire period of incubation.

Preparation of nuclear and cytosolic extracts

Nuclear and cytosolic extracts were prepared as previously
described [9]. After the incubation period, chondrocytes
were trypsinized and resuspended in buVer A [10 mM
HEPES (pH 7.8), 10.0 mM KCl, 1.5 mM MgCl2, 0.1 mM
ethylenediaminetetraacetic acid (EDTA), 0.5 mM dithio-
threitol (DTT), and 1.0 mM phenylmethylsulfonyl Xuoride
(PMSF)] and were then homogenized. Nuclei and cytosolic
fractions were separated by centrifugation at 14,000 rpm
for 5 min. The cytosolic fractions (supernatants) were
stored at ¡20°C. The nuclei (pellets) were washed twice in
buVer B (10 mM HEPES, pH 7.8, 10.0 mM KCl, 1.5 mM
MgCl2, 0.1 mM EDTA, 0.5 mM DTT, 1.0 mM PMSF, and
0.1% NP-40) and resuspended in buVer C (20 mM HEPES,
pH 7.8, 420 mM NaCl, 1.5 mM MgCl2, 25% glycerol,
1.0 mM PMSF, 0.2 mM EDTA, and 0.5 mM DTT) for
30 min on ice. Samples were centrifuged at 10,000 rpm for
30 min, and supernatants (nuclear proteins) were collected
and stored at ¡20°C. The protein concentration was deter-
mined by the Bio-Rad Protein assay method.

Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated as described by Chomczynski and
Sacchi [10]. The extracted RNA (2 �g) was reverse
transcribed at 37°C for 1.5 h by adding 5 �M of random
hexamer oligonucleotides (Gibco BRL), 200 units of
reverse transcriptase (Takara), 2.5 mM deoxyribonucleo-
tide triphosphates (dNTP) (Takara) and 10 mM dithiothrei-
tol. PCR primers for ampliWcation of MMP-3 and GAPDH
cDNA were synthesized according to the following oligo-
nucleotide sequences: MMP-3, forward 5�-CCTCTGATG
GCCCAGAATTGA-3�, reverse 5�-GAAATTGGCCACTC
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CCTGGGT-3�; GAPDH, forward 5�-CCACCCCATGGC
AAATTCCATGGCA-3�, reverse 5�-TCTAGACGGCAGG
TCAGGTCCACC-3�. PCR was carried out with 2 �L of
template cDNA and 23 �L of PCR mix buVer containing
each primer (0.2 �M), dNTP (2.5 mM) and Taq DNA poly-
merase (1.25 units) (Takara). After PCR, 15 �L of the reac-
tion mixture was subjected to electrophoresis on a 1.5%
agarose gel, and the PCR products were visualized by ethi-
dium bromide staining. The levels of mRNA for MMP-3
and GAPDH were quantiWed by scanning densitometry.

Western blot analysis

Chondrocytes were stimulated as described in “Results” by
lysing cells on the plate with ice-cold lysis buVer (10 mM
Tris-HCl pH 7.6, 158 mM NaCl, 1.0 mM EDTA, 0.1%
SDS, 1% Triton X-100, 1.0 mg/mL leupeptin, 1.0 mg/mL
aprotinin, and 0.5 mM PMSF) which was added immedi-
ately before use. The lysates were transferred to Eppendorf
tubes and centrifuged at 14,000 rpm for 30 min at 4°C. The
supernatants were transferred into fresh tubes, and the pro-
tein concentration was determined using the Bio-Rad Pro-
tein assay. Similar amounts of protein were separated by
10% SDS-PAGE and transferred to a nitrocellulose mem-
brane (Gelman Laboratory) by electroblotting. The mem-
brane was blocked overnight in a 5% milk powder/TBST
solution and then further incubated with one of the
following antibodies: MMP-3 antibody (Oncogene, Merck
Ltd., Taiwan), anti-phospho-p38 mitogen-activated protein
(anti-p-MAP; Cell Signaling Tech. Inc., Beverly, MA),
anti-phospho-c-Jun N-terminal kinase (anti-p-JNK), anti-
phospho-extracellular signal-regulated kinase (anti-p-ERK)
or anti-phospho-Akt (anti-p-Akt) (all three from Santa Cruz
Biotech.) for 2 h. Membranes were washed three times with
TBST, then further incubated with the appropriate HRP-
labeled secondary Ab in 5% milk powder/TBST, and devel-
oped using an ECL system (Santa Cruz Biotech.).

Electrophoretic mobility shift assay (EMSA)

Transcription factor activity was determined as previously
described [9]. BrieXy, NF-�B or AP-1 consensus oligonu-
cleotides (5�-AGTTGAGGGGACTTTCCCAGGC-3� and
5�-CGCTTGATGAGTCAGCCGGAA-3�, respectively)
were end-labeled with [32P] phosphate by T4 polynucleo-
tide kinase (Promega). Nuclear extracts (5 �g) were equili-
brated for 10 min in a binding buVer (5% glycerol, 1 mM
MgCl2, 0.5 mM EDTA, 0.5 mM DTT, 50 mM NaCl,
10 mM Tris–HCl (pH 7.5), and 1 �g of poly (dI-dC)
(Amersham Biosciences Corp., Piscataway, NJ), and then
the labeled probe (0.35 pmol) was added and incubated for
20 min at room temperature. To establish the speciWcity of
the reaction, negative controls without cell extracts and

competition assays with 100-fold excess of unlabeled oli-
gonucleotide were performed. In competition assays, the
corresponding unlabeled probe was added to the reaction
mixture 10 min prior to the addition of the labeled probe.
Hela cell nuclear extract was used as a positive control of
the technique (data not shown).

Results

EVect of GLN on MMP-3 expression

GLN was reported to inhibit the production and enzymatic
activity of MMP-1 and MMP-3 in chondrocytes from OA
articular cartilage with MMP-3 being aVected to a greater
extent than those of MMP-1 [11]. The inhibitory eVect of
GLN on the synthesis of MMP-3 induced by IL-1� (1 ng/
mL) was Wrst validated in chondrosarcoma cells pretreated
with various amounts (0.1–1.0 mg/mL) of GLN at 24, 48,
and 72 h of incubation. Results, as shown in Fig. 1a, dem-
onstrate that GLN was able to inhibit the protein synthesis
of MMP-3 in a dose-dependent manner as measured by
Western blotting. Comparisons among the results shown in
Fig. 1a indicate that the inhibition of protein synthesis of
MMP-3 by GLN at the three diVerent incubation times (24,
48, and 72 h) followed the same dose-dependent manner.
Treatment of chondrocytes with IL-1� in the presence of
glucosamine resulted in a signiWcant decrease in the expres-
sion of MMP-3 mRNA in a dose-dependent manner as
shown in Fig. 1b measured by PCR.

EVect of GLN on phosphorylation of the MAPK pathways 
induced by IL-1�

IL-1� binds to the IL-1 receptor type I (IL-1RI) which acti-
vates TRAF-6, through which MAPK is activated to pro-
mote phosphorylation of other substrates, such as JNK and
the Jun and Fos family, all of which are associated with the
transcriptional activity of AP-1 [7]. Three MAPK signaling
cascades, culminating in the activation of the ERK, JNK,
and p38 families of MAPK, have been investigated in
detail. Therefore, the involvement of each of these in the
signaling pathways was examined by detection of the
respective phosphorylation products. Figure 2 illustrates
the pretreatment eVect of GLN (1 mg/mL) for 1 h on the
time course of promoting phosphorylation of MAPK (ERK,
JNK, and p38) in chondrosarcoma cells stimulated with
IL-1�. Results illustrated that IL-1� is able to activate the
phosphorylation of ERK starting at 15 min, and maximal
induction occurred at 30 min. Pretreatment with GLN for
1 h led to even greater promotion of phosphorylation of
ERK stimulated by IL-1�. A similar stimulatory eVect as
for pretreatment with GLN was found to be true for the
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phosphorylation of JNK, and this stimulatory eVect even
lasted for 2 h. However, the inhibitory eVect of pretreat-
ment with GLN on the phosphorylation of p38 stimulated
by IL-1� was demonstrated starting from as early as
15 min.

EVect of GLN on the phosphorylation of Akt

Phosphatidyl-inositol 3-kinase (PI 3-kinase) was reported to
functionally interact with the IL-1 receptor-associated
kinase (IRAK), which recruits TRAF6 to activate NF-�B in
HepG2 and KB cells [12]. PI 3-kinase seems to be necessary
to cooperate with other IL-1-inducible signals to fully acti-
vate NF-�B-dependent gene expression, whereas overex-
pression of PI 3-kinase may be suYcient to induce AP-1 and

increase nuclear c-Fos protein levels. On the other hand, it is
known that Akt serine-theonine kinase is involved in the
activation of NF-�B by TNF through TRAF2. A signaling
pathway culminating in phosphorylation of IKK� by Akt is
necessary for the activation of NF-�B in several types of
cells [13]. Akt has been proven to be a critical downstream
eVector of PI 3-kinase in both non-diabetic and diabetic
cells, and GLN impairs the insulin-stimulated tyrosine phos-
phorylation cascade leading to activation of the PI3-kinase/
Akt signaling pathway [5]. Therefore, Akt may be a down-
stream eVector of PI3-kinase in the activation of NF-�B by
IL-1� through TRAF6 with Akt being involved in phos-
phorylation of IKK� which frees up NF-�B for transloca-
tion. As demonstrated in Fig. 3a, activation of Akt
phosphorylation occurred at 15 min in chondrosarcoma cells
after stimulation by IL-1�. Pretreatment of GLN for 1 h led
to the promotion of phosphorylation of Akt in chondrosar-
coma cells stimulated with IL-1� for all time points exam-
ined. Furthermore, treatment with only GLN was also able
to induce phosphorylation of Akt with maximal induction
occurring at 120 min as illustrated in Fig. 3b.

To test whether GLN activates Akt through PI3 kinase,
we used wortmannin to inhibit PI3-kinase activity in IL-1�-
treated cells. As shown in Fig. 4, IL-1� alone was able to
induce phosphorylation of Akt and the combination with
GLN induced it to an even greater extent. In addition, the
addition of wortmannin did not inhibit the activation of Akt
in the cells with IL-1� and GLN, indicating Akt activation
by GLN not mediates by PI3-kinase.

Fig. 1 Time–course eVects of glucosamine on the MMP-3 expression
in human chondrosarcoma cells (SW1353). a Cells were pretreated
with diVerent concentrations of GLN (0.1, 0.25, 0.5, and 1 mg/mL) for
1 h and treated with IL-1� (2 ng/mL) for various time periods, and
detected MMP-3 protein expression by Western blotting as described
in “Materials and Methods”. b Cells were pretreated with diVerent con-
centrations of GLN (0.1, 0.25, 0.5, and 1 mg/mL) for 1 h and treated
with IL-1� (2 ng/mL) for 6 h, and detected MMP-3 mRNA expression
by RT-PCR as described in “Materials and Methods”
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Fig. 2 Time–course eVects of glucosamine on the phosphorylation of
ERK, JNK, and p38 in human chondrosarcoma cells (SW1353). Cells
were incubated with 1 mg/mL GLN for various time periods (15, 30,
60, and 120 min), and phosphorylated-ERK, phosphorylated-JNK, or
phosphorylated-p38 was detected by Western blotting as described in
“Materials and Methods”. Equal loading in each lane was demon-
strated by the similar intensities of T-ERK, �-tubulin, and T-p38
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EVect of GLN on IL-1�-induced activation of NF-�B 
and its characterization

It has been demonstrated that GLN preincubated with
IL-1�-induced HOCs showed a signiWcant inhibition
of NF-�B binding in a dose-dependent manner (10–
1,000 mg/L) in comparison with IL-1�-induced HOCs
[14]. However, this eVect on NF-�B activation was
proven to be speciWc for this nuclear factor since GLN
did not modify IL-1�-induced AP-1 binding [14]. As

shown by Fig. 5, both NF-�B and AP-1 were activated
by treating chondrosarcoma cells with IL-1�, and the
NF-�B activation induced by IL-1� was shown to be
lower than that of AP-1 activation. However, the pres-
ence of GLN at a concentration of 1 mg/mL was able to
reduce the activation of NF-�B induced by IL-1� as
expected, whereas a slightly synergistic eVect of GLN
was shown for the activation of AP-1 induced by IL-1�.
The translocation of NF-�B subunits into the nucleus
was further examined, and the results are demonstrated
in Fig. 6a. It clearly indicates that the translocation of
one of the NF-�B subunits of p65 into the nucleus was
blocked as early as 30 min and for up to 1 h.

NF-�B activation occurs following dissociation of an
inhibitory subunit, a member of the I�B family, which is
degraded by a proteolytic process. Thus, the eVect of
GLN on the degradation of I�B leading to NF-�B
activation induced by IL-1� was examined. As shown in
Fig. 6b, stimulation of chondrosarcoma cells with IL-1�
led to the degradation of I�B at 30 min, and then the
same lower level was maintained for up to 2 h. However,
preincubation with GLN for 1 h reduced the degradation
of I�B leading that the level of I�B recovering at 1 h and
then returning to the same level as the control at 2 h.

Fig. 3 EVects of glucosamine on IL-1�-induced Akt phosphorylation
in human chondrosarcoma cells (SW1353). a Cells were stimulated
with IL-1� for various time periods (15–120 min) with or without pre-
treatment with GLN (1 mg/mL) for 30 min, and phosphorylated-Akt
was detected by Western blotting as described in “Materials and Meth-
ods”. b Cells were incubated with GLN (1 mg/mL) for various time
periods, and phosphorylated-Akt was detected by Western blotting as
described in “Materials and Methods”. Equal loading in each lane was
demonstrated by the similar intensities of T-Akt
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Fig. 4 EVects of wortmannin and glucosamine on the IL-1�-induced
production of p-Akt and p-p38 in human chondrosarcoma cells
(SW1353). Cells were pretreated with GLN (1 mg/mL) and wortman-
nin (100 or 200 nM) for 30 min before the addition of IL-1� (2 ng/mL)
for 30 min. Phospho-Akt was detected by western blotting as described
in “Materials and Methods”. Equal loading in each lane was demon-
strated by the similar intensities of �-tubulin
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Fig. 5 EVects of glucosamine on IL-1�-induced AP-1 and NF-�B
activation in human chondrosarcoma cells (SW-1353). Cells were pre-
treated with GLN (1 mg/mL) for 30 min and then treated with IL-1�
(2 ng/mL) for 30 or 60 min. AP-1 and NF-�B were detected by EMSA
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Discussion

This study addresses how GLN inhibits the expression and
synthesis of MMP-3 induced by IL-1� and how that inhibi-
tion is mediated at the level of transcription involving both
transcription factors of NF-�B and AP-1. Translocation of
NF-�B was reduced by GLN as a result of the inhibition of
I�B degradation. A slightly synergistic eVect of the pres-
ence of GLN on the activation of AP-1 induced by IL-1�
was shown. Among the MAPK pathways involved in the
transcriptional regulation of AP-1 members of the Jun and
Fos families of transcription factors, phosphorylation of
JNK and ERK was found to be increased in the presence of
GLN under IL-1� treatment, while that of p38 was
decreased. It was also found that the PI�3-kinase/Akt path-
way was activated not only by GLN alone but also by syn-
ergism with IL-1�.

Regarding to the mechanisms of the beneWcial eVect of
GLN on the treatment of OA, Gouze et al. showed that
GLN signiWcantly decreases the eYciency of the IL-1� sig-
naling pathway by antagonizing NF-�B activation, but has
no signiWcant eVect on IL-1�-medicated AP-1 activation.
However, most MMP genes are characterized by the
presence of an AP-1 binding site in their proximal promoter
that mediates transcriptional activation by growth factor,
phorbol ester, and oncogenes [15]. For the expression of
MMP-3, the transcription factor AP-1 is essential (but not
suYcient) for the upregulation of this enzyme under pro-
inXammatory cytokines [16]; NF-�B activity is also
involved in MMP-3 upregulation. Therefore, the beneWcial
eVects of GLN can be explained, at least in part, by the

inhibition of NF-�B transcriptional activity [4]. This was
conWrmed in the present study by the presence of GLN
being able to reduce the translocation of NF-�B through
inhibition of the degradation of I�B. However, the activity
of AP-1 was slightly enhanced by IL-1� synergistically in
the presence of GLN. This indicates that both NF-�B
and AP-1 activities are required for the induction of MMP-3
by IL-1� in chondrosarcoma cells. Therefore, the inhibition
of one of two possible transcriptional factors, NF-�B and
AP-1, in the presence of GLN is able to reduce the expres-
sion of MMP-3.

It has been shown that IL-1� induces MMP-3, MMP-13,
and MAPKs in chondrocytes. The inhibition of MMP gene
expression by using corresponding inhibitors suggests that
the ERK-, p38- and JNK-MAPK pathways as well as the
AP-1 and NF-�B transcription factors are mediators of
MMP induction by IL-1� [17]. However, it has been dem-
onstrated that IL-1� induction of MMP-13 in articular
chondrocytes and chondrosarcoma cells requires p38 activ-
ity, JNK activity, and NF-�B translocation, whereas MMP-
1 induction in chondrosarcoma cells depends on p38 and
MEK (an ERK pathway) but does not require JNK or NF-
�B; in articular chondrocytes, inhibition of MEK had no
eVect, while inhibition of p38 gave variable results [18].
These results further suggest that induction of MMPs by
IL-1� in chondrocytic cells depends on unique combina-
tions of signaling pathways that are cell type speciWc. In
this study, it was demonstrated that the presence of GLN
inhibited the induction of MMP-3 in chondrosarcoma cells
stimulated by IL-1� in concert with the inhibition of NF-�B
translocation and p38 activation. This indicates that NF-�B
translocation and p38 activity in chondrosarcoma cells are
required to induce the expression of MMP-3 stimulated by
IL-1�.

The important role of p38 MAPK in mediating the
response induced by IL-1� to regulate the expressions of
NO, COX-2, and mPGES-1 (microsomal prostaglandin E
synthase 1) has been disclosed. Thomas et al. [19] reported
that overexpression of p38 MAPK induces the COX-2
reporter, whereas overexpression of the dominant negative
p38 MAPK represses IL-1�-induced promoter expression
in articular chondrocytes. This result suggests that diVeren-
tiated articular chondrocytes are highly responsive to IL-1�
and that p38 MAPK exclusively mediates this response by
inducing COX-2 gene expression. It was concluded by
Masuko-Hongo et al. [20] that the mPGES-1 gene is regu-
lated by IL-1� via ERK-1/2 and putative �-isoform signal-
ing of the p38 MAPK pathway in human chondrocytes.
Targeting p38� MAPK may inhibit the proinXammatory
mediator, PGE2, without interfering with the prostacyclin
pathway. Furthermore, monosodium urate (MSU) crystals
were found to activate MMP-3 and iNOS expression and
NO release in chondrocytes in a p38-dependent manner that

Fig. 6 EVects of glucosamine on the inhibition of IL-1�-induced
NF�B activation in human chondrosarcoma cells (SW1353). a Cells
were pretreated with GLN (1 mg/mL) for 30 min and then treated with
IL-1� (2 ng/mL) for 30 or 60 min, and p65 was detected by Western
blotting as described in “Materials and Methods”. b Cells were pre-
treated with GLN (1 mg/mL) for 30 min and then treated with IL-1�
(2 ng/mL) for various time periods, and I�B was detected by Western
blotting as described in “Materials and Methods”
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did not require IL-1� [21]. It was conWrmed that the p38
pathway was the principal MAPK cascade involved in the
induction of both NO and MMP-3 expression. Thus, inhibi-
tion of the p38 pathway induced by IL-1� in the presence of
GLN demonstrated in this study, substantially but not fully,
explains the chondroprotective eVect of GLN on chondro-
cytes that has been reported by regulating COX-2 expres-
sion [14], PGE2 synthesis [14, 22], and NO expression and
synthesis [22].

Several reports have demonstrated that PI 3-kinase was
associated with the downregulation of MMPs expression.
HC-gp39 (human cartilage glycoprotein 39) binding to a
putative receptor leads to PI 3-kinase-mediated phosphory-
lation of Akt, which downregulates ASK1 (apoptosis sig-
nal-regulating kinase 1) activity by catalyzing the
phosphorylation of Ser83. This in turn leads to decreased
activation of JNK and p38, and Wnally decreased produc-
tion of MMPs (including MMP-1, MMP-3, and MMP-13)
[23]. It was also demonstrated in a study conducted by
Starkman et al. [24] that IGF-1 (insulin-like growth factor
1) stimulation of proteoglycan synthesis by articular chon-
drocytes requires activation of the PI 3-kinase/Akt/mTOR/
p70S6 kinase signaling pathways but not the Ras/Raf/
MEK/ERK pathways. Thus, the phosphorylating activation
of Akt in the presence of GLN downregulates ASK1 activ-
ity, which in turn decreases activation of JNK and p38
which may be induced followed by binding of IL-1� to its
membrane receptor. However, our results showed that inhi-
bition of PI 3-kinase had no eVect on the activation of Akt
induced by IL-1� and GLN (Fig. 4), indicating that Akt
activation by GLN is not mediated by PI 3-kinase. This
reveals that the chondroprotective eVect of GLN on chon-
drosarcoma cells by at least decreasing MMP-3 production
and stimulating proteoglycan synthesis may follow another
potential signaling pathway of Akt. However, it remains to
be elucidated that which isoform of GLUT transporter
interacted with IL-1� to regulate the inXux of GLN into
chondrocytes and what is the binding receptor inside
chondrocytes for GLN to initiate signaling cascades that
regulate its chondroprotective eVect.
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