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ABSTRACT. Objective. To determine the effects of avocado/soybean unsaponifiables (ASU) on osteoblast-induced

dysregulation of chondrocyte metabolism.

Methods. Human chondrocytes were isolated from osteoarthritis (OA) cartilage and cultured in alginate
beads for 4 or 10 days in the absence or presence of osteoblasts isolated from nonsclerotic (NSC) or
sclerotic (SC) zones of OA subchondral bone plate in monolayer. Before co-culture, osteoblasts were
incubated or not with 10 g g/ml ASU for 72 hours. Aggrecan, type II collagen, matrix metalloproteinase-
3 (MMP-3) and MMP-13, tissue inhibitor of metalloproteinase (TIMP-1), transforming growth factor-
B1 (TGF-B1) and TGF-83, inducible NO synthase (iNOS), and cyclooxygenase-2 (COX-2) mRNA lev-
els in chondrocytes were quantified by RT-PCR. Aggrecan, osteocalcin, TGF-1, interleukin 16 (IL-18),
and IL-6 production were assayed by immunoassays.

Results. In co-culture, SC osteoblasts induced a significant inhibition of matrix protein production and
a significant increase of MMP synthesis by chondrocytes. In contrast, SC osteoblasts did not modify
TIMP-1, TGF-1 and TGF-83,iNOS, or COX-2 mRNA levels in chondrocytes. The pretreatment of SC
osteoblasts with ASU fully prevented the inhibitory effects of SC osteoblasts on matrix component pro-
duction, and even significantly increased type II collagen mRNA level over the control (chondrocytes
alone) value. In contrast, pretreatment of SC osteoblasts with ASU did not significantly modify the
expression of MMP, TIMP-1, TGF-61, TGF-3, iNOS, or COX-2 gene by chondrocytes.

Conclusion. ASU prevent the osteoarthritic osteoblast-induced inhibition of matrix molecule produc-
tion, suggesting that this compound may promote OA cartilage repair by acting on subchondral bone
osteoblasts. This finding constitutes a new mechanism of action for this compound, known for its ben-

eficial effects on cartilage. (First Release July 1 2006; J Rheumatol 2006;33:1668-78)
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OSTEOARTHRITIS CARTILAGE

There is consensus that osteoarthritis (OA) is characterized by
subchondral bone thickening, accompanied by increased
osteoid volume and low mineralization'. These histomorpho-
logical modifications indicate that dysregulation of bone
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remodelling may be part of OA. Indeed, osteoblasts isolated
from subchondral OA bone demonstrate an altered pheno-
type?. In comparison to normal osteoblasts, they produce
more alkaline phosphatase (ALP), osteocalcin (OC), trans-
forming growth factor-B1 (TGF-1), insulin-like growth fac-
tor-1 (IGF-1), and urokinase plasminogen activator (uPA),
while IGF binding protein, plasminogen activator inhibitor-1,
and interleukin 18 (IL-18) levels remain unchanged®?. The
imbalance between urokinase and its inhibitor may favor the
hydrolysis of IGF binding protein, resulting in the freeing of
IGF-1 locally, which may then act via an autocrine/paracrine
pathway to enhance bone matrix formation?. Further, OA
osteoblasts are resistant to parathyroid hormone (PTH) stimu-
lation, a situation that can also contribute to abnormal bone
remodelling and bone sclerosis in OA3. Because microcracks,
vascular channels, and neovascularization provide a link
between subchondral bone tissue and cartilage, it was hypoth-
esized that IL-6, TGF-B, and probably other unexplored fac-
tors produced by osteoblasts may also contribute to the abnor-
mal remodelling of OA cartilage®8. Westacott, et al showed
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that OA osteoblasts in monolayer increased glycosaminogly-
can release from cartilage explants, whereas normal cells did
not’. However, no single effector responsible for osteoblast-
induced cartilage degradation has been identified. That study
was designed to determine the effects of avocado/soybean
unsaponifiables (ASU) on the subchondral osteoblast/chon-
drocyte pathophysiological axis. To this end, we developed an
original co-culture model, in which OA subchondral
osteoblasts in monolayer are cultured with OA chondrocytes
in alginate beads. Using this co-culture model, we previously
showed that OA subchondral osteoblasts from the sclerotic
(SC) zone modulate chondrocyte metabolism. The presence of
SC subchondral osteoblasts induced a decrease of aggrecan,
type II collagen, SOX-9, and parathyroid hormone related
protein (PTHrP) mRNA levels in chondrocytes, but an
increase of levels of osteoblast-stimulating factor-1 (OSF-1),
matrix metalloproteinase-3 (MMP-3), and MMP-133-10,

In Europe, the unsaponifiable elements of avocado (A) and
soybean (S) oils mixed in a ratio 1:2 (ASU, Piasclédine,
Laboratoires Expanscience, Courbevoie, France) are com-
monly used in humans to treat OA. Clinical studies have
shown the beneficial effects of ASU on symptoms of hip and
knee OA!!-'2, Further, a 2-year placebo controlled trial report-
ed evidence of reduced joint space narrowing (JSN) in OA of
the hip in a population treated with ASU, but only in the sub-
group of patients with severe JSN (under the median value of
joint space width) at baseline!3. In vitro, ASU stimulates
matrix component synthesis, and partially counteracts the
inhibitory effect of IL-1, possibly via the production of TGF-
3, an important family of growth factors in terms of cartilage
homeostasis!*!>. ASU is also a potent inhibitor of the produc-
tion by human OA chondrocytes of proinflammatory media-
tors, including IL-6, IL-8, macrophage inflammatory protein-
18, nitric oxide (NO), and prostaglandin E, 3.

We demonstrate that ASU prevent the inhibition of matrix
molecule production by sclerotic subchondral osteoblasts,
suggesting a new mechanism of action for this drug.

MATERIALS AND METHODS

Subchondral osteoarthritic osteoblasts in monolayer culture. Tibial and
femoral subchondral bone plates were from the knees of cadavers (3 men,
ages 48, 57, and 65 yrs) with idiopathic OA obtained immediately after death.
All tissues used in this study were obtained after University of Liege,
Medicine Faculty Ethics Committee approval (reference number 2005/8).
After careful elimination of trabecular bone and articular cartilage, OA sub-
chondral bone was dissected under a microscope to separate nonsclerotic
(NSC) from SC zones. NSC and SC zones were characterized by a marked
difference in their thickness. We considered as SC bone only the subchondral
bone zones with a thickness > 2 mm and either denuded or overlaid by fibril-
lated cartilage. Also, we considered as NSC bone only the subchondral bone
zones with a maximal thickness of 1 mm. Intermediate zones of the subchon-
dral bone plate were discarded. Osteoblasts from SC or NSC subchondral
bone were then obtained by outgrowth from explants as described>-12. At con-
fluence, cells were collected by trypsinization, seeded (50,000 cells/cm?) in
12-well plates (12-well companion plates, Falcon, BD Biosciences,
Erembodegem, Belgium), and grown for 3 days in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum, 100 U/ml

penicillin, 100 pg/ml streptomycin, 10 mM HEPES. After washings,
osteoblasts were maintained for 12 days in differentiation media, composed
of DMEM containing 100 U/ml penicillin, 100 yg/ml streptomycin, 10 mM
HEPES, 2% Ultroser G, a serum substitute, 108 M 1,25(OH)2 vitamin D,
(Sigma-Aldrich, Bornem, Belgium), 50 pzg/ml ascorbic acid (Sigma-Aldrich),
and 20 p g/ml proline (Invitrogen, Merelbeke, Belgium). At the end of this dif-
ferentiation period, cells showed an osteoblastic phenotype characterized by
the production of OC and ALP. After washings, cells were cultured for 72 h
in the absence or presence of ASU (one part avocado unsaponifiable and 2
parts soybean unsaponifiable) at the recommended and currently used in vitro
concentration of 10 gzg/ml'*13, ASU composition has been described!*. ASU
was first dissolved in ethanol and then diluted in incubation medium to the
required final concentration. The final concentration of ethanol was 0.1% in
all culture conditions. The nutrient medium used in this incubation phase was
DMEM supplemented with 1% ITS+ (ICN Biomedicals, Asse-Relegem,
Belgium), 10 mM HEPES, 100 U/ml penicillin, 100 g g/ml streptomycin, 50
pg/ml ascorbic acid (Sigma-Aldrich), 20 g g/ml proline (Invitrogen). ITS+ is
a premixed cell growth system containing in I ml: 0.625 mg insulin, 0.625 mg
transferrin, 0.625 p g selenious acid, 0.125 g bovine serum albumin, and 0.535
mg linoleic acid.

Chondrocyte culture in alginate beads. Cartilage was from the knees of
cadavers (3 men ages 50, 52, and 63 yrs) with idiopathic OA obtained imme-
diately after death, being excised from the superficial and medium layers of
cartilage and avoiding the calcified layer. Upon dissection, the femoral, patel-
lar, and tibial articular surfaces were evaluated for gross pathological carti-
lage modifications according to our scale!¢. The severity of pitting was
recorded for each donor. Four different grades were considered: 0, normal
white cartilage in all areas examined; I, presence of a yellow-grey area with
some superficial fibrillations on one or more articular surfaces; II, irregular
surface with deep fibrillations on one or more articular surfaces; and III,
ulcers penetrating to the subchondral bone on one or more articular surfaces.
Experiments were performed with cartilage specimens showing OA cartilage
lesions of grade II or III. Cartilage was cut into small fragments and then sub-
jected to enzymatic digestion sequentially with hyaluronidase, pronase, and
collagenase (3 g cartilage per 10 ml of enzyme solution) as described!”. The
cells were filtered through a nylon mesh with a pore diameter of 70 ym, and
then washed 3 times with sterile water 0.9% NaCl. Cell viability was esti-
mated by trypan blue exclusion test and in all cases was superior to 95%.
Chondrocytes were suspended in 1.2% low viscosity alginate (Sigma-
Aldrich) in 0.9% NaCl solution at a density of 4 x 10° cells/ml, which was
slowly passed through a 25 gauge needle in a dropwise fashion into 102 mM
CaCl, solution (Sigma-Aldrich). After instantaneous gelation, the beads were
allowed to polymerize further for 10 min in the CaCl, solution. Ten alginate
beads containing OA chondrocytes were placed in porous inserts (with 1 ym
pore size; Falcon, BD Biosciences). The chondrocytes in alginate beads were
maintained 2 days in DMEM supplemented with 2% Ultroser G, 10 mM
HEPES, 100 U/ml penicillin, and 100 pg/ml streptomycin, as a precaution to
avoid contamination with drugs that donors might have taken before death.
After this washout period, culture medium was changed and chondrocytes
were placed in co-culture with NSC or SC subchondral osteoblasts or with
normal skin fibroblasts in monolayer. Normal skin fibroblasts obtained by
outgrowth from explants as described!® were provided by Lambert Ch.
(Liege, Belgium).

OA osteoblast/chondrocyte co-culture. The inserts (with a pore size of 1 ym;
BD Biosciences) containing 10 alginate beads were co-cultured for 4 days
with osteoblasts in monolayer preincubated or not with ASU. Before co-cul-
ture, osteoblasts were extensively washed with phosphate buffered saline
(PBS). Co-culture medium was DMEM supplemented with 1% ITS+, 10 mM
HEPES, 100 U/ml penicillin, 100 pg/ml streptomycin, 50 pg/ml ascorbic
acid, 20 ug/ml proline. Six wells of a 12-well plate were used for each culture
condition. The experiment was repeated 3 times, each time using subchondral
osteoblasts coming from a different donor. Conversely, the OA chondrocytes
selected for each experiment were not from the same donor as the osteoblasts.
As controls, OA chondrocytes in alginate beads were cultured alone (mono-
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culture) or together with normal skin fibroblasts in monolayer. At the end of
the co-culture period, cell conditioned culture medium (S) was carefully col-
lected and kept at —20°C until analysis. The alginate beads were dissolved in
1 ml 0.1 M citrate for 10 min. The resulting suspension was centrifuged at
1200 rpm for 10 min. By this method, 2 fractions were collected: the super-
natant, so-called further-removed matrix (FRM), containing the majority of
the matrix macromolecules, and a pellet containing cells with their associat-
ed matrix (CM). Osteoblasts in monolayer were collected after 5 min treat-
ment with a solution containing 0.125% trypsin-0.5 mM EDTA (Invitrogen).
The cell pellets of chondrocytes or osteoblasts were washed 3 times with PBS
and then either homogenized in 1 ml PBS by ultrasonic dissociation for DNA
and aggrecan quantification or in 175 u1 of cell lysis buffer (Promega, Leiden,
The Netherlands) for RNA isolation. Cell extracts were kept at —70°C until
analysis.

DNA assay. The DNA content of the cultures was measured according to the
fluorimetric method of Labarca and Paigen'.

Immunoassays for aggrecan, OC, IL-1f3, IL-6, and TGF-f1. OC, IL-18, IL-6,
and TGF-B1 were directly measured in osteoblast-conditioned culture super-
natant by specific EASIA (enzyme amplified sensitivity immunoassays;
Biosource Europe, Fleurus, Belgium). Aggrecan was measured in the differ-
ent compartments of alginate bead and in culture supernatants by a specific
EASIA. The limit of detection of these immunoassays was 5.5 ng/ml for
aggrecan, 1.9 ng/ml for OC, 10 pg/ml for IL-18, 8 pg/ml for IL-6, and 30
pg/ml for TGF-$1. The intra- and interassay coefficients of variation were less
than 5% for all immunoassays.

Alkaline phosphatase assay. ALP activity was quantified in the cellular frac-
tion of the osteoblast culture. Fifty microliters of cell extract were incubated
with 100 p1 of p-nitrophenylphosphate (liquid p-NPP, ready to use, KEM-EN-
TEC, Copenhagen, Denmark). In the presence of ALP, p-NPP is transformed
to p-nitrophenol and inorganic phosphate; p-nitrophenol absorbance is meas-
ured at 405 nm. A standard preparation of p-nitrophenol was used for calibra-
tion. Results were expressed in nanomoles of p-nitrophenol released per min
and per ug of DNA.

Immunoassay for PTHrP. PTHrP was directly measured in osteoblast-condi-
tioned culture supernatant by a specific IRMA kit (immunoradiometric assay;
Diagnostic Systems Laboratories, Oxon, UK). In this assay, a first antibody is
coated and the second is 21 labelled. Sample incubation was performed
overnight at ambient temperature under constant agitation (180 rpm), rinsed
with demineralized water, and counted. The limit of detection of this
immunoassay was 3 pg/ml.

Quantitative real-time reverse transcription-polymerase chain reaction. RNA
from 3 x 109 cells was isolated by SV total RNA isolation system (Promega)
and polymerase chain reaction (PCR) was performed using the Light Cycler-
FastStart DNA Master Sybr Green I (Roche Diagnostics, Brussels, Belgium)
as described’. The PCR template source was either 3 ng first-strand cDNA or
purified DNA standard. Primer sequences used to amplify the desired cDNA
were as shown in Table 1. To standardize mRNA levels, we amplified glycer-

aldehyde-3-phosphate dehydrogenase (GAPDH), a housekeeping gene, as an
internal control. Gene expression was normalized by calculating the ratio
between the number of copies of GAPDH and of the following: cDNA copies
of aggrecan, type II collagen (COL2A1), MMP-3, MMP-13, tissue inhibitor
of metalloproteinase (TIMP-1), TGF-1 and TGF-$3, inducible nitric oxide
synthase (iNOS), and cyclooxygenase-2 (COX-2).

Calculation and statistical analysis. The results (mean = SEM) were
expressed as GAPDH-normalized gene expression or as the concentration of
aggrecan per yg DNA. Total aggrecan production corresponded to the sum of
aggrecan found in the supernatant, CM and FRM. A nonparametric Mann-
Whitney U test was performed on all the experiments.

RESULTS

In comparison with NSC, SC subchondral osteoblasts pro-
duced higher amounts of ALP (+ 95%), OC (+ 98%), IL-6 (+
134%), and TGF-B1 (+ 41%), whereas PTHrP was decreased
(=35 %), and IL-18 concentration was similar (Table 2). These
findings indicate that SC osteoblasts had an altered pheno-
type. Aside from inhibition of IL-16 production (p < 0.001),
ASU (10 pg/ml) had no effect on NSC osteoblasts. In contrast,
ASU significantly decreased ALP, OC, and TGF-1 synthesis
by SC osteoblasts (p < 0.01), but had no effect on PTHrP, IL-
18, or IL-6 production.

We then cultured NSC or SC osteoblasts in monolayer with
OA chondrocytes in alginate beads. In parallel, skin fibro-
blasts in monolayer and chondrocytes in alginate beads were
co-cultured as a control condition.

At the beginning of the co-culture period, 3.5 + 0.8 ug of
DNA were measured in alginate beads, osteoblasts, and
fibroblast monolayer culture, indicating that a similar number
of chondrocytes, osteoblasts, or fibroblasts were introduced in
the co-culture model. Further, co-culture conditions did not
significantly modify DNA content in the different compart-
ments of the co-culture, demonstrating that cell numbers
remained stable over the co-culture period (data not shown).

When they were cultured alone (monoculture), human OA
chondrocytes in alginate beads spontaneously produced 8.5
g of aggrecan per ug of DNA after 4 days, and 14.2 ug after
10 days. As previously described, newly synthesized aggrecan
was essentially accumulated in alginate bead?. Seventy-three
percent was found in the FRM, 26% in the CM, and only 1%
was released in the supernatant. When alginate beads were co-

Table 1. Sequences of primers for the quantitative PCR experiments.

mRNA Forward (5°-3") Reverse (5°-3")

GAPDH TTG GTA TCG TGG AAG GAC TCA TGT CAT CAT ATT TGG CAG GTTT
Aggrecan GCA CCATGC CTT CTG CTT CCG AG CTC CAC TGC CTG TGA AGT CAC CAC
COL2A1 TGC TGC CCA GAT GGC TGG AGG A TGC CTT GAA ATC CTT GAG GCC C
MMP-3 ATG AGG TAC GAG CTG G TCA CGC TCAAGT TCC C

MMP-13 CAA CGG ACC CAT ACA G ACA GAC CAT GTG TCC C

TIMP-1 TTC CGA CCT CGT CAT CAG TGA GAAACTCCTCGCT

TGF-B1 ATC TAT GAC AAG TTC AAG CAG AGT ACC ACT GCC GCA CAA CTC CGG TGA
TGF-$3 AAG TGG GTC CAT GAA CCT AA GCT ACATTT ACA AGA CTT CAC

iNOS CCA TGG AAC ATC CCA AAT AC TCT GCA TGT ACT TCA TGA AGG
COX-2 TTC AAA TGA GAT TGT GGG AAA A AGA TCA TCT CTG CCT GAG TAT CTT
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Table 2. Phenotypic characteristics of subchondral osteoblasts. Production
of alkaline phosphatase (ALP), osteocalcin (OC), parathyroid hormone
related protein (PTHrP), interleukin 18 (IL-18), IL-6, and transforming
growth factor (TGF)-B1 by nonsclerotic (NSC) or sclerotic (SC) subchon-
dral osteoblasts cultured 72 h with or without 10 zg/ml ASU. Values are
means + SEM (n = 9) of 3 independent cultures with subchondral
osteoblasts from 3 different donors. Statistical significance between NSC
and SC subchondral osteoblasts *** p <0.001; between ASU treated group
and controls # p < 0.01 and " p < 0.001.

Control ASU (10 pg/ml)

ALP, nmol/gg DNA* min

NSC 9.1+0.6 92=+1.1

SC 17.8 £ 0.6%** 13.1 + 0.3
OC, pg/ug DNA

NSC 6,808 + 302 6,013 + 854

Ne 13,507 + 411 9,154 + 724
PTHTrP, pg/ug DNA

NSC 312+2.1 335+24

SC 20.3 + 1.6%** 222+18
IL-18, pg/ug DNA

NSC 44+0.6 2.7 +0.1##

SC 45+0.7 4205
IL-6, pg/ug DNA

NSC 595 +35 533+ 19

SC 1397 + 114%** 1339 £ 170
TGF-B1, pg/ug DNA

NSC 37505 345+28

SC 52.9 & 3.4%%% 39.1 + 3.3

cultured with SC osteoblasts, aggrecan content in alginate
bead was decreased by 27% + 7% and by 31% + 5% com-
pared to monoculture after 4 or 10 days, respectively (p <
0.001), whereas NSC osteoblasts or normal skin fibroblasts
did not significantly modify aggrecan content (Figure 1). The
decrease of aggrecan content was significantly more marked
in the CM compartment of alginate beads than in FRM. After
4 days, the aggrecan content was decreased by 45% + 8% in
CM (p < 0.01), but only by 20% + 7% in FRM (p < 0.05). In
co-culture, ASU (10 pg/ml) completely reversed osteoblast-
induced inhibition of aggrecan production (Figure 1).

After 4 days of culture in alginate beads (monoculture),
OA chondrocytes in alginate beads spontaneously expressed
22 copies of aggrecan and 1.8 copies of type II collagen
(COL2A1) per 1000 copies of GAPDH. After 10 days, the
expression of these genes was strongly decreased, and chon-
drocytes expressed only 10.1 aggrecan copies and 0.45
COL2A1 copy per 1000 GAPDH copies. When they were co-
cultured with osteoblasts, aggrecan mRNA levels in chondro-
cytes were significantly reduced by SC (p < 0.001) but not by
NSC osteoblasts (Figure 2). On the other hand, NSC and SC
osteoblasts inhibited COL2A1 gene expression by chondro-
cytes (p < 0.001; Figure 3), but the effect was significantly
greater with SC osteoblasts (p < 0.001; Figure 3). After 4 days
of co-culture, ASU (10 ug/ml) fully prevented osteoblast-
induced inhibition of aggrecan and COL2A1 gene expression,
and even raised type II collagen expression level over the

monoculture level (Figures 2A and 3A). After 10 days of incu-
bation, ASU prevented osteoblast-induced inhibition of aggre-
can core protein production, but not aggrecan gene expression
(Figures 1B and 2B).

After 4 days of culture, OA chondrocytes in alginate beads
spontaneously expressed 1400 copies of MMP-3 and 5 copies
of MMP-13 per 1000 copies of GAPDH. After 10 days in algi-
nate beads, MMP-3 and MMP-13 gene expressions fell to 8§22
copies and 4 copies per 1000 copies of GAPDH, respectively.
After 4 days of co-culture with SC osteoblasts, MMP-3 and
MMP-13 mRNA levels in chondrocytes were significantly
increased by 1.65 and 2 times, respectively (p < 0.001). In
comparison, NSC osteoblasts or skin fibroblasts did not mod-
ify the level of MMP-3 mRNA, while NSC osteoblasts
decreased the level of MMP-13 mRNA (p < 0.01). In co-cul-
ture, pretreatment of NSC and SC osteoblasts with ASU did
not significantly modify MMP-3 or MMP-13 mRNA levels in
chondrocytes (Figures 4 and 5).

After 4 days in monoculture, OA chondrocytes in alginate
beads spontaneously expressed 417 copies of TIMP-1, 1.8
copies of TGF-81, 0.7 copy of TGF-83, 2.8 copies of COX-2,
and 90 copies of iNOS per 1000 copies of GAPDH. After 10
days, chondrocytes expressed 256 copies of TIMP-1, 1.6
copies of TGF-B1, 1.2 copies of TGF-3, 3.1 copies of COX-
2, and 34 copies of iNOS per 1000 copies of GAPDH. The
expression of these genes was not modified in co-culture with
SC or NSC osteoblasts. In co-culture, the pretreatment of
osteoblasts with ASU did not influence the expression of these
genes (data not shown).

DISCUSSION

Although OA has long been considered primarily a cartilage
disorder associated with focal articular cartilage degradation,
this disease is accompanied by well defined changes in intra-
and periarticular tissues, including subchondral bone sclero-
sis. The abnormal remodelling of the subchondral bone plate
that is exposed to excessive nonphysiologic mechanical loads
results in stiffer bone that is no longer an effective shock
absorber. This increases mechanical strain in the overlying
cartilage and can accelerate its damage over time. Further,
epidemiologic studies have clearly documented increased
subchondral bone with disease progression?!. Recently, it was
reported that alendronate, a potent inhibitor of bone resorp-
tion, had a potential structure-modifying effect as observed in
a study performed on rats, protecting cartilage deterioration
and preventing osteophyte formation?2. These observations
suggest a role for subchondral bone changes in OA, support-
ing the concept that intervention that reduces bone sclerosis
might slow progressive cartilage degradation. Since it has
been demonstrated that osteoblasts from sclerotic subchondral
bone (SC osteoblasts) showed an altered phenotype’, they
constitute a potential therapeutic target for drugs used in the
treatment of OA. We observed that SC osteoblasts secreted
more ALP, OC, IL-6, and TGF-1 and less PTHrP than NSC
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Figure 1. Aggrecan content in alginate beads after 4 days (A) or 10 days (B) of culture in the
absence (monoculture) or presence (co-culture) of osteoblasts from nonsclerotic (NSC) or scle-
rotic (SC) subchondral bone zones. Before co-culture, osteoblasts were incubated or not (basal)
for 72 h with ASU (10 pg/ml). As a control, OA chondrocytes in alginate beads were also co-
cultured with normal human skin fibroblasts. Results are expressed as mean + SEM of 3 exper-
iments performed with cells from 3 different donors. Comparison of mean values of total aggre-
can production was by Mann-Whitney U test. Chondrocyte/osteoblast co-culture compared to
monoculture ***p < 0.001; pretreated osteoblasts compared to controls p < 0.01; SC com-
pared to NSC osteoblasts #p < 0.05 and #p < 0.01.

cells?, corroborating results of previous work?#23, This find-
ing indicates that SC subchondral osteoblasts used in this
study show an altered phenotype compared to NSC cells and
that they secrete high levels of mediators such as TGF-1 and
IL-6 involved in subchondral bone sclerosis®222423. For the
first time, we also demonstrate that ASU, used in Europe to
treat OA, inhibit ALP and OC synthesis by SC osteoblasts, 2
markers of new bone formation, and decrease the synthesis of
TGF-B1 by osteoblasts, a growth factor postulated to be one of

the key regulators of local bone formation2. TGF-B1 is syn-
thesized locally in the bone tissue and presumed to act by
autocrine/paracrine stimulation of proliferation of the
osteoblastic precursors and production of bone matrix mole-
cules?729, Altogether, these observations indicate that ASU
might be effective on SC subchondral osteoblasts and favor a
return to bone homeostasis. These results suggest that ASU
could have beneficial effects on subchondral bone sclerosis.
In previous work!3, we reported that ASU stimulates TGF-
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Figure 2. Aggrecan gene expression by human OA chondrocytes in alginate beads after 4 days
(A) or 10 days (B) of culture in the absence (monoculture) or presence (co-culture) of
osteoblasts from nonsclerotic (NSC) or sclerotic (SC) subchondral bone zones. Before co-cul-
ture, osteoblasts were incubated or not (basal) for 72 h with ASU (10 pg/ml). As a control, OA
chondrocytes in alginate beads were also co-cultured with normal human skin fibroblasts. The
mRNA copy numbers were normalized against the corresponding copy number of GAPDH
mRNA. Comparison of mean values was by Mann-Whitney U test. Chondrocyte/osteoblast
co-culture compared to monoculture *p < 0.05 and ***p < 0.001; pretreated osteoblasts com-
pared to controls Mp < 0.01; SC compared to NSC osteoblasts #p < 0.05 and #p < 0.01.

B1 production by human OA chondrocytes. In our present
study we have demonstrated that ASU inhibit TGF-1 synthe-
sis by human SC osteoblasts. As ASU contain multiple active
compounds that target multiple pathways, we can speculate
that the spectrum of compounds active on chondrocytes is dif-
ferent from that active on osteoblasts. Therefore, we can
hypothesize that different regulatory pathways of TGF-61
synthesis are activated in chondrocytes and in osteoblasts,

leading to different effects of ASU on chondrocytes and
osteoblasts.

Since the presence of tidemark microcracks that appear
early in OA® have been identified in OA cartilage, we can
speculate that soluble mediators produced by SC osteoblasts
may modulate chondrocyte metabolism and contribute to car-
tilage degradation. To verify this hypothesis, we developed an
original model of culture in which SC osteoblasts and OA
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Figure 3. Type II collagen (COL2A1) gene expression by human OA chondrocytes in alginate
beads after 4 days (A) or 10 days (B) of culture in the absence (monoculture) or presence (co-cul-
ture) of osteoblasts from nonsclerotic (NSC) or sclerotic (SC) subchondral bone zones. Before co-
culture, osteoblasts were incubated or not (basal) for 72 h with ASU (10 pg/ml). As a control, OA
chondrocytes in alginate beads were also co-cultured with normal human skin fibroblasts. The
mRNA copy numbers were normalized against the corresponding copy number of GAPDH
mRNA. Comparison of mean values was by Mann-Whitney U test. Chondrocyte/osteoblast co-
culture compared to monoculture **p < 0.01 and ***p < 0.001; pretreated osteoblasts compared

to controls MAp < 0.001; SC compared to NSC osteoblasts ##p < 0.001.

chondrocytes are cultured in the same environment, but do not
come into contact. The originality of our model lies in the fact
that we use osteoblasts from the sclerotic subchondral bone,
and OA chondrocytes are cultured in alginate beads.
Westacott, et al demonstrated that OA trabecular osteoblasts
in monolayer degraded cartilage explants in about half of the
cases’. A key element in cartilage degradation is an increase
in MMP activity. Interestingly, we observed that SC

osteoblasts induced a strong elevation of MMP-3 and MMP-
13 synthesis by chondrocytes, whereas NSC osteoblasts or
normal skin fibroblasts had no effect®. This observation indi-
cates that osteoblast-induced cartilage degradation is related
to its particular SC phenotype. In addition to this stimulating
effect of SC osteoblasts on MMP synthesis, we also observed
that aggrecan content in alginate beads decreased when chon-
drocytes were co-cultured with SC osteoblasts>. Again, this
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Figure 4. MMP-3 gene expression by human OA chondrocytes in alginate beads after 4 days (A)
or 10 days (B) of culture in the absence (monoculture) or presence (co-culture) of osteoblasts from
nonsclerotic (NSC) or sclerotic (SC) subchondral bone zones. Before co-culture, osteoblasts were
incubated or not (basal) for 72 h with ASU (10 pzg/ml). As a control, OA chondrocytes in alginate
beads were also co-cultured with normal human skin fibroblasts. The mRNA copy numbers were
normalized against the corresponding copy number of GAPDH mRNA. Comparison of mean val-
ues was by Mann-Whitney U test. Chondrocyte/osteoblast co-culture compared to monoculture
#p < 0.05 and ***p < 0.001; SC compared to NSC osteoblasts *p < 0.001.

ized by a decrease of matrix component synthesis and an
increase of MMP production. This imbalance between ana-

effect seems to be related to SC phenotype of osteoblasts as
suggested by the absence of effect of NSC osteoblasts and

fibroblasts. SC osteoblasts also induce a decrease of aggrecan
mRNA levels in chondrocytes, suggesting that the decrease of
aggrecan content results from a decrease of aggrecan synthe-
sis. In parallel, SC osteoblasts decrease type II collagen (A1)
gene expression by OA chondrocytes!?. Together, these find-
ings indicate that SC phenotype of osteoblasts induces a
marked dysregulation of chondrocyte metabolism, character-

bolic and catabolic factors could lead to cartilage matrix
depletion.

SC subchondral bone is now recognized to play a major
role in OA development and is considered a potential thera-
peutic target. Previously, we reported that ASU stimulated
aggrecan synthesis and decreased MMP-3 production by OA
human chondrocytes in alginate beads!>. This effect was sus-
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Figure 5. MMP-13 gene expression by human OA chondrocytes in alginate beads after 4 days
(A) or 10 days (B) of culture in the absence (monoculture) or presence (co-culture) of osteoblasts
from nonsclerotic (NSC) or sclerotic (SC) subchondral bone zones. Before co-culture,
osteoblasts were incubated or not (basal) for 72 h with ASU (10 pg/ml). As a control, OA chon-
drocytes in alginate beads were also co-cultured with normal human skin fibroblasts. The mRNA
copy numbers were normalized against the corresponding copy number of GAPDH mRNA.
Comparison of mean values was by Mann-Whitney U test. Chondrocyte/osteoblast co-culture
compared to monoculture *##p < 0.001; SC compared to NSC osteoblasts #p < 0.001.

pected to be secondary to TGF-f3 secretion, since TGF-81 and
TGF-B2 expression have been reported to be upregulated by
ASU in bovine chondrocyte cultured in monolayer and human
chondrocytes in alginate beads'#!5. In that study, we observed
that ASU prevented the inhibitory effect of SC osteoblasts on
aggrecan synthesis but had no significant effect on MMP,
TIMP-1, COX-2, or iNOS expressions. This finding demon-
strates that ASU may protect cartilage by acting at the sub-

chondral bone level and suggests a new mechanism of action
for this potential structure-modifying drug. As ASU decrease
TGF-B1 production by SC osteoblasts, we can exclude that
this factor is involved in the ASU effect. Indeed, TGF-B1 is
largely described as a stimulating factor for aggrecan synthe-
sis in chondrocyte culture’?. Nevertheless, other mechanisms
are not excluded. Besides the effect on TGF- production,
ASU could also upregulate other TGF-8 or other TGF-
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superfamily members as bone morphogenetic protein (BMP).
Indeed, many BMP (BMP-2, -4, -6, -7, -9) have been shown
to increase aggrecan and type II collagen production by
human chondrocytes3!-33. Further investigations need to be
conducted to clarify the mechanism of action of ASU.

In summary, our study shows that SC subchondral
osteoblasts show an altered phenotype characterized by an
increased production of OC, ALP, TGF-81, and IL-6. ASU, a
drug commonly used in Europe to treat symptomatic OA,
downregulates the production of ALP, OC, and TGF-1 by
human SC osteoblasts, suggesting that this drug could pro-
mote the return to subchondral bone homeostasis. Further, we
have demonstrated that osteoblasts from OA sclerotic sub-
chondral bone induce a decrease of aggrecan synthesis and an
increase of metalloproteinase synthesis by human OA chon-
drocytes, a mechanism that may contribute to cartilage degra-
dation in OA. This OA osteoblast-induced imbalance between
anabolic and catabolic processes in cartilage can be prevented
by ASU. These effects of ASU on osteoblasts suggest a new
mechanism of action for this drug, known for its action on car-
tilage, and may explain its therapeutic effect, although we are
aware that the effects of ASU on osteoblasts cannot be respon-
sible for the full spectrum of beneficial effects observed in
clinical studies.
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