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Oligogalacturonic acid inhibit bone resorption and collagen degradation through
its interaction with type I collagen
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a Unité INSERM ERI-12, Université de Picardie Jules Verne. 1, rue des Louvels, 80037 Amiens, France
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A B S T R A C T

In this study, we showed that oligogalacturonic acid (OGA) purified from flax pectin inhibit in vitro

osteoclastic bone resorption in a dose-dependent manner. The OGA inhibitory effect was neither linked

to an effect on osteoclast apoptosis, nor to an inhibition of cathepsin K activity. By means of an in vitro

collagen degradation assay we demonstrated that OGA prevented triple-helical type I collagen cleavage

by cathepsin K in a dose and chain length dependent manner. This inhibition was not restricted to

cathepsin K, since collagenolytic activity of other lysosomal cysteine proteases, such as cathepsin B and

cathepsin L, as well as matrixmetalloproteinases such as MMP-9 were also inhibited. Interestingly, using

non-collagen substrates we demonstrated that OGA does not inhibit the proteolytic activity of cathepsin

B and L, suggesting that OGA inhibits collagen degradation without affecting the lysosomal cysteine

enzyme proteolytic activity. Finally, preliminary study using surface plasmon resonance (SPR) showed

that OGA binds to type I collagen but not to albumin, consistent with a specific effect on collagen. These

results suggest that the observed inhibition of collagen degradation by OGA may be due to its ability to

bind to the collagen molecule. By masking the collagen surface, OGA may render the collagen cleavage

site less accessible to enzymes and thus prevent its enzymatic degradation.

� 2009 Elsevier Inc. All rights reserved.

Contents lists available at ScienceDirect

Biochemical Pharmacology

journa l homepage: www.e lsev ier .com/ locate /b iochempharm
1. Introduction

The osteoclast is the unique cell type capable of resorbing the
mineralized bone matrix. Osteoclasts arise from the proliferation,
differentiation and the fusion of mononuclear hematopoietic
precursor cells which originate from the Granulocyte Macro-
phage–Colony Forming Units (GM–CFU) lineage [1–3]. Bone
resorption is a multistep process which includes osteoclast
adhesion to the bone surface, cell polarization and formation of
an extracellular sub-osteoclastic compartment where bone degra-
dation occurs [4]. In order to resorb the bone matrix, osteoclasts
secrete protons through vacuolar H+-ATPases located in the
extracellular membrane facing the sub-osteoclastic compartment
Abbreviations: OGA, oligogalacturonic acid; TRAP, tartrate resistant acid phospha-

tase; CTX, type I collagen C-telopeptides fragment; RU, response unit; SPR, surface

plasmon resonance.
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Louvels, 80037 Amiens, France. Tel.: +33 3 22 82 77 90; fax: +33 3 22 82 74 69.

E-mail address: said.kamel@sa.u-picardie.fr (S. Kamel).

0006-2952/$ – see front matter � 2009 Elsevier Inc. All rights reserved.

doi:10.1016/j.bcp.2009.07.014
delimited by the sealing zone, the so called ‘‘ruffled border’’. The
resulting acidification dissolves the mineral part of the bone,
exposing the collagenous matrix to both lysosomal cysteine
proteases such as cathepsin K and matrix metalloproteinases such
as MMP-9 [5–7] secreted by mature osteoclasts. At the end of the
bone resorption process, osteoclasts die through an apoptotic cell
death [8].

The bone remodelling process consists of both osteoclastic bone
resorption and osteoblastic bone formation. Under physiological
conditions, osteoclast and osteoblast activities are controlled by
both systemic and local factors, maintaining bone mineral density
and bone micro-architecture. An imbalance in the regulation of
osteoclast and osteoblast activities, mostly in favor of a hyper-
osteoclastic activity, is responsible for a decrease in bone mineral
density leading to osteoporosis. During the past decade, several
effective compounds have been developed for the treatment of
osteoporosis. Most of them have shown the capacity to reduce
bone resorption e.g. estrogens [9], bisphosphonates [10], calcitonin
[11] and selective oestrogen receptor modulators [12]. However, to
date, none of these agents has been able to completely abolish the
development of new bone fractures. Therefore, new therapeutic
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agents continue to be sought. The protective and inhibitory
influence of dietary components on the development of osteo-
porosis is a topic of major interest. Indeed, various compounds
extracted from plants and/or ingested during feeding have already
been proven to be capable of reducing bone resorption and
therefore, able to prevent and treat post-menopausal osteoporosis.
Recently, it has been shown that dietary consumption of chicory
fructans and other non-digestible oligosaccharides such as inulin
(oligofructose), increased the bone mineral content in growing rats
[13,14] and prevented bone loss in ovariectomized rats [15] mainly
by stimulating intestinal calcium absorption. Pectin, a highly
complex branched polysaccharides fiber, rich in galactoside
residues, is also an important component of human diet. Modified
pectins administered orally [16] or intravenously [17] have
demonstrated a protective effect against cancer cells. However,
the effect of such compounds on bone cells is not yet known.
Herein, we therefore, focused our attention on the effect of
oligogalacturonic acid (OGA), with various degrees of polymeriza-
tion on osteoclast activities. Using mature rabbit osteoclasts, we
demonstrated that OGA reduced the osteoclastic bone resorption
in a dose-dependent manner. We gathered evidences suggesting
that OGA inhibits the ability of lysosomal cysteine proteases to
cleave type I collagen thanks to an interaction between OGA and
the collagen molecule.

2. Materiels and methods

2.1. Materials

Corning well plates were provided by Fisher Bioblock Scientific
(France). Human cathepsin K, B and L were purchased from VWR-
Calbiochem (Germany). Recombinant MMP-9 was purchased from
R&D systems (France). Type I collagen from rat tail was obtained
from SERVA (Heidelberg, Germany). All other chemical reagents,
such as the medium and E-64 (L-trans-Epoxysuccinyl-leucyla-
mido(4-guanidino)butane), were supplied by Sigma–Aldrich (St
Quentin Fallavier, France).

2.2. Preparation of oligogalacturonic acid

All saccharides tested were provided by Pr J. Courtois,
(Laboratoire des Glucides-LPMV; AMIENS, FRANCE), except for
digalacturonic acid, which was provided by Sigma–Aldrich (St
Quentin Fallavier, France). Briefly, saccharides were obtained after
thermal degradation of isolated flax pectin. The oligogalacturonic
fraction (OGA), which was obtained after purification of the crude
oligopectin, consisted of a mix of saccharides of 2–25 unit length,
with an average size of 13 units. OGA was also purified by size and
we selected three purified fractions with a degree of polymeriza-
tion (dp) of 5, 8 or 11–16 unit length (dp5, dp 8 or dp11–16).

2.3. Primary osteoclast isolation and culture

Mature osteoclasts were isolated from 10-day-old New-
Zealand male rabbits (Charles River Laboratory, France) as
previously described [18]. Briefly, rabbit long bones and scapula
were dissected and harvested into a-MEM (alpha-modified
Minimum Essential Medium) supplemented with 10% heat-
inactivated Foetal Calf Serum (FCS, Dominic Dutscher, France)
prior to being minced with scissors. Cells were then separated from
the bone fragment by vigorously vortexing, followed by centrifu-
gation. Isolated cells were finally seeded on bovine bone slices (for
bone resorption assay) or 24-well-plate (for apoptosis evaluation)
and incubated overnight. The osteoclast population used hereafter
to assess osteoclast apoptosis was obtained using a 0.1% (w/v)
solution of collagenase–dispase (ROCHE, France) in Phosphate
Buffered Saline without calcium (20 min, 37 8C). Tartrate-resistant
phosphatase alcaline (TRAP) staining (Leukocyte Acid Phosphatase
Kit, Sigma, France) confirmed the purity of our osteoclast
population, which was close to 99%. After a 2 h rest, the medium
was exchanged for the testing medium (a-MEM + 10% FBS for bone
resorption and a-MEM + 1% FBS for apoptosis) and cells were
cultured for the indicated length of time.

2.4. Bone resorption assay

To evaluate the bone resorbing activity of osteoclasts, extracted
cells were seeded on bovine bone slices as previously described
[19]. After an overnight sedimentation, cells were gently washed
and incubated for 48 h with testing media containing various
concentrations of oligosaccharides. Slices were then gently washed
to remove cells and were double stained using an acid hematoxylin
solution and a 1% toluidine blue–1% borate solution. Pit (resorption
lacuna) area was evaluated using an image analysis system
(Biochom les Ulis, France) linked to a light microscope (Olympus
BH-2, France). Results are expressed as percentage of control. Bone
resorption was also assessed by type I Collagen C-telopeptide
fragment (CTX) measurement. Bone resorption products contained
in the culture supernatant were collected and CTX were quantified
using an ELISA based technology (CrossLapsTM for culture, Nordic
Bioscience, Denmark), following the manufacturer’s instructions.
Results are expressed in nmol/L.

2.5. Osteoclast apoptosis assay

Evaluation of apoptosis was carried out as previously described
[9]. After a 48 h treatment, cells were fixed in 3.7% formaldehyde
solution for 5 min and stained with 0.2 mM Hoechst 33258
(SIGMA, France) for 10 min. Osteoclasts were examined with a
fluorescence microscope to visualize any change in chromatin
morphology. At least 100 TRAP-positive multinucleated cells were
scored to evaluate the rate of apoptosis, which is defined as the
ratio of the number of apoptotic osteoclasts to the total number of
osteoclasts (apoptotic plus non-apoptotic cells).

2.6. Cathespin K inhibition

Inhibition of cathepsin K activity was assessed using a
fluorimetric assay as previously described [20]. Z-Phe-Arg-AMC
(Z-Phe-Arg 7-amido-4-methylcoumarin hydrochloride, SIGMA,
France) at 10 mM was used as cathepsin K substrate. The reaction
was carried out at 37 8C in 100 mM Sodium Acetate, 20 mM L-
Cystein and 5 mM EDTA buffer (pH 5.5) in the presence of human
recombinant cathepsin K at the concentration of 0.5 mg mL�1.
Fluorescence intensity was monitored by a Schimadzu RF-1501
spectrofluorimeter (Schimadzu, Japan) with lex: 365 nm and lem:
440 nm. A standard curve with AMC was used in the conversion of
fluorescence to molar units. Cathepsin K activity was measured
in the absence (control) or in the presence of either OGA
(200 mg mL�1) or E-64 (10 mM).

2.7. In vitro Type I collagen degradation by lysosomal cysteine

enzymes and MMP-9

Type I collagen solution at a final concentration of 1.4 mg mL�1

was incubated either with cathepsin K (2.86 mg mL�1) cathepsin B
(33.3 mg mL�1) and cathepsin L (1.1 mg mL�1) in 100 mM sodium
acetate buffer (pH 5.5) containing 20 mM L-cystein and 5 mM
EDTA [6] or with MMP-9 (4.5 mg mL�1) in 50 mM Tris HCl pH 7.5
additioned with 10 mM CaCl2. The collagenic digestion was
performed at 37 8C in the absence or in the presence of either
OGA at various concentrations or E64 at 10 mM. After incubation,
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the reactions were stopped by heating the samples for 5 min at
95 8C prior to be subjected to 8% SDS-PAGE electrophoresis under
denaturing condition. The polyacrylamide gel was then fixed with
a methanol-acetic acid solution (40:10, v/v) and stained using
0.25% coomassie blue solution in order to reveal proteins bands.

2.8. Degradation of non-collagenic proteins by cathepsin B and L

Bovine serum albumin (BSA, 1.4 mg mL�1), haemoglobin
(4 mg mL�1), casein (2 mg mL�1) and type 2A histone (2 mg mL�1)
1) were incubated with either cathepsin B (33.3 mg mL�1) or
cathepsin L (1.1 mg mL�1) for 2–4 h at 37 8C. The incubation buffer
used was the same as that used for type I collagen degradation as
described above. The protein degradation was performed in the
absence or in the presence of either OGA at 100 mg mL�1 or E64 at
10 mM. After incubation, the reactions were stopped by heating the
samples for 5 min at 95 8C prior to subjection to a SDS-PAGE
electrophoresis under denaturing condition.

2.9. Binding assay

The ability of OGA to bind type I collagen or BSA was evaluated
using surface plasmon resonance (SPR, BIAcore). OGA was
immobilized on the sensor chip surface at 25 8C with a constant
flow rate of 5 mL min�1 in HBS-EP buffer (0.01 M HEPES, 0.15 M
NaCl, 3 mM ethylenediamine tetra-acetic acid, 0.005% polysorbate
20 (v/v), pH 7.4), the amount of OGA fixed on the sensor chip was at
least of 1500 RU. To assess binding of type I collagen or BSA on the
OGA coated sensor chip, we injected 40 mL of a solution ontaining
either BSA (2 mg mL�1) or type I collagen (0.1 mg mL�1) at a flow
rate of 5 mL min�1, followed by 5 min washing with HBS-EP buffer.
Results are expressed in Response Unit (RU). Binding was thought
to be selective when the RU value was over 100.

2.10. Analysis and statistics

All data were analysed using Prism 3 software (GraphPad
software). The results are expressed as mean � SEM. The statistical
differences among groups were evaluated using the Kruskal–Wallis
test. The Mann–Whitney U-test was then used to identify differences
between the groups when the Kruskal–Wallis test indicated a
significant difference (p < 0.01). Statistical significance was marked
as follows *p < 0.05, **p < 0.01 and ***p < 0.001.

3. Results

3.1. OGA inhibits mature osteoclast bone resorption

To evaluate the activity of OGA on bone resorption, we used
mature osteoclasts isolated from rabbit long bone and scapula.
Cells were seeded on bovine bone slices and treated for 48 h, and
then the level of resorption was evaluated by assessment of the pit
area. As seen in Fig. 1A, after the removal of cells, bone slices were
stained and pit surface (resorption area) was revealed and
measured using CountScan software. OGA was tested at 50, 100
and 200 mg mL�1 demonstrating a dose dependant decrease in
bone resorption. At a concentration of 200 mg mL�1, an inhibition
level of approximately 60% was reached. Inhibition of bone
resorption was also assessed by measuring the amount of type I
collagen C-telopeptide fragments (CTX) released into the culture
medium (Fig. 1C), which confirmed the inhibitory effect of the
OGA. Because OGA is a complex mix of various chain lengths, we
tested the effect of size using OGA purified fractions of 2, 5, 8 and
11–16 units chain lengths. The results (Fig. 1D) showed that the
minimum size required for a significant effect was 5 units, reaching
a level of inhibition of approximately 40%.
3.2. OGA has no effect on mature osteoclast survival

In order to explain the inhibition of bone resorption, we first
tested the effect of OGA on the rate of mature osteoclast apoptosis.
Osteoclasts displaying characteristics of apoptosis such as
chromatin condensation and DNA fragmentation can be easily
distinguished from normal cells by Hoechst staining (Fig. 2A and
B). Quantitative evaluation of apoptosis of cells treated with OGA
at concentration ranging from 50 to 200 mg mL�1 during a culture
period of 48 h showed that OGA has no significant effect on mature
osteoclast apoptosis (Fig. 2C). Calcium used as a positive control (at
20 mM) [19] demonstrated an increase in apoptosis, producing
nearly two times more apoptosis than the untreated culture.

3.3. OGA does not affect cathepsin K activity but does affect cathepsin

K mediated collagenolysis

Another possible explanation for the mature osteoclast-
induced inhibition of bone resorption is that OGA can reduce
bone matrix degradation, for example by inhibiting cathepsin K
activity [6]. We thus evaluated the effect of OGA on the in vitro

cathepsin K activity in a cell-free enzyme assay using a synthetic
substrate Z-Phe-Arg-AMC and recombinant cathepsin K. OGA at
200 mg mL�1 had no significant effect on cathepsin K activity
(Fig. 3A), while E-64 (10 mM), used as inhibitory control, reduced
cathepsin K activity by nearly 99%. This observation may suggest
that OGA is not cathepsin K inhibitors but may act by protecting
collagen from further degradation. We thus evaluated the effect of
OGA on the cathepsin K collagenolytic activity. We showed
(Fig. 3B) that OGA used at concentrations ranging from 25 to
200 mg mL�1 were able to reduce the ability of cathepsin K to
cleave type I collagen in a dose-dependent manner. As was done in
the bone resorption studies, we tested different sizes of OGA on
cathepsin K mediated collagenolysis (Fig. 3C). Inhibition level
clearly increased with chain length. These results suggest that
inhibition of the cathepsin K mediated collagenolysis might be one
of the mechanisms underlying OGA inhibition of bone resorption.
In order to determine whether the OGA effects are specific or not
for cathepsin K, we investigated the effect of OGA on collagenolysis
mediated by other lysosomal cysteine enzymes such as cathepsin B
and cathepsin L and a non-lysosomal enzyme, MMP-9. As shown in
Fig. 4A–C, both enzymes were able to cleave the collagen molecule.
When OGA was added, the collagen degradation was also reduced
in a dose-dependent manner for both enzymes, meaning that OGA
effect on collagenolysis were not specific for cathepsin K.

Finally, to see whether OGA effects are collagen specific, we
tested their effect on the proteolytic activity of cathepsin B and L
using non-collagenic substrates. In this assay, we selected
cathepsin B and L because they have a broader range of substrates
than cathepsin K. We thus tested the activity of cathepsin B and L
on albumin (Fig. 5A and B), haemoglobin (Fig. 5C), a-casein
(Fig. 5D) and type II-A histone (Fig. 5E). All the substrates tested
were at least partially degraded by the enzymes, but OGA in
contrast to E-64, were unable to inhibit their proteolytic activity.

3.4. OGA interacts with type I collagen.

The results presented so far, demonstrated that OGA inhibited
collagenolysis by a specific effect on the collagen molecule, rather
than by affecting enzyme activity. In order to explain this
inhibition, we hypothesized that OGA may bind to collagen type
I by interacting with specific sites on the molecule. In a preliminary
study, we used surface plasmon resonance (SPR), to assess the
possible interaction between BSA and type I collagen with the OGA
coated sensor chips. When a BSA solution was injected on the OGA
coated sensor chip (Fig. 6A), the difference between the baseline



Fig. 2. OGA does not modify the osteoclast apoptosis rate. (A) represents a photomicrograph of a non-apoptotic osteoclast with normal nuclei after Hoechst 33258 staining

(G � 200). (B) represents a photomicrograph of an apoptotic osteoclast with fragmented nuclei and condensed chromatin after Hoechst 33258 staining (G � 200). (C) effect of

various concentrations of OGA on mature osteoclast apoptosis rate. Purified rabbit osteoclasts were cultured for 48 h in the absence (control) or in the presence of increasing

concentrations of OGA. Osteoclast apoptosis was detected by Hoechst staining and percentages of apoptotic cells were evaluated by calculating the ratio of apoptotic

osteoclasts to the total number of osteoclasts. Calcium at 20 mM (Ca 20) was used as positive control. ***p < 0.001 as compared to control.

Fig. 1. Oligogalacturonic acid (OGA) with various degree of polymerization (dp) inhibit the osteoclastic bone resorption. Fig. 1(A) represents an illustration of resorption pits on

bovine bone slices. Unfractionnated bone cells were cultured on bovine bone slices for 48 h. Thereafter, cells were wiped off and excavated pits were detected with 1% toluidine

blue–1% borate. (Arrows indicate the pits, G � 100). Fig. 1(B) dose-dependent effect of OGA on osteoclastic bone resorption. Osteoclasts were cultured on bovine bone slices for

48 h, in the absence (control: Ct) or in the presence of various concentrations of OGA. Pits area measurement were done and the results were expressed in percentage of the

control. Fig. 1(C) dose-dependent effect of OGA on collagen type I C-telopeptide fragment released into the culture medium. Osteoclasts were cultured on bovine bone slices for

48 h and bone resorption was assessed by CTX measurement in culture medium. Fig. 1(D) effect of OGA with various dp on bone resorption. Osteoclasts were cultured on bovine

bone slices for 48 h in the absence (Ct) or in the presence of 200 mg mL�1 of OGA with various dp. *p < 0.05, **p < 0.01 and ***p < 0.001 as compared to control.
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response after washing and the baseline response before injection
reached a value lower than 100 RU, meaning that no interaction
occurred. The large jump in RUs obtained with BSA may result from
a difference in refraction index between the buffer and the BSA
solution. By contrast, when type I collagen was injected (Fig. 6B),
the difference value between the baseline levels was determined to
be at around 400 RU, which reflects an interaction between
collagen I and the OGA sensor chips. The residual signal obtained
with collagen after wash shows that dissociation is very slow.

4. Discussion

Identifying new inhibitors of bone resorption and understanding
their mechanism of action is of great importance for the treatment of
post-menopausal osteoporosis, a worldwide health problem. In this
study, we used a mix of oligogalacturonic acids obtained after
degradation and purification of flax pectin. This mix, composed of
OGA from 2 to 25 units, was tested in in vitro bone resorption, using a
well-established model of primary osteoclast cells prepared from
rabbit long bone. Using two different techniques for the assessment
of bone resorption, we demonstrated that OGA dose-dependently
inhibited the bone resorbing activity of osteoclasts. The inhibitory
Fig. 3. OGA inhibits collagenolytic activity of cathepsin K by a mechanism independen

cathepsin K activity was assessed at pH 5.5 using Z-phe-Arg-AMC as synthetic substrate

released was evaluated by fluorimetric measurement. A standard curve with AMC wa

measured in the absence (control) or in the presence of either E64 (10 mM) or OGA (200

collagenolysis. Triple-helical type I collagen was degraded by cathepsin K in the absence o

SDS PAGE. (C) Influence of the OGA chain length on the inhibition of cathepsin K m

100 mg mL�1).
effect was dependent on the chain length of the OGA and at least five
residues of galacturonic acid (dp 5) were necessary to obtain a
significant inhibitory effect on bone resorption. In our cell model of
fully differentiated osteoclasts, inhibition of bone resorption can be
achieved mainly in two ways. Firstly by reducing the osteoclast life
span by inducing osteoclast apoptosis, as can be done by the use of
bisphosphonates [21]. However, we have shown that inhibition of
bone resorption by OGA was independent of any effect on osteoclast
apoptosis. Another way to inhibit bone resorption within our cell
model is by interfering with bone matrix degradation. It is now
clearly established that in the sub-osteoclastic compartment, both
lysosomal cysteine enzymes and metalloproteases, act in concert to
degrade type I collagen [7], the main component (90%) of the organic
bone matrix. Among the lysosomal cysteine enzymes, cathepsin K is
the key regulator in the osteoclast-mediated bone resorption [22]
and several cathepsin K inhibitors have been recently developed as
inhibitor of bone resorption [23]. These conventional cathepsin K
inhibitors target the active site, thus causing a complete inhibition of
enzymatic activity. In the present report, using a synthetic substrate
Z-Phe-Arg-AMC, we demonstrated that OGA, by contrast to E64 a
classical lysosomal cathepsin inhibitor, did not modulate cathepsin
K activity. This result indicates that OGA does not interact with the
t of site-active inhibition. (A) Effect of OGA on cathepsin K activity. Inhibition of

(10 mM) and human recombinant cathepsin K (0.5 mg mL�1). The amount of AMC

s used in the conversion of fluorescence to molar units. Cathepsin K activity was

mg mL�1). (B) dose-dependent inhibitory effect of OGA on the cathepsin K mediated

r in the presence of either various OGA concentrations or E-64 and then subjected to

ediated collagenolysis (OGA of different size were used at the concentration of



Fig. 4. OGA also inhibits the collagenolytic activity of cathepsin B and L as well as MMP-9 in a dose-dependent manner. Triple-helical type I collagen degradation by cathepsin

B (A), L (B) was carried out at 37 8C during 4 h in the absence or in the presence of either various OGA concentrations or E-64. The MMP-9 degradation (C) was carried out at

37 8C during 15 h in the presence or not of OGA at various copncentrations. The samples were then subjected to a SDS-PAGE electrophoresis under denaturing condition.
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cathepsin K active site. Although no inhibition of cathepsin K activity
was observed, we demonstrated by means of an in vitro collagen
degradation assay that OGA dose-dependently inhibited the ability
of cathepsin K to cleave triple-helical collagen. This inhibition was
also dependent on the chain length of the OGA, efficient inhibition
being evident with a degree of polymerization greater than five. The
effect of OGA on collagenolysis was not specific to cathepsin K, since
other lysosomal cysteine enzymes known to cleave collagen
molecules, such as cathepsin B and L were also inhibited as well
as the MMP-9 an other key enzyme of osteoclast activity. Of
particular interest, using non-collagenic substrates, we demon-
strated that OGA does not inhibit the proteolytic activity of cathepsin
B and L. These findings clearly revealed that OGA inhibits collagen
degradation mediated by proteases without affecting their proteo-
lytic activity. From these results, we hypothesized that the observed
inhibition of collagen degradation may be due to the ability of OGA to
bind to the collagen molecule. By masking the collagen surface, OGA
may render the cleavage site less accessible to the proteases and thus
prevent collagen breakdown. To address this issue, we tried to
evaluate the possible interaction between OGA and collagen by
surface plasmon resonance, a method that can be applied to the
study of protein–ligand interactions. In the present study, our
preliminary SPR data clearly showed that OGA binds to collagen,
while they do not bind to a non-collagenic substrate such as
albumin, consistent with a specific effect on collagen. It is surprising
to note that all the lysosomal cysteine proteases tested in this study
were inhibited even though the cleavage sites in type I collagen
targeted by the different proteases are not identical [6]. The nature of
the non-covalent interaction between collagen and OGA and the
structural knowledge of the binding sites remain to be elucidated. A
more detailed study with SPR will enable us to obtain more
information about the specificity of the binding.

In order to treat pathological conditions characterized by
excessive collagen degradation, several approaches have been
developed to block the activity of proteases, including small-
molecule inhibitors, antibodies and increased production of
endogenous inhibitors. Specific inhibition of the collagenase
function of proteases by compounds that are capable of masking
the cleavage site of the collagen substrate may represent a new
strategy in the treatment of those pathological conditions. To date,
very few compounds that fulfil these requirements have been
identified. In a recent study, Selent et al. [24] have demonstrated
that negatively charged polymers (e.g. polyglutamates and
oligonucleotides) inhibited the collagenase activity of cathepsin
K, while the non-collagenolytic activity remained intact. It has
been reported that this inhibitory effect is mainly due to the
impeding effect of polymers on the active complex formed
between cathepsin K and chondroitin sulphate, a glycosaminogly-
can which enhances the degradation of type I collagen by cathepsin
K. In our study, such a mechanism is unlikely, since the inhibitory
effect was also observed with other proteases, which do not
require chondroitin sulfate to degrade collagen.



Fig. 5. OGA does not inhibit non-collagenic protein degradation by cathepsin B or L. BSA (A and B), haemoglobin (C), a-asein (D) and Type II-A histone, were degraded by

cathepsin B or L in the absence or in the presence of either OGA (100 ng mL�1) or E-64 (10 mM) and then subjected to a SDS-PAGE electrophoresis under denaturing condition.

Fig. 6. Sensorgram for the interaction of BSA (A) and collagen I (B) obtained after

injection over an OGA coated chips.
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In summary, in this work we identified OGA as inhibitors of
collagen degradation, acting through a non-catalytic inhibitory
pathway. These compounds, which specifically target the
collagenase function of proteases without affecting their
proteolytic activity, may have therapeutic advantages over
classical active site inhibitors regarding their undesirable side
effects. Due to the physiological role of human cathepsins and
metalloproteases in bone collagen degradation, OGA may be
active as inhibitors of bone resorption and may serve in the
treatment of osteoporosis and other disorders characterized by
increased bone resorption such as rheumatoid arthritis and
osteolytic bone metastasis. These inhibitors may also serve in the
treatment of other pathological conditions due to excessive
collagen degradation such as aneurysms of blood vessels and
tumor invasion. Future studies aiming to identify the binding
sites and the precise mechanism of interaction between OGA and
collagen will help in the development of efficacious molecular
inhibitors.
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