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Carboxy derivatized glucosamine is a potent inhibitor
of matrix metalloproteinase-9 in HT1080 cells
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Abstract—Experimental evidences have confirmed that matrix metalloproteinases (MMPs) play a fundamental role in a wide variety
of pathologic conditions and recent advances in medicinal chemistry approach to the design of MMP inhibitors with desired struc-
tural and functional properties. Among MMPs, MMP-9 has demonstrated to play a major role in the establishment of metastases
and it is substantially increased in the majority of malignant tumors. Inhibition of MMP-9 is thought to have a therapeutic benefit to
cancer. Results of this study present a novel synthetic MMP-9 inhibitor that downregulates MMP-9 expression level in HT1080,
human fibrosarcoma cells.
� 2006 Elsevier Ltd. All rights reserved.
The proteolytic degradation of extracellular matrix
(ECM) proteins has long been described in association
with both normal tissue remodeling and pathologic con-
ditions. The matrix metalloproteinases (MMPs), which
represents a family of major matrix degrading enzymes
play a central role in the breakdown of these structural
proteins.1 MMPs share certain biochemical properties,
yet each has distinct substrate specificity and up to date
several mammalian enzymes have been identified rang-
ing from well-characterized enzymes such as collage-
nase, stremolysin, gelatinase and more recently
described membrane type MMPs.2 Under normal phys-
iological processes MMP expression and activity are
carefully regulated and loss of control of MMP activity
appears to have serious consequences and aberrations in
MMP expression have been associated with several dis-
eases.3 In this context, MMP inhibitors have been
caught the interest as an important new class of thera-
peutic agents for the treatment of diseases characterized
by remodeling and excessive ECM degradation.

Among MMPs, MMP-9 (gelatinase B, 92 kDa) is an
important member of the MMP family and is involved
in the cleavage of all types of denatured collagens and
0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.03.077

Keywords: Carboxylated glucosamine (CGlc); Matrixmetalloprotein-

ase-9 (MMP-9); HT1080 cells.
* Corresponding author. Tel.: +82 51 620 6375; fax: +82 51 628

8147; e-mail: sknkim@pknu.ac.kr
of native basement membrane proteins.4 Studies have
shown that MMP-9 levels are significantly elevated dur-
ing the metastatic progression of malignant tumors5

since it requires proteolytic degradation of ECM com-
ponents in basement membrane and stroma tissues.
HT1080 cells, a human fibrosarcoma cell line have been
used extensively as a model to study MMP-9 activity
and expression.6 Similar to various other malignant tu-
mors these cells express MMP-9 at a higher level. Stud-
ies on the promoter of MMP-9 have clearly identified
that its transcription is mediated mainly via AP-1 tran-
scription factor binding interactions.7 Compounds that
interfere the up-regulation of MMP-9 expression can
remarkably decrease the total MMP-9 activity and iden-
tification of MMP-9 inhibitors is of current interest.

The earliest MMP inhibitors were peptide derivatives
designed from the knowledge of the amino acid se-
quence of collagen at the site of cleavage by collagenase.
With the development in the field, medicinal chemists
focused away from the peptidic inhibitors because of
the difficulties in obtaining good oral activity and lack
of specificity for MMPs. As a result, a number of non-
peptidic inhibitors have been discovered by high-
throughput screening of natural product and also potent
MMP inhibitors have been synthesized with desirable
chemical functional groups.8

Glucosamine is an amino monosaccharide found in
chitin, glycoproteins and glycosaminoglycans such as
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hyaluronic acid and heparan sulfate. Most of the clinical
studies investigating medical effects of glucosamine have
used glucosamine sulfate and a great trend exists to use
it for treating osteoarthritis.9 Recently results of some
studies suggested that, N-acetyl glucosamine has shown
promise for treating inflammatory bowel diseases such
as Crohn disease and ulcerative colitis and also glucosa-
mine has been proposed to be important for healthy
skin.10 However, reports on synthesis of other deriva-
tives of glucosamine and identification of their plausible
biological activities cannot be found so often. Results of
this study present the potent inhibitory potential of car-
boxy derivatized glucosamine on activity and expression
of MMP-9 in HT1080 cells.

Chemicals required for synthesis, including succinic
anhydride were obtained from Sigma Chemical Co.
(St. Louis, MO, USA). HT1080 cells were obtained from
American Type Culture Collection (Manassas, VA,
USA). All the materials required for culturing of cells
including cell culture media were purchased from Gibco
BRL, Life Technologies (USA). FITC-Gelatin (CLN-
100) was obtained from Collagen Technology Corpora-
tion (Tokyo, Japan). MTT reagent, gelatin, agarose,
doxycycline, PMA (phorbol 12-myristate 13-acetate)
were purchased from Sigma Chemical Co. (St. Louis,
MO, USA).

The N-carboxybutyrylation reaction was carried out
according to Ronghua et al.11 with slight modifications.
Briefly, Glucosamine hydrochloride (2 g) was dissolved
in 10 mL of distilled water and 15 mL of methanol
was added while stirring. A determined quantity of suc-
cinic anhydride to obtain the same molar ratio (1 g) was
dissolved in acetone and added drop by drop at room
temperature for 1 h. The mixture was stirred for 4 h
and pH was maintained at 9.0–10.0 with sodium carbon-
ate throughout the reaction. Subsequently, the solution
was purified and lyophilized to obtain fluffy, yellow,
light solid products.

Proton NMR (1H NMR) and carbon NMR (13C NMR)
spectra were recorded in a D2O environment on a
JNM-ECP-400 (400 MHz) spectrometer (JEOL, Japan).
Elemental analysis (C, N and H) was performed using an
elementar analysesysteme, (Elementar Vario, EL, USA)
and were within ±0.4% of theoretical values. Infrared
spectra were recorded using KBr plates in Spectrum
2000 FT-IR spectrophotometer (Perkin-Elmer, USA).

Human fibrosarcoma cells (HT1080) were cultured in
DMEM supplemented with 10% fetal bovine serum,
2 mM glutamine and 100 lg/mL penicillin–streptomy-
cin. For experiments, cells were detached with trypsin–
EDTA and plated onto 24- or 96-well plates at a plating
density of 7· 105 and 1.5· 105 per well, separately.

Equal number of HT1080 cells (4000 cells per well) cul-
tured in 96-well plates with serum and serum free media
were treated with various concentrations of CGlc for
24 h. Cell viability was then evaluated with 3-(4,5-di-
methyl-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
spectrophotometrically (GENios� microplate reader,
Tecan Austria GmbH, Austria) which measures conver-
sion of tetrazolium salt into blue formazan by viable
cells. Absorbance of soluble MTT formazan products
was measured at 540 nm.

MMP-9 activity in HT1080 cells was assayed by gelatin
zymography as described previously.12 For this, approx-
imately 2· 105 cells/mL HT1080 cells in serum free
DMEM medium were seeded in 24-well plates and
pre-treated with different concentrations of CGlc for
1 h. MMP-9 expression was stimulated by treatment of
PMA (10 ng/mL) and cells were cultured for 48 h. Cell
conditioned medium was subjected to substrate gel elec-
trophoresis. Similar amount of protein containing con-
ditioned media were applied without reduction to a
10% (w/v) polyacrylamide gel impregnated with 1 mg/
mL gelatin. After electrophoresis, gel was washed in
50 mM Tris–HCl (pH 7.5) containing 2.5% Triton X-
100 at room temperature and incubated overnight at
37 �C in zymography developing buffer containing
10 mM CaCl2, 50 mM Tris–HCl and 150 mM NaCl.
The gel was then stained with a solution of 0.1%
Coomassie Blue. In this assay clear zones against the
blue background indicate the presence of gelatinolytic
activity. The image of the gel was recorded using
Fujifilm Image Reader LAS-3000 software in Science
Image System, LAS 3000 (Fujifilm Life Science, Tokyo,
Japan). The gelatinolytic activities were quantified using
Multi Gauge V3.0 software.

HT1080 cells grown in 24-well plates were treated with
different concentrations of CGlc and conditioned media
were collected by centrifugation at 13,000g following
PMA (10 ng/mL) treatment. Enzyme activities of condi-
tioned media in 50 mmo/L Tris–HCl buffer (pH 7.5),
0.15 mol/L NaCl, 10 mmol/L CaCl2, 0.02% NaN3

(TNC buffer) containing 0.05% Brij 35 were determined
using fluorescence conjugated gelatin peptide (Collagen
Technology Corporation, Tokyo, Japan) as the sub-
strate.13 Fluoropeptides were incubated with condi-
tioned media at 37 �C for 20 h, and the reaction was
terminated by addition of 3% acetic acid. Fluorescence
intensity was measured at 495 nm (excitation) and
520 nm (emission) with a GENios� fluorescence micro-
plate reader (Tecan Austria GmbH, Austria).

HT1080 cells cultured in 10 cm culture dishes were tran-
siently transfected with MMP-9 promoter containing
pGL3 luciferase reporter vector (Promega, Madison,
WI) or AP-1 binding site containing luciferase reporter
plasmid (Colontech, Palo Alto, Canada) by Lipofect-
amine 2000TM reagent (Invitrogen). b-Galactosidase
expression vector was co-transfected with the reporter
vector to serve as an internal control of transfection effi-
ciency. Transfected cells sub-cultured in 24-well plates
were treated with different concentrations of CGlc.
Following stimulation with PMA cells were cultured for
24 h. Cells were washed once with cold PBS and lysed with
200 lL/well lysis buffer (25 mM Tri–HCl, pH 8.0, con-
taining 2 mM DDT and 1% Triton-X 100). Aliquots of
cell lysate and luciferase substrate (Promega) were mixed
in equal amounts in a 96-well plate and luminescence
intensity was measured with a luminescence microplate
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reader (Tecan Austria GmbH, Austria). b-Galactosidase
activity was measured with ONPG buffer. The level of
reporter gene expression was determined as a ratio,
compared with cells stimulated by PMA (10 ng/mL) alone
and represented as relative luciferase activity.

Transfection efficiency was determined by X-Gal stain-
ing method. Briefly, transfected cells were fixed with
0.5% glutaraldehyde and stained with X-Gal solution
containing 20 mM K3Fe(CN)6, K4Fe(CN)6 and 1 mM
MgCl2. After 24 h of incubation at 37 �C, transfected
cells were visualized with blue color under a light
microscope.

Data were expressed as means ± standard error of the
mean (n = 3). Student’s t-test was used to determine
the level of significance at P < 0.05.

In the present study, glucosamine was chemically modi-
fied to obtain CGlc (Scheme 1) and the reaction was car-
ried out under mild conditions to rule out possibilities
for adverse influences on structural changes. Therefore,
the substitution of –OOC–CH2CH2–CO–N– was pre-
dominantly under control. Substitution of –OOC–
CH2CH2–CO– group to glucosamine was clearly con-
firmed by FT-IR spectra, Elemental analysis, 13C
NMR and 1H NMR of CGlc. In comparison to the
FT-IR spectrum of Glc (Fig. 1A), both symmetric and
asymmetric stretch absorptions of carboxyl groups
(1560 and 1410 cm�1, respectively) in spectrum of CGlc
(Fig. 1B) confirmed the successful introduction of the
new group.11,14,15 Data obtained from elemental analy-
sis greatly strengthened the new structural features
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Figure 1. FT-IR spectra of (A) Glc and (B) CGlc.
observed in FT-IR spectra and are in agreement with
the calculated elemental composition (Table 1). Infor-
mation of 13C NMR spectra of the derivative was also
in agreement with FT-IR spectra and clearly confirmed
the substitution of carboxyl groups to CGlc. In 13C
NMR spectra of Glc, characteristic peaks (d 93 ppm,
C-1; d 54 ppm, C-2; d 69 ppm, C-3, d 72 ppm, C-4; d
76 ppm, C-5, d 60 ppm, C-6) were clearly observed.
Compared to Glc, CGlc presented some new chemical
shifts that can be assigned to COCH2CH2COO– group
at d 180 ppm, d 177 ppm and d 32 ppm (assigned to
the carbonyl carbon –COO, –CO and –CH2CH2–,
respectively).11,16 Further, 1H NMR spectrum of CGlc
was used to confirm the existence of substituted groups
compared to 1H NMR spectrum of Glc (2.9, 3.2, 3.8 and
4.5 (C-1-6)). A new chemical shift that appeared in
spectrum of CGlc-3 at d 2.5 ppm was assigned to
protons of –COCH2CH2CO– groups.

To analyze the inhibition of MMP-9 mediated gelatino-
lytic activity in conditioned medium stimulated with
PMA, we utilized human fibrosarcoma cell line,
HT1080. Similar to various other malignant tumors,
these HT1080 cells express MMP-9 at a higher level.6

When PMA was administered to HT1080 cells at
10 ng/mL concentration MMP-9 activity increased by
approximately 60% (Fig. 2). Size and the intensity of
the lytic zone were greatly reduced in the presence of
CGlc and it clearly indicated that MMP-9 activity in
HT1080 cells was markedly inhibited in the presence
of CGlc. Moreover, inhibitory effect of CGlc on
MMP-9 showed a concentration dependant pattern
and at concentration 500 lg/mL, CGlc showed
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Table 1. Elemental analysis of Glc and CGlc

Carbon content

(%)

Hydrogen

content (%)

Nitrogen

content (%)

Anal. Calcd Anal. Calcd Anal. Calcd

Glc 33.48 33.42 6.61 6.54 6.49 6.51

CGlc 39.79 39.87 5.40 5.35 4.71 4.65
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approximately 62% inhibition of MMP-9 led gelatino-
lytic activity which was much clear than the effect of
doxycycline (at 10 lg/mL concentration), a tetracycline
analogue we used in this study as the positive control
to compare the inhibitory effects. CGlc did not show
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Figure 2. Effect of CGlc on the gelatinolytic activity of MMP-9 in

HT1080 cell line determined by gelatin zymography. Cells were treated

with various concentrations of CGlc and incubated for 3 days

following stimulation with PMA.
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Figure 3. Cytotoxic effect of CGlc (A) in the presence of FBS (B) in the abs
any toxicity on HT1080 cells even at 1 mg/mL concen-
tration (Figs. 3A and B). Therefore, the viability data
clearly confirmed that cytotoxicity did not contribute
to the observed MMP-9 inhibitory potential of CGlc.

The MMP-9 inhibitory effect of CGlc on MMP-9 activ-
ity stimulated by PMA in HT1080 cells was further con-
firmed using more sensitive fluorescence conjugated
gelatin digestion assay which use fluorescence conjugat-
ed gelatin peptides as the substrate for MMP-9. The
amount of active gelatinases (MMP-9/-2) present in
CGlc-treated stimulated conditioned medium obtained
from incubation of HT1080 cells was assessed using
the resulting fluorescence activity. As we observed clear-
ly in gelatin zymography stimulated with PMA, HT1080
cells secrete mainly MMP-9 and expression of other gel-
atinases including MMP-2 are negligible. Therefore, it
can be presumed that difference in fluorescence intensi-
ties was mainly due to activity of MMP-9. The inhibito-
ry results obtained in the presence of CGlc were in well
agreement with zymography results, where dose-depen-
dent MMP-9 inhibition was observed with increment
of concentration of CGlc (Fig. 4). At 500 lg/mL concen-
tration of CGlc, relative fluorescence intensity was
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Figure 4. Detection of MMP-9 activity in CGlc-treated HT1080 cells

by fluorescence conjugated gelatin digestion inhibition.
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Figure 5. Effects of CGlc on (A) promoter activity of MMP-9 (B) AP-1 transcriptional activity of HT1080 cells transfected with MMP-9 promoter

containing pGL3 luciferase reporter vector and AP-1 binding site containing luciferase reporter vector, respectively.
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decreased by 66% and when CGlc was treated at 100 lg/
mL concentration about 50% reduction of fluorescence
intensity was observed.

To extend these observations to interactions within the
context of transcriptional regulation, we assessed the ef-
fect of CGlc on expression of MMP-9 using MMP-9
promoter luciferase construct. A high (about 4-fold)
luciferase activity was noted in control cells stimulated
with PMA and it was well correlated with zymography.
However, the activity of the MMP-9-luciferase reporter
gene was inhibited nearly 3-fold in the cells treated with
CGlc at 500 lg/mL concentration (Fig. 5A). Approxi-
mately 50% inhibition was resulted from 100 lg/mL
concentration of CGlc and inhibition followed a dose-
dependant pattern. We were curious to know whether
the MMP-9 transcription suppression effect of CGlc
had any correlation to AP-1 transcription. Because the
promoter region of the MMP-9 contains an AP-1 bind-
ing consensus site upstream from the start site and tran-
scriptional induction of MMP-9 has been demonstrated
to be essentially mediated via binding of AP-1 transcrip-
tion factor to promoter.7 Therefore, to investigate
whether CGlc exerts its effect by interfering AP-1 tran-
scription factor binding we transfected cells with AP-1
binding site containing luciferase constructs. Reporter
activity in PMA stimulated group was increased by
approximately 3-fold whereas reporter activity was sup-
pressed between 2- and 3-fold once the cells were treated
with CGlc at 500 lg/mL concentration (Fig. 5B). And
the suppression followed a clear dose-dependant pat-
tern. Taken together; these experiments suggest that
CGlc suppresses MMP-9 expression via suppression of
AP-1 expression.

To our knowledge, this is the first study to demonstrate
the activity of glucosamine derivative that can inhibit
the MMP-9 activity and expression. Many of synthetic
and natural MMP inhibitors identified so far have prov-
en their capability to direct inhibition of MMP enzymat-
ic activities due to presence of desirable functional
groups.8 Compounds that can exert an effect at tran-
scriptional level could be expected to have a promising
potential to develop potent inhibitors since that can
interfere the up-regulation of MMP-9 expression and
thereby can remarkably decrease the total MMP activi-
ty. Therefore, CGlc represents a potential synthetic
MMP-9 expression inhibitor that warrants further
investigation.
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