Available online http://arthritis-research.com/content/9/6/R117

Research article
Vol 9 No 6

Open Access

Chondroitin and glucosamine sulfate in combination decrease the
pro-resorptive properties of human osteoarthritis subchondral
bone osteoblasts: a basic science study
Steeve Kwan Tat1, Jean-Pierre Pelletier1, Josep Vergés2, Daniel Lajeunesse1, Eulàlia Montell2,
Hassan Fahmi1, Martin Lavigne3 and Johanne Martel-Pelletier1
1Osteoarthritis Research Unit, University of Montreal Hospital Centre, Notre-Dame Hospital, 1560 rue Sherbrooke Est, Montreal, Quebec H2L 4M1,
Canada
2Scientific Medical Department, Bioiberica, S.A., Pza Francesc Macià 7, Barcelona 08029, Spain
3Department of Orthopaedics, Maisonneuve-Rosemont Hospital, 5345 boulevard l'Assomption, Montreal, Quebec H1T 4B3, Canada

Corresponding author: Johanne Martel-Pelletier, jm@martelpelletier.ca
Received: 20 Apr 2007 Revisions requested: 8 Jun 2007 Revisions received: 23 Oct 2007 Accepted: 9 Nov 2007 Published: 9 Nov 2007
Arthritis Research & Therapy 2007, 9:R117 (doi:10.1186/ar2325)
This article is online at: http://arthritis-research.com/content/9/6/R117
© 2007 Kwan Tat et al; licensee BioMed Central Ltd.
This is an open access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract
Early in the pathological process of osteoarthritis (OA),
subchondral bone remodelling, which is related to altered
osteoblast metabolism, takes place. In the present study, we
explored in human OA subchondral bone whether chondroitin
sulfate (CS), glucosamine sulfate (GS), or both together affect
the major bone biomarkers, osteoprotegerin (OPG), receptor
activator of nuclear factor-kappa B ligand (RANKL), and the proresorptive activity of OA osteoblasts. The effect of CS (200 μg/
mL), GS (50 and 200 μg/mL), or both together on human OA
subchondral bone osteoblasts, in the presence or absence of
1,25(OH)2D3 (vitamin D3) (50 nM), was determined on the bone
biomarkers alkaline phosphatase and osteocalcin, on the
expression
(mRNA)
and
production
(enzyme-linked
immunosorbent assay) of bone remodelling factors OPG and
RANKL, and on the pro-resorptive activity of these cells. For the
latter experiments, human OA osteoblasts were incubated with
differentiated peripheral blood mononuclear cells on a submicron synthetic calcium phosphate thin film. Data showed that
CS and GS affected neither basal nor vitamin D3-induced
alkaline phosphatase or osteocalcin release. Interestingly, OPG

expression and production under basal conditions or vitamin D3
treatment were upregulated by CS and by both CS and GS
incubated together. Under basal conditions, RANKL expression
was significantly reduced by CS and by both drugs incubated
together. Under vitamin D3, these drugs also showed a
decrease in RANKL level, which, however, did not reach
statistical significance. Importantly, under basal conditions, CS
and both compounds combined significantly upregulated the
expression ratio of OPG/RANKL. Vitamin D3 decreased this
ratio, and GS further decreased it. Both drugs reduced the
resorption activity, and statistical significance was reached for
GS and when CS and GS were incubated together. Our data
indicate that CS and GS do not overly affect cell integrity or
bone biomarkers. Yet CS and both compounds together
increase the expression ratio of OPG/RANKL, suggesting a
positive effect on OA subchondral bone structural changes. This
was confirmed by the decreased resorptive activity for the
combination of CS and GS. These data are of major significance
and may help to explain how these two drugs exert a positive
effect on OA pathophysiology.

Introduction

and resulting in a significant social and economic burden.
Despite the high prevalence of OA, its precise
etiopathogenesis is not yet completely understood, although
significant progress has been made in the last few decades.

Osteoarthritis (OA) is one of the most common joint disorders,
affecting approximately 65% of individuals over 60 years of
age, many of whom suffer from pain and functional disability,

CS = chondroitin sulfate; CT = threshold cycle; DMEM = Dulbecco's modified Eagle's medium; EIA = enzyme immunoassay; FCS = fetal calf serum;
GAG = glycosaminoglycan; GAPDH = glyceraldehyde-3-phosphate dehydrogenase; GS = glucosamine sulfate; H-OA = high-osteoarthritis; IL-1β =
interleukin-1-beta; L-OA = low-osteoarthritis; M-CSF = macrophage colony-stimulating factor; OA = osteoarthritis; OPG = osteoprotegerin; PBMC
= peripheral blood mononuclear cell; PCR = polymerase chain reaction; PGE2 = prostaglandin E2; RANKL = receptor activator of nuclear factorkappa B ligand; RT = reverse transcription; TGF-β = transforming growth factor-beta; TRAP = tartrate-resistant acid phosphatase.
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OA is considered a complex illness in which tissues of the
joint, including cartilage, synovial membrane, and subchondral
bone, play significant roles [1]. Even though articular cartilage
destruction is a major characteristic of OA, we still do not completely understand what initiates its degradation and loss. Synovial membrane inflammation is believed to play an important
role in the progression of joint tissue lesions; however, there is
a general consensus that synovial inflammation in OA is not
the primary cause of the disease but rather a secondary phenomenon related to multiple factors, including cartilage matrix
degradation. Moreover, studies have also demonstrated that,
in OA, the subchondral bone is not an innocent bystander but
is the site of several dynamic morphological changes that
appear to be part of the disease process [2]. These changes
are associated with a number of local abnormal biochemical
pathways related to the altered osteoblast metabolism.
Some compounds have been shown to have a slow-acting
symptomatic effect in OA and are termed SYSADOA [3].
Among this group of pharmacological substances are chondroitin sulfate (CS and glucosamine sulfate (GS). Several
strategies have been investigated for the symptomatic and
structural management of OA using these two drugs. There is
compelling evidence of the potential for inhibiting the structural progression of OA with CS and GS in patients with OA
of the knees and hands [4-6] Moreover, the recent Glucosamine/Chondroitin Arthritis Intervention Trial suggests, following exploratory analyses, that the combination of the two
drugs was effective on symptoms in OA patients having moderate to severe knee pain [7].
Glucosamine is an aminosaccharide that acts as a preferred
substrate for the biosynthesis of glycosaminoglycan (GAG
chains and, subsequently, for the production of aggrecan and
other proteoglycans. CS is a major component of the extracellular matrix of many connective tissues, including cartilage,
bone, skin, ligaments, and tendons. It is a sulfated GAG composed of a long unbranched polysaccharide chain with a
repeating disaccharide structure of N-acetylgalactosamine
and glucuronic acid. Most of the N-acetylgalactosamine residues are sulfated, particularly in the 4- or 6-position, making it
a strongly charged polyanion. A number of small leucine-rich
proteoglycans, especially decorin and biglycan (which contain
high levels of CS chains), are present in the bone extracellular
matrix compartment [8]. In OA articular tissues, changes in the
structure of CS have been reported, with the appearance of
longer chains [9]. In in vitro studies, both GS and CS have
demonstrated the ability to diminish pro-inflammatory factors,
to modify the cellular death process, and to improve the anabolism/catabolism balance of extracellular cartilage matrix. In
addition, CS has proven to have a positive effect on OA synovial membrane. However, the exact mechanisms of action
underlying their beneficial effects remain poorly understood,
and their action on the factors involved in subchondral bone
remodelling has never been investigated.
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Although sclerosis of the subchondral bone is seen at a late
stage of the OA process, several in vitro and in vivo [10]
reports have indicated that subchondral bone remodelling
involving bone resorption occurs early in the disease. Osteoblasts from human OA subchondral bone have been shown to
produce an excess of many biochemical factors favoring the
maturation/activation of osteoclasts and/or resorption of bone
matrix. Abnormal levels of two major factors that play a major
role in bone resorption, osteoprotegerin (OPG) and the receptor activator of nuclear factor-kappa B ligand (RANKL), have
been found in human OA subchondral bone osteoblasts [11].
Both factors are synthesized by osteoblasts, and RANKL, a
member of the tumour necrosis factor superfamily, is an essential cytokine for osteoclast differentiation and bone loss. On
the other hand, OPG is considered a decoy receptor that
blocks the binding of RANKL to the RANK receptor, located
on osteoclast precursors, thereby inhibiting the terminal stage
of osteoclastic differentiation and suppressing its activation as
well as inducing the apoptosis of mature osteoclasts. Thus,
OPG, by preventing osteoclastogenesis, inhibits bone
resorption.
Recent data showed that human OA subchondral bone osteoblasts could be discriminated into two groups according to
low (L) or high (H) OA osteoblasts based on the level of prostaglandin E2 (PGE2 production [12,13].(Interestingly, we further showed that L-OA osteoblasts promote osteoclast
differentiation and formation and an increase in RANKL levels
leading to a decreased OPG/RANKL expression ratio in favor
of bone destruction [11]. However, the H-OA osteoblasts
appear to be under the influence of factors favoring bone deposition [11,14].
In the present study, we explored in human subchondral bone
whether CS and GS or both together affect certain bone
biomarkers, OPG and RANKL levels, and pro-resorptive activity. Data showed that neither CS nor GS overly affects cell
integrity or osteoblast phenotypic cell markers. However, CS
and both CS and GS together significantly increased the
expression ratio of OPG/RANKL, and GS and both CS and
GS significantly decreased the OA osteoblast pro-resorptive
activity. This suggests that these drugs could have a positive
effect on OA subchondral bone structural changes, explaining
the in vivo beneficial effect of CS and GS alone or combined.

Materials and methods
Specimen selection
Human OA specimens were obtained from the femoral condyles of patients undergoing total knee arthroplasty (mean age
± standard deviation: 74 ± 9 years). All patients were evaluated as having OA according to the American College of
Rheumatology clinical criteria [15]. At the time of surgery, the
patients had symptomatic disease requiring medical treatment
in the form of acetaminophen, nonsteroidal anti-inflammatory
drugs, or selective cyclooxygenase-2 inhibitors. None had
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received intra-articular steroid injections within 3 months prior
to surgery, and none had received medication that would interfere with bone metabolism. The institutional ethics committee
board of Notre-Dame Hospital (Montreal, QC, Canada)
approved the use of the human articular tissues.
Subchondral bone osteoblast culture
The subchondral bone osteoblast culture was prepared as
previously described [16,17] The overlying cartilage was
removed and the trabecular bone tissue was dissected from
the subchondral bone plate. All manipulations were performed
under a magnifying microscope to ensure complete removal of
cartilage and trabecular bone. Briefly, bone samples were cut
into small pieces prior to sequential digestion in the presence
of collagenase type I in BGJb medium (both from SigmaAldrich, Oakville, ON, Canada) without serum at 37°C in a
humidified atmosphere of 5% CO2/95% air. After a 4-hour
incubation period, the bone pieces were cultured in BGJb
medium containing 20% heat-inactivated fetal calf serum
(FCS) (Gibco-BRL, now part of Invitrogen Corporation,
Carlsbad, CA, USA) and an antibiotic mixture (100 units/mL
penicillin base and 100 μg/mL streptomycin base; Invitrogen
Corporation) at 37°C in the humidified atmosphere. This
medium was replaced every 2 days until cells were observed
in the Petri dishes. At this point, the culture medium was
replaced with fresh medium containing 10% FCS until confluence. Osteoblasts were passaged once and grown until confluence (about 5 days) in Dulbecco's modified Eagle's medium
(DMEM) containing 10% FCS. Of note, osteoblasts from
human subchondral bone, as prepared, have been shown to
be mature differentiated cells since they express the bonespecific markers, including alkaline phosphatase and osteocalcin [12,13,16-21].

Cells were seeded at high density (200,000 cells/12 wells per
plate) and cultured to confluence. They were treated with CS,
GS, or both together in the absence or presence of
1,25(OH)2D3 (vitamin D3). The concentrations used were 200
μg/mL for CS (CS Bio-Active; Bioiberica, S.A., Barcelona,
Spain), 50 and 200 μg/mL for GS (Bioiberica, S.A.), 200 μg/
mL for CS and GS when used together, and 50 nM for vitamin
D3 (Sigma-Aldrich). The effect of the factors was assessed by
pre-incubating confluent cells in DMEM (Invitrogen Corporation)/0.5% FCS for 24 hours followed by an incubation of 18
hours (for mRNA determination) and 48 hours (for protein
determination) with the factors under study. Preliminary experiments in which time course (0, 2, 8, 18, and 36 hours) was
performed for the expression of OPG and RANKL under CS
and GS treatment revealed a maximum effect on both OPG
and RANKL at 18 hours.
RNA extraction, reverse transcription, and real-time
polymerase chain reaction
Total cellular RNA from human osteoblasts was extracted with
the TRIzol™ reagent (Invitrogen Corporation) according to the

manufacturer's specifications and treated with the DNA-free™
DNase Treatment and Removal kit (Ambion, Inc., Austin, TX,
USA) to ensure complete removal of chromosomal DNA. The
RNA was quantitated using the RiboGreen RNA quantitation
kit (Molecular Probes Inc., now part of Invitrogen Corporation).
The reverse transcription (RT) reactions were primed with random hexamers as described previously [22]. Real-time quantitation of mRNA was performed as previously described [22] in
the GeneAmp 5700 Sequence Detection System (Applied
Biosystems, Foster City, CA, USA) with the 2× Quantitect
SYBR Green PCR [polymerase chain reaction] Master Mix
(Qiagen, Mississauga, ON, Canada) used according to the
manufacturer's specifications. In brief, 45 ng of the cDNA
obtained from the RT reactions was amplified in a total volume
of 50 μL consisting of 1× Master mix, uracil-N-glycosylase
(Epicentre Biotechnologies, Madison, WI, USA) 0.5 units, and
the gene-specific primers, which were added at a final concentration of 200 nM. The primer sequences were 5'-GTTTACTTTGGTGCCAGG
(antisense)
and
5'GCTTGAAACATAGGAGCTG (sense) (OPG), 5'-GGGTATGAGAACTTGGGATT (antisense) and 5'-CACTATTAATGCCACCGAC
(sense)
(RANKL),
and
5'CAGAACATCATCCCTGCCTCT (antisense) and 5'-GCTTGACAAAGTGGTCGTTGAG (sense) (glyceraldehyde-3phosphate dehydrogenase [GAPDH]). The primer efficiencies
for the test genes were the same as for the GAPDH gene. The
standard curves were generated with the same plasmids as
the target sequences. The data were collected and processed
with GeneAmp 5700 SDS software and given as a threshold
cycle (CT) corresponding to the PCR cycle at which an
increase in reporter fluorescence above a baseline signal can
first be detected. The CT was then converted to number of
molecules, and the values for each sample were calculated as
the ratio of the number of molecules of the target gene to the
number of molecules of GAPDH. Data are expressed as arbitrary unit over the control, which was given 1 as unit.
Protein determinations
As previously described in the literature [12,13,16,17,23,24],
the activity of alkaline phosphatase, osteocalcin, and PGE2
was determined after a 48-hour incubation. The alkaline phosphatase was determined in cell lysate, and the levels of osteocalcin, OPG, and PGE2 in the culture media. Alkaline
phosphatase activity was determined by substrate hydrolysis
using p-nitrophenylphosphate [16], osteocalcin using an
enzyme immunoassay (EIA) (Biomedical Technologies Inc.,
Stoughton, MA, USA) with a sensitivity of 0.5 ng/mL, OPG by
an enzyme-linked immunosorbent assay (MediCorp Inc., Montreal, QC, Canada) with a sensitivity of 2.8 pg/mL, total soluble
RANKL by an EIA (ALPCO Diagnostics, Salem, NH, USA)
with a sensitivity of 30 pg/mL, and PGE2 by an EIA (Cayman
Chemical Company, Ann Arbor, MI, USA) with a sensitivity of
7.8 pg/mL. The protein concentration was determined using
the bicinchoninic acid method (Pierce, Rockford, IL, USA). All
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determinations were performed in duplicate for each cell
culture.
Resorption activity determination
The BD BioCoat Osteologic Bone Cell Culture System (BD
Biosciences, Oakville, ON, Canada) was used. Briefly, this
methodology consists of sub-micron synthetic calcium phosphate thin films coated onto culture vessels. In brief, human
peripheral blood mononuclear cells (PBMCs) (100,000 cells/
well) were inoculated onto the wells with culture media containing DMEM/10% FCS, antibiotics, and 25 ng/mL macrophage colony-stimulating factor (M-CSF) and incubated for 3
days at 37°C in a humidified atmosphere in order to induce
pre-osteoclastic differentiation [25]. Human OA subchondral
bone osteoblasts (10,000 cells/well) were then inoculated
with the differentiated PBMCs (pre-osteoclast) and incubated
for another 3 days in fresh culture medium. At the end of this
period, culture medium was eliminated and cells were incubated in DMEM containing M-CSF, 10% FCS, and antibiotics
for 3 weeks with factors under testing. Media were changed
every 3 days. Incubation was carried out at 37°C. At the end
of the incubation period, cells were bleached (6% NaOCl,
5.2% NaCl) and extensively washed in sterilized water. Von
Kossa stain was used for contrast as described by BD Biosciences. In brief, the films were stained with fresh silver nitrate
(5%) for 10 minutes and washed extensively, and stains were
developed with fresh sodium carbonate (5%) in formalin
(25%) for approximately 30 seconds. The films were washed
again and fixed with sodium thiosulfate (5%) for 2 minutes and
washed. The quantitation was performed with the use of a light
microscope with the Bioquant software (Bioquant Osteo II, v
8.00.20; BIOQUANT Image Analysis Corporation, Nashville,
TN, USA). Results are represented as the mean resorbed surface per total surface.

To rule out that CS or GS directly affects PBMC differentiation
in osteoclasts, experiments were performed as above with the
PBMCs only, and also with osteoblasts, and the number of differentiated osteoclasts was measured with the tartrate-resistant acid phosphatase (TRAP) using the Bioquant software. At
the end of the incubation period, the cells were fixed and
stained for TRAP according to the manufacturer's recommendation (Sigma-Aldrich).
Statistical analysis
Data are expressed as the mean ± standard error of the mean.
Statistical significance was assessed by a two-tailed paired
Student t test. P values of less than 0.05 were considered
significant.

Results
Human osteoarthritis subchondral bone osteoblast
classification
We previously showed that patients with OA can be discriminated into two groups classified according to L- or H-OA oste-
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oblasts based on the level of PGE2 production [12,13] and
that L-OA osteoblasts (PGE2 levels of less than 2,000 pg/mg
protein) were suggested to favor pro-resorptive activity
whereas the H-OA osteoblasts favor bone deposition [11,14]
To investigate the effects of the compounds on (among other
things) the OPG, RANKL, and pro-resorptive activity levels, we
chose to perform this study with the L-OA osteoblast specimens. In this study, the OA subchondral bone osteoblasts
used had a PGE2 level of 563.4 ± 115.0 pg/mg protein.
Osteoblast biomarkers
Previous studies with human OA subchondral osteoblasts
have shown that these cells have abnormal bone biomarker
levels [12,13,16,17](In this study, we first looked at two such
biomarkers, namely alkaline phosphatase and osteocalcin.
Data showed (Figure 1a,b) that alkaline phosphatase activity
and osteocalcin responded to vitamin D3, as is expected from
human subchondral bone osteoblasts, with approximately 1.5and 8-fold increases for alkaline phosphatase and osteocalcin,
respectively, over basal values. Neither alkaline phosphatase
nor osteocalcin was truly affected by CS or GS alone or
together; this is true for both basal conditions and hormonal
stimulation. There was a tendency for all treated specimens to
show higher levels of vitamin D3-induced osteocalcin release,
yet this failed to reach statistical significance (Figure 1b).
Osteoprotegerin and RANKL expression and synthesis
OPG expression (Figure 2a) was not altered by treatment with
vitamin D3. Under basal conditions, OPG expression was
found to be significantly increased when CS and GS were
incubated together. CS showed an increased level of OPG
expression under either basal conditions (slight) or vitamin D3
induction (p < 0.06). Interestingly, in the presence of vitamin
D3, CS upregulated OPG expression to a level similar to the
one obtained upon treatment with both drugs.

Data from the protein level were almost identical to those from
the OPG expression, but CS significantly increased OPG
under both basal and vitamin D3 conditions (Figure 2a). GS
had no true effect on OPG protein either alone or in combination with vitamin D3. The significantly increased levels of OPG
with CS and GS incubated together appeared to result from
the effect of the CS.
The RANKL expression level (Figure 2b) was significantly
decreased with CS and with the combination of the two drugs.
This decrease again appeared to be the result of the CS
effect, as GS upregulated the expression level of RANKL at
the highest concentration. Vitamin D3 drastically upregulated
RANKL expression. Under this condition, CS alone and in
combination with GS tended to downregulate the RANKL
level. As for OPG, similar values were obtained for CS alone
or combined with GS, again suggesting that the effect is
related to the CS.
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Figure 1

Levels of alkaline phosphatase and osteocalcin in human osteoarthritis subchondral bone osteoblasts.
osteoblasts Alkaline phosphatase activity (a) and osteocalcin level (b) were determined after treatment with chondroitin sulfate (CS) (200 μg/mL), glucosamine sulfate (GS) (50 or 200 μg/mL), or both
(200 μg/mL each) in the absence or presence of vitamin D3 at 50 nM. Alkaline phosphatase activity (a) was determined in the cell lysate by substrate hydrolysis using p-nitrophenylphosphate, whereas osteocalcin level (b) was determined in the culture media by using a specific enzyme immunoassay. Data are from eight independent experiments. Statistical significance was assessed by paired Student t test. P value indicates the
statistical difference between control (C, basal conditions) and vitamin D3-treated specimens.

Although we used a specific EIA to determine the total protein
level of the RANKL, either in the culture medium or in the cell
lysate, the values obtained were at the limit of detection. This
is not surprising as, in order to be able to detect quantifiable
amounts of RANKL in the culture medium with these human
cells and with the available detection EIA, the cells have to be
treated with factors such as pro-inflammatory cytokines[26].
The OPG/RANKL ratio therefore was determined only from
the expression of these factors. However, as the protein levels

of OPG correspond to its expression levels, one would expect
the ratio calculated with the protein to be similar. Data showed
(Figure 2c) that, under basal conditions, the expression ratio of
OPG/RANKL was significantly increased when cells were
incubated with CS alone and in combination with GS. GS
alone tended to diminish the ratio in a dose-dependent manner. Vitamin D3 significantly decreased the expression ratio of
OPG/RANKL. Under this treatment, GS diminished the ratio,
and a statistically significant decrease was found at the highest concentration.
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Figure 2

Levels of osteoprotegerin
subchondral
bone osteoblasts
(OPG), receptor activator of nuclear factor-kappa B ligand (RANKL), and OPG/RANKL ratio in human osteoarthritis
subchondral bone osteoblasts. Expression and production of OPG (a), expression of RANKL (b), and expression ratio of OPG/RANKL (c) of cells
incubated in the absence or presence of chondroitin sulfate (CS) (200 μg/mL), glucosamine sulfate (GS) (50 or 200 μg/mL), or both (200 μg/mL
each) in the absence or presence of vitamin D3 at 50 nM. Total RNA was extracted and processed for quantitative polymerase chain reaction
(qPCR), and the data are expressed as the mean ± standard error of the mean of arbitrary unit. The release of OPG was determined in the culture
medium by a specific enzyme-linked immunosorbent assay. Data are from eight independent experiments. Statistical significance was assessed by
paired Student t test versus autologous control. Underlined p value indicates the statistical difference between control (C, basal conditions) and vitamin D3-treated specimens.
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Figure 3

osteoblasts activity of human osteoarthritis subchondral bone ostePro-resorptive
oblasts. Resorption activity of osteoblasts co-incubated with differentiated peripheral blood mononuclear cells in the presence of
macrophage colony-stimulating factor and in the absence or presence
of chondroitin sulfate (CS) (200 μg/mL), glucosamine sulfate (GS)
(200 μg/mL), or both (200 μg/mL each) in the absence or presence of
vitamin D3 at 50 nM. Data are in the absence or presence of vitamin D3
from nine or five independent experiments, respectively. They are
expressed as the mean resorbed surface per total surface upon treatment with the factors. Statistical significance was assessed by paired
Student t test versus autologous control. Underlined p value in\dicates
the statistical difference between control (C, basal conditions) and vitamin D3-treated specimens.

Resorption activity
In our sample, the percentage of resorption in the non-treated
specimens was 16.2% ± 3.4% (n = 9). Data as illustrated in
Figure 3 showed a decrease in the resorption activity when
each compound, CS and GS (p < 0.04), was incubated alone.
The resorption activity decrease became maximal when CS
and GS were combined (p < 0.01). As expected, vitamin D3
significantly reduced this process[11]. Under vitamin D3,
although there was a tendency to further reduce the resorption
activity in the presence of GS alone or CS and GS together,
statistical significance was not reached.

The possibility that CS or GS acts directly on the osteoclast
formation process was also examined. Experiments were performed as above in which only the PBMCs were inoculated in
the well, TRAP staining performed, and the level of multinucleated cells determined. Data showed (n = 2) that CS or GS or
the two combined do not affect the PBMC differentiation process: levels of 20%, 21%, 19%, and 18% were recorded for
control (untreated), CS, GS, and CS and GS, respectively.
Similar data were obtained when the PBMCs were co-cultured with osteoblasts (n = 4); compared with the untreated
control specimens, which were given the value of 100%, CS

level was 105% ± 39%, GS 80% ± 34%, and CS + GS
101% ± 43%. Finally, as it has been shown in the literature
that some osteoblast lineages produce M-CSF, we investigated whether CS and GS act on the osteoblasts to produce
this factor. Experiments were carried out as above (co-culture
of PBMCs and osteoblasts) in the presence or absence of MCSF, and the resorption activity as well as the TRAP intensity
were determined. As expected, M-CSF (n = 4) induced
resorption (22.0% ± 6.0%) and in the absence of M-CSF (n =
3) the resorption activity was at a much lower level (2.1% ±
0.1%). Moreover, in the control (untreated) specimens and in
the absence of M-CSF, the TRAP staining level was reduced
by 25% compared with the level in the presence of M-CSF.
However, although the resorbed activity was very low without
M-CSF, CS, GS, and the two together appeared to give a pattern similar to that with the presence of M-CSF, in which CS
or GS reduced the resorptive activity, and the combination of
CS and GS showed almost no resorption.

Discussion
Bone turnover is the result of a tightly balanced and coordinated action of bone-resorbing and bone-forming elements.
These elements are regulated by various factors, including
cytokines, growth factors, and extracellular matrix components. The latter include proteoglycans and GAGs such as
CS, heparan sulfate, and dermatan sulfate, which are either
associated with the cell membrane or stored in the extracellular matrix.
The recent identification of RANKL, its cognate receptor
RANK, and its decoy receptor OPG has opened a new molecular field perspective on osteoclast/osteoblast biology and
bone homeostasis. We previously demonstrated that OA
subchondral bone osteoblasts can be discriminated into two
subgroups and that both OPG and RANKL expression levels,
and consequently the expression ratio of OPG/RANKL, differ
according to the metabolic state of human OA subchondral
bone osteoblasts: OPG/RANKL is decreased in L- and
increased in H-OA osteoblasts[11]. Moreover, the previous
study[11] and that of Couchourel and colleagues[14] showed
that the metabolic state of the L-OA osteoblasts promotes
bone resorption whereas that of the H-OA favors reduced
resorption. Indeed, in L-OA osteoblasts, a higher level of differentiated osteoclasts and a thinner subchondral bone mass
were observed compared with the H-OA osteoblasts[11] and
H-OA osteoblasts demonstrated a higher level of bone deposition[14]. As we wanted to investigate the effects of CS and
GS on the remodelling process, we selected the L-OA
subchondral bone osteoblast subpopulation. Of note, the
osteoblasts from human subchondral bone have already been
shown to be mature differentiated cells and, as reported in the
literature[12,13,16-21], they express and produce the bonespecific marker alkaline phosphatase, and the level of osteocalcin was drastically increased following vitamin D3 treatment.
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GS as well as CS have both been tested as therapeutic
agents in the treatment of OA) [27-29] Although their clinical
efficacy has been demonstrated, the mechanisms by which
they mediate their action are not yet fully known. We first examined the effect of CS and GS on alkaline phosphatase and
osteocalcin in order to evaluate whether these agents could
alter the level of bone markers of terminally differentiated osteoblasts. Upon treatment with CS and GS, both bone phenotypic cell markers were unaffected under basal conditions.
Furthermore, cells were also treated with vitamin D3, which is
known to stimulate both osteocalcin and alkaline phosphatase. Vitamin D3, as expected, enhanced the level of these
two bone biomarkers[16,17], but CS and GS still did not further affect them. This strongly suggested that both compounds were without effect on the cell integrity.
On the OPG and RANKL system, our data revealed that CS
can modulate the expression of these molecules by increasing
OPG and decreasing the gene expression level of RANKL,
thereby increasing the mRNA ratio of OPG/RANKL. The effect
of CS on OPG mRNA versus protein could be explained by
the following. OPG contains a heparin-binding domain to
which some GAGs were demonstrated to bind[30]. Therefore,
one can speculate that extracellular CS may bind the OPG
heparin domain, thereby enhancing OPG bioavailability by preventing it from being degraded. Furthermore, extracellular
OPG was recently shown to modulate the half-life of membranous RANKL by enhancing its degradation through an internalization process[31].
Glucosamine is known to participate in the increased production of GAG and proteoglycans such as aggrecan in cells[32].
Therefore, in following the aforementioned line of thought, we
expected to encounter a similar effect with the GS as with the
CS. However, the expression ratio of OPG/RANKL obtained
when cells were treated with GS was not increased. This
could be explained by the unlikelihood of modulation of extracellular OPG through a direct interaction with GS, as the affinity of GS, being a monosaccharide, toward OPG heparinbinding domain is expected to be very weak. Indeed, it has
been demonstrated that even a tetrasaccharide has a very low
binding affinity toward OPG heparin domain compared with a
molecule containing more saccharides (that is, hexasaccharide, octosaccharide, and decasaccharide) [30].
Nonetheless, it should not be excluded that CS and GS may
also act indirectly through the production of other factors that
in turn modulate OPG/RANKL and/or resorption activity. In
this context, explorative experiments were carried out in which
we looked at whether CS and GS affected the osteoclast differentiation levels and/or the production of M-CSF. Data
showed no such effects with these drugs.
Recent studies reported that RANKL-independent mechanisms could also be involved in orientating the bone
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remodelling toward either a bone resorption or a bone formation process. Thus, one can postulate that such factors could
have been modulated by CS and/or GS, thereby indirectly
affecting bone resorption activity. Such CS- and/or GS-independent effects could explain our findings in which, although
an increase in the OPG/RANKL ratio is found upon treatment
with CS, it appears insufficient to significantly reduce bone
resorption. The additive effect of both compounds at inhibiting
bone resorptive activity could then be explained by the sum of
the effect of CS on the OPG and RANKL and the effect of one
or both of these compounds on RANKL-independent mechanisms on osteoclastogenesis.
Among the RANKL-independent mechanisms, the following
provide interesting hypotheses. Small proteoglycans such as
decorin and biglycan are composed of CS chains[8]. These
small proteoglycans are able to sequester the transforming
growth factor-beta (TGF-β) released by the OA osteoblasts
[12], thereby inhibiting the direct stimulatory effect of TGF-β
on osteoclast formation) [33-35]. Moreover, GS also demonstrated on an articular cell, the chondrocyte, a RANKL-independent effect on osteoclastogenesis by inhibiting the
expression of genes needed for the completion of the osteoclastogenesis process. Indeed, it was demonstrated that interleukin-1-beta (IL-1β) mediates through a RANKL-independent
mechanism the multinucleation and the activation of osteoclasts[36] and that treatment with GS prevents IL-1β effects)
[37-39] GS was also shown, on chondrocytes, to directly
inhibit the activation of the transcription factor nuclear factorkappa B[38,39], thus preventing the activation of a gene
required for osteoclastogenesis. It should be noted that, in the
resorption assay used in the present study, cells are incubated
with the factors for as long as 3 weeks; therefore, the effect of
the drugs on growth factors, cytokines, and transcription factors could very well prevail. Hence, GS, through RANKL-independent mechanisms, and CS, through RANKL-dependent
and -independent mechanisms, may explain the additive
reduced resorption upon treatment with these two factors.
Data showed that vitamin D3 had no effect on the OPG gene
expression and protein levels but markedly increased RANKL
and, as a result, significantly inhibited the expression ratio of
OPG/RANKL. These findings agree with the recent literature
showing that vitamin D3 acts on osteoblasts, thereby increasing RANKL[40] and decreasing OPG[41,42] However, in our
study, even though vitamin D3 decreased the OPG/RANKL
ratio in favor of osteoclastogenesis, a significant decrease in
the resorptive activity was observed. This indicates that the
RANKL-induced osteoclast differentiation from the differentiated PBMC/osteoblast co-culture system was significantly
inhibited by vitamin D3. The inhibition of the resorption activity
of OA osteoblasts with vitamin D3 could relate to a direct effect
of this factor on osteoclasts. Indeed, Itonaga and colleagues[43] showed a marked decrease in the formation of
TRAP+ and VNR+ (vitronectine receptor+) multinucleated cells
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from PBMCs when treated with vitamin D3 and suggest that
this factor inhibits osteoclastogenesis through a direct effect
on osteoclast precursors.
There are conflicting reports in the literature on the effects of
factors, including vitamin D3, on the OPG and RANKL expression levels on bone cells) [44-46] The absence of a consensus
may be linked to the use of different experimental model systems, species (rat, mouse, human, and so on), sources of osteoblasts (trabecular or subchondral bone), culture conditions,
and the physiological/pathological states of cells. Most
reports are from experiments performed on cells from animals
and on trabecular bone. Moreover, Thomas and colleagues[47] reported that vitamin D3 regulates the OPG/
RANKL expression ratio differently, depending on the stage of
maturity of osteoblasts. Thus, the different findings in the
present study compared with some of those in the literature
could be due to the use of human specimens from patients
with OA, the fact that the osteoblasts are mature but at a particular stage of the disease, and that osteoblasts are from the
subchondral bone.

Acknowledgements
The authors thank Virginia Wallis for the manuscript preparation,
François-Cyril Jolicoeur for his competence with cell culture techniques,
and François Mineau for his technical expertise. This study was funded
in part by a grant from Bioiberica, S.A.

References
1.

2.
3.
4.

5.

6.

Conclusion
Our study provides new and interesting data on the effect of
CS and GS on human OA subchondral bone osteoblast
metabolism. Our data indicate that these compounds, alone or
in combination, do not overly affect OA subchondral bone
cells. However, CS demonstrated a direct effect at curbing the
production of OPG and RANKL, two major factors involved in
the remodelling process, and GS significantly reduced the
resorptive activity, resulting, when both CS and GS are combined, in a marked reduced resorptive activity. These findings,
in addition to the results of studies exploring the effects of
these compounds on the catabolic pathways of OA, provide
interesting and insightful information about the mechanisms by
which these drugs could exert positive effects on the OA disease process.

7.

8.
9.

10.

11.

Competing interests
JV and EM are employees of and holders of stocks and options
in Bioiberica, S.A. (Barcelona, Spain). JM-P and J-PP have
received consultancy fees from Bioiberica, S.A. All other
authors declare that they have no competing interests.

12.

13.

Authors' contributions
JM-P participated in study design, analysis and interpretation
of data, manuscript preparation, and statistical analysis. SKT
participated in study design, acquisition of data, analysis and
interpretation of data, manuscript preparation, and statistical
analysis. JV and EM participated in study design. DL participated in acquisition, analysis, and interpretation of data. HF
and ML participated in acquisition of data. J-PP participated in
analysis and interpretation of data and manuscript preparation.
All authors read and approved the final manuscript.

14.

15.

16.

Martel-Pelletier J, Lajeunesse D, Pelletier JP: Etiopathogenesis of
osteoarthritis. In Arthritis and Allied Conditions: A Textbook of
Rheumatology Edited by: Koopman WJ, Moreland LW. Baltimore:
Lippincott, Williams Wilkins; 2005:2199-2226.
Lajeunesse D, Massicotte F, Pelletier JP, Martel-Pelletier J:
Subchondral bone sclerosis in osteoarthritis: not just an innocent bystander. Modern Rheumatology 2003, 13:7-14.
Lippiello L: Glucosamine and chondroitin sulfate: biological
response modifiers of chondrocytes under simulated conditions of joint stress. Osteoarthritis Cartilage 2003, 11:335-342.
McAlindon TE, LaValley MP, Gulin JP, Felson DT: Glucosamine
and chondroitin for treatment of osteoarthritis: a systematic
quality assessment and meta-analysis.
JAMA 2000,
283:1469-1475.
Richy F, Bruyere O, Ethgen O, Cucherat M, Henrotin Y, Reginster
JY: Structural and symptomatic efficacy of glucosamine and
chondroitin in knee osteoarthritis: a comprehensive metaanalysis. Arch Intern Med 2003, 163:1514-1522.
Reginster JY, Kahan A, Vignon E: A two-year prospective, randomized, double-blind, controlled study assessing the effect of
chondroitin 4&6 sulfate (CS) on the structural progression of
knee osteoarthritis: STOPP (STudy on osteoarthritis progression prevention). Arthritis Rheum 2006, 54(Suppl):93.
Clegg DO, Reda DJ, Harris CL, Klein MA, O'Dell JR, Hooper MM,
Bradley JD, Bingham CO 3rd, Weisman MH, Jackson CG, et al.:
Glucosamine, chondroitin sulfate, and the two in combination
for painful knee osteoarthritis.
N Engl J Med 2006,
354:795-808.
Waddington RJ, Roberts HC, Sugars RV, Schonherr E: Differential roles for small leucine-rich proteoglycans in bone
formation. Eur Cell Mater 2003, 6:12-21.
Caterson B, Mahmoodian F, Sorrell JM, Hardingham TE, Bayliss
MT, Carney SL, Ratcliffe A, Muir H: Modulation of native chondroitin sulphate structure in tissue development and in
disease. J Cell Sci 1990, 97:411-417.
Bettica P, Cline G, Hart DJ, Meyer J, Spector TD: Evidence for
increased bone resorption in patients with progressive knee
osteoarthritis: longitudinal results from the Chingford study.
Arthritis Rheum 2002, 46:3178-3184.
Kwan Tat S, Pelletier J-P, Lajeunesse D, Fahmi H, Lavigne M, Martel-Pelletier J: The differential expression of osteoprotegerin
(OPG) and receptor activator of nuclear factor κB ligand
(RANKL) in human osteoarthritic subchondral bone osteoblasts is an indicator of the metabolic state of these disease
cells. Clin Exp Rheumatol in press.
Massicotte F, Lajeunesse D, Benderdour M, Pelletier J-P, Hilal G,
Duval N, Martel-Pelletier J: Can altered production of interleukin
1β, interleukin-6, transforming growth factor-β and prostaglandin E2 by isolated human subchondral osteoblasts identify
two subgroups of osteoarthritic patients.
Osteoarthritis
Cartilage 2002, 10:491-500.
Massicotte F, Fernandes JC, Martel-Pelletier J, Pelletier JP, Lajeunesse D: Modulation of insulin-like growth factor 1 levels in
human osteoarthritic subchondral bone osteoblasts. Bone
2006, 38:333-341.
Couchourel D, Aubry I, Lavigne M, Martel-Pelletier J, Pelletier J-P,
Lajeunesse D: Abnormal mineralization of human osteoarthritic osteoblasts is linked to abnormal production of collagen
type 1 [abstract]. Arthritis Rheum 2006, 54:S572.
Altman RD, Asch E, Bloch DA, Bole G, Borenstein D, Brandt KD,
Christy W, Cooke TD, Greenwald R, Hochberg M, et al.: Development of criteria for the classification and reporting of osteoarthritis. Classification of osteoarthritis of the knee. Arthritis
Rheum 1986, 29:1039-1049.
Hilal G, Martel-Pelletier J, Pelletier JP, Ranger P, Lajeunesse D:
Osteoblast-like cells from human subchondral osteoarthritic
bone demonstrate an altered phenotype in vitro: possible role

Page 9 of 10
(page number not for citation purposes)

Arthritis Research & Therapy

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.
27.

28.
29.

30.

31.

32.

33.

Vol 9 No 6

Tat et al.

in subchondral bone sclerosis.
Arthritis Rheum 1998,
41:891-899.
Hilal G, Martel-Pelletier J, Pelletier JP, Duval N, Lajeunesse D:
Abnormal regulation of urokinase plasminogen activator by
insulin-like growth factor 1 in human osteoarthritic subchondral osteoblasts. Arthritis Rheum 1999, 42:2112-2122.
Viereck V, Siggelkow H, Tauber S, Raddatz D, Schutze N, Hufner
M: Differential regulation of Cbfa1/Runx2 and osteocalcin
gene expression by vitamin-D3, dexamethasone, and local
growth factors in primary human osteoblasts. J Cell Biochem
2002, 86:348-356.
Shen J, Hovhannisyan H, Lian JB, Montecino MA, Stein GS, Stein
JL, Van Wijnen AJ: Transcriptional induction of the osteocalcin
gene during osteoblast differentiation involves acetylation of
histones h3 and h4. Mol Endocrinol 2003, 17:743-756.
zur Nieden NI, Kempka G, Ahr HJ: In vitro differentiation of
embryonic stem cells into mineralized osteoblasts. Differentiation 2003, 71:18-27.
Cantatore FP, Corrado A, Grano M, Quarta L, Colucci S, Melillo N:
Osteocalcin synthesis by human osteoblasts from normal and
osteoarthritic bone after vitamin D3 stimulation.
Clin
Rheumatol 2004, 23:490-495.
Tardif G, Hum D, Pelletier JP, Boileau C, Ranger P, Martel-Pelletier
J: Differential gene expression and regulation of the bone morphogenetic protein antagonists follistatin and gremlin in normal and osteoarthritic human chondrocytes and synovial
fibroblasts. Arthritis Rheum 2004, 50:2521-2530.
Paredes Y, Massicotte F, Pelletier JP, Martel-Pelletier J, Laufer S,
Lajeunesse D: Study of the role of leukotriene B4 in abnormal
function of human subchondral osteoarthritis osteoblasts:
effects of cyclooxygenase and/or 5-lipoxygenase inhibition.
Arthritis Rheum 2002, 46:1804-1812.
Guévremont M, Martel-Pelletier J, Massicotte F, Tardif G, Pelletier
JP, Ranger P, Lajeunesse D, Reboul P: Human adult chondrocytes express hepatocyte growth factor (HGF) isoforms but
not HGF: potential implication of osteoblasts on the presence
of HGF in cartilage. J Bone Miner Res 2003, 18:1073-1081.
Dempster DW, Hughes-Begos CE, Plavetic-Chee K, BrandaoBurch A, Cosman F, Nieves J, Neubort S, Lu SS, Iida-Klein A,
Arnett T, et al.: Normal human osteoclasts formed from peripheral blood monocytes express PTH type 1 receptors and are
stimulated by PTH in the absence of osteoblasts. J Cell
Biochem 2005, 95:139-148.
Bezerra MC, Carvalho JF, Prokopowitsch AS, Pereira RM: RANK,
RANKL and osteoprotegerin in arthritic bone loss. Braz J Med
Biol Res 2005, 38:161-170.
Reginster JY, Bruyere O, Lecart MP, Henrotin Y: Naturocetic (glucosamine and chondroitin sulfate) compounds as structuremodifying drugs in the treatment of osteoarthritis. Curr Opin
Rheumatol 2003, 15:651-655.
Owens S, Wagner P, Vangsness CT Jr: Recent advances in glucosamine and chondroitin supplementation. J Knee Surg
2004, 17:185-193.
Simanek V, Kren V, Ulrichova J, Gallo J: The efficacy of glucosamine and chondroitin sulfate in the treatment of osteoarthritis: are these saccharides drugs or nutraceuticals? Biomed
Pap Med Fac Univ Palacky Olomouc Czech Repub 2005,
149:51-56.
Theoleyre S, Kwan Tat S, Vusio P, Blanchard F, Gallagher J,
Ricard-Blum S, Fortun Y, Padrines M, Redini F, Heymann D: Characterization of osteoprotegerin binding to glycosaminoglycans by surface plasmon resonance: role in the interactions
with receptor activator of nuclear factor kappaB ligand
(RANKL) and RANK. Biochem Biophys Res Commun 2006,
347:460-467.
Tat SK, Padrines M, Theoleyre S, Couillaud-Battaglia S, Heymann
D, Redini F, Fortun Y: OPG/membranous-RANKL complex is
internalized via the clathrin pathway before a lysosomal and a
proteasomal degradation. Bone 2006, 39:706-715.
Dodge GR, Jimenez SA: Glucosamine sulfate modulates the
levels of aggrecan and matrix metalloproteinase-3 synthesized by cultured human osteoarthritis articular chondrocytes.
Osteoarthritis Cartilage 2003, 11:424-432.
Itonaga I, Sabokbar A, Sun SG, Kudo O, Danks L, Ferguson D,
Fujikawa Y, Athanasou NA: Transforming growth factor-beta
induces osteoclast formation in the absence of RANKL. Bone
2004, 34:57-64.

Page 10 of 10
(page number not for citation purposes)

34. Sells Galvin RJ, Gatlin CL, Horn JW, Fuson TR: TGF-beta
enhances osteoclast differentiation in hematopoietic cell cultures stimulated with RANKL and M-CSF. Biochem Biophys
Res Commun 1999, 265:233-239.
35. Quinn JM, Itoh K, Udagawa N, Hausler K, Yasuda H, Shima N,
Mizuno A, Higashio K, Takahashi N, Suda T, et al.: Transforming
growth factor beta affects osteoclast differentiation via direct
and indirect actions. J Bone Miner Res 2001, 16:1787-1794.
36. Jimi E, Akiyama S, Tsurukai T, Okahashi N, Kobayashi K, Udagawa
N, Nishihara T, Takahashi N, Suda T: Osteoclast differentiation
factor acts as a multifunctional regulator in murine osteoclast
differentiation and function. J Immunol 1999, 163:434-442.
37. Shikhman AR, Kuhn K, Alaaeddine N, Lotz M: N-acetylglucosamine prevents IL-1 beta-mediated activation of human
chondrocytes. J Immunol 2001, 166:5155-5160.
38. Gouze JN, Bianchi A, Becuwe P, Dauca M, Netter P, Magdalou J,
Terlain B, Bordji K: Glucosamine modulates IL-1-induced activation of rat chondrocytes at a receptor level, and by inhibiting
the NF-kappa B pathway. FEBS Lett 2002, 510:166-170.
39. Largo R, Alvarez-Soria MA, Diez-Ortego I, Calvo E, Sanchez-Pernaute O, Egido J, Herrero-Beaumont G: Glucosamine inhibits IL1beta-induced NFkappaB activation in human osteoarthritic
chondrocytes. Osteoarthritis Cartilage 2003, 11:290-298.
40. Atkins GJ, Kostakis P, Welldon KJ, Vincent C, Findlay DM, Zannettino AC: Human trabecular bone-derived osteoblasts support
human osteoclast formation in vitro in a defined, serum-free
medium. J Cell Physiol 2005, 203:573-582.
41. Bergh JJ, Xu Y, Farach-Carson MC: Osteoprotegerin expression
and secretion are regulated by calcium influx through the Ltype voltage-sensitive calcium channel. Endocrinology 2004,
145:426-436.
42. Tian QX, Huang GY: Effects of 1,25-dihydroxyvitamin D3 on the
expressions of osteoprotegerin and receptor activator of NFkappaB ligand in mouse osteoblasts. Zhongguo Yi Xue Ke Xue
Yuan Xue Bao 2004, 26:418-422.
43. Itonaga I, Sabokbar A, Neale SD, Athanasou NA: 1,25-Dihydroxyvitamin D(3) and prostaglandin E(2) act directly on circulating
human osteoclast precursors. Biochem Biophys Res Commun
1999, 264:590-595.
44. Hofbauer LC, Dunstan CR, Spelsberg TC, Riggs BL, Khosla S:
Osteoprotegerin production by human osteoblast lineage
cells is stimulated by vitamin D, bone morphogenetic protein2, and cytokines. Biochem Biophys Res Commun 1998,
250:776-781.
45. Vidal ON, Sjogren K, Eriksson BI, Ljunggren O, Ohlsson C: Osteoprotegerin mRNA is increased by interleukin-1 alpha in the
human osteosarcoma cell line MG-63 and in human osteoblast-like cells.
Biochem Biophys Res Commun 1998,
248:696-700.
46. Brandstrom H, Jonsson KB, Ohlsson C, Vidal O, Ljunghall S,
Ljunggren O: Regulation of osteoprotegerin mRNA levels by
prostaglandin E2 in human bone marrow stroma cells. Biochem Biophys Res Commun 1998, 247:338-341.
47. Thomas GP, Baker SU, Eisman JA, Gardiner EM: Changing
RANKL/OPG mRNA expression in differentiating murine primary osteoblasts. J Endocrinol 2001, 170:451-460.

