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A B S T R A C T

Osteoarthritis (OA) is a chronic degenerative joint disease showing altered bone metabolism. Osteoblasts

contribute to the regulation of cartilage metabolism and bone remodeling. We have shown previously

that induction of heme oxygenase-1 (HO-1) protects OA cartilage against inflammatory and degradative

responses. In this study, we investigated the effects of HO-1 induction on OA osteoblast metabolism. HO-

1 was induced with cobalt protoporphyrin IX (CoPP) and by transduction with LV-HO-1. In osteoblasts

stimulated with interleukin (IL)-1b, CoPP enhanced mineralization, the expression of a number of

markers of osteoblast differentiation such as Runx2, bone morphogenetic protein-2, osteocalcin, and

collagen 1A1 and 1A2, as well as the ratio osteoprotegerin/receptor activator of nuclear factor-kB ligand.

HO-1 induction significantly reduced the expression of matrix metalloproteinase (MMP)-1, MMP-2 and

MMP-3, and the production of pro-inflammatory cytokines such as tumor necrosis factor-a and IL-6

whereas IL-10 levels increased. HO-1 also exerted inhibitory effects on prostaglandin (PG)E2 production

which could be dependent on cyclooxygenase-2 and microsomal PGE synthase-1 down-regulation. The

activity of senescence-associated b-galactosidase and the expression of the senescence marker caveolin-

1 were significantly decreased after HO-1 induction. The inhibition of nuclear factor-kB activation

induced by IL-1b in OA osteoblasts may contribute to some HO-1 effects. Our results have shown that

HO-1 decreases the production of relevant inflammatory and catabolic mediators that participate in OA

pathophysiology thus eliciting protective effects in OA osteoblasts.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Osteoarthritis (OA) is a degenerative disease of the joints
leading to progressive cartilage damage. OA is characterized by
changes to all components of the joints, with cartilage degradation,
joint space narrowing, synovitis, and sclerosis of subchondral bone
(reviewed in [1]). Pharmacological treatment is mainly centered on
symptomatic agents although in recent years new approaches are
being explored. There is an urgent need to develop new treatment
strategies as there is no therapy able to stop the progression of
disease.

Several studies have demonstrated that OA is associated with
altered bone metabolism and turnover in subchondral areas
where bone is sclerotic but mechanically weaker because of
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under mineralization and increased collagen metabolism [2,3].
In addition, sclerotic OA subchondral osteoblasts could contrib-
ute to cartilage degradation by stimulating chondrocytes to
produce matrix metalloproteinases (MMPs) and by inhibiting
aggrecan synthesis [4]. There is growing evidence for a
generalized involvement of bone in OA. Hence, sites more distal
to the joint articular surface show a decrease in mineralization
and a more rigid structure of the trabecular bone. Interestingly, a
number of differentially expressed genes with a potential role in
the pathology of OA have been identified in femoral trabecular
bone associated with altered bone remodeling and trabecular
microarchitecture [5–7]. Therapeutic strategies aiming at
modifying the abnormal metabolism of bone cells have been
proposed for OA [8].

Pro-inflammatory cytokines such as interleukin (IL)-1b have
been shown to play an important role in OA. This cytokine is
involved in cartilage degradation [9] and bone remodeling in both
physiological and pathological conditions [10]. It is known that IL-
1b activates osteoblasts leading to the synthesis of mediators
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involved in OA [8,11]. A major cytokine-induced signaling pathway
involves the activation of nuclear factor-kB (NF-kB) which is
responsible for the transcription of key genes in inflammation and
OA [12].

Heme oxygenase (HO) activity catalyses the degradation of
heme into free iron, carbon monoxide (CO) and biliverdin which
is converted to bilirubin by biliverdin reductase. HO-1 is induced
by a wide range of stimuli as an adaptive response against stress
(reviewed in [13]). We have reported previously that induction
of HO-1 results in protective effects against inflammatory and
degradative responses induced by IL-1b in OA chondrocytes and
synoviocytes [14,15]. Nevertheless, the role of HO-1 in bone
pathophysiology is not completely understood [16]. Both the
constitutive isoform HO-2 and the inducible enzyme HO-1 have
been detected in bone tissue and mechanical loading generating
physiological levels of strain sufficient to initiate an osteogenic
response induces HO-1 in rats. HO-1 up-regulation by CO or
nitric oxide protects MC3T3E1 osteoblasts against tumor
necrosis factor-a (TNF-a)-induced apoptosis [17]. In addition,
induction of HO-1 in human bone marrow-derived mesenchy-
mal stem cells augmented osteoblast differentiation [18], and
activation of Nrf2 and HO-1 has been linked to the up-regulation
of osteogenic differentiation in human periodontal ligament
cells [19]. Interestingly, induction of HO-1 has been shown to
inhibit osteoclast differentiation and inflammatory bone loss in

vivo [20]. In contrast, it has also been reported that HO-1
overexpression inhibits maturation of osteoblasts from rat
calvaria precursor cells and osteoclastogenesis in rat bone
marrow cells [21].

Several lines of evidence indicate that osteoblasts contribute
to the regulation of cartilage metabolism and bone remodeling
in OA [22]. However, the role of HO-1 in the regulation of OA
osteoblast metabolism has not been reported yet. Given the
relevance of osteoblast function in OA and our demonstration of
the protective effects of HO-1 induction in OA cartilage [7], we
sought to study the consequences of HO-1 overexpression in OA
osteoblasts.
Fig. 1. Time-course of HO-1 protein induction by CoPP in OA osteoblasts. Cells were

incubated with CoPP for different times in the presence or absence of IL-1b. HO-1

protein expression was analyzed by Western blotting. Relative expression of HO-1

and b-actin protein bands was calculated after densitometric analysis. Data are

expressed as mean � S.E.M. Samples from 3 patients were used. +p < 0.05, ++p < 0.01

with respect to nonstimulated cells; *p < 0.05, **p < 0.01 with respect to IL-1b.
2. Materials and methods

2.1. Cells and culture media

The knee specimens were obtained from patients with the
diagnosis of advanced OA (33 women and 13 men, aged 71.5 � 7.1
years mean � S.E.M.) undergoing total knee joint replacement. Diagno-
sis was based on clinical, laboratory and radiological evaluation. The
designoftheworkwasapprovedbytheInstitutionalEthicalCommittees
(UniversityofValenciaandUniversityClinicalHospital,Valencia, Spain).
Samples were obtained under patient’s consent according to the
declaration of Helsinki. The pieces of trabecular bone were obtained
from the femoral condyles and tibial plateaus, cut into small pieces and
subjected to enzymatic digestion with 2 mg/ml of collagenase type IA
(Sigma–Aldrich St. Louis, MO, USA) at 37 8C in DMEM/Ham’s F-12
Fig. 2. Effects of CoPP on mineralization and senescence-associated b-galactosidase

activity in OA osteoblasts. (A) Mineralization was measured by the Alizarin red

method. (B) Senescence-associated b-galactosidase activity was determined by using

the cellular senescence assay kit, as indicated in Section 2. Figure representative of

three different experiments.
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(Sigma–Aldrich) supplemented with penicillin (100 U/ml) and strepto-
mycin (100 U/ml) (Sigma–Aldrich) for 2 h in agitation. The digest was
cultured in osteogenic medium (Promocell, Labclinics S.A., Barcelona,
Spain) in a humidified incubator with 5% CO2 at 37 8C. This medium was
replaced twice a week. Cell phenotype was characterized by flow
cytometric analysis using a Becton Dickinson FACSCanto II cytometer
(BD, Franklin Lakes, NJ, USA) and antibodies anti-human-CD90(1/50), -
CD105(1/20), -CD34(1/20) and -CD45(1/10). When cells were at 70% of
confluence bone fragments were removed and cells were cultured until
third passage where there is a high number of cells with osteoblast-like
differentiation [23]. Cells were incubated with the HO-1 inducer cobalt
protoporphyrin IX (CoPP, 10 mM) (Frontier Scientific Europe Ltd.,
Carnforth, UK) or vehicle for 30 min before stimulation with IL-1b
(10 ng/ml)(PeprotechEC Ltd., London,UK), or transducedwith lentiviral
vectors and then stimulated with IL-1b (10 ng/ml), as indicated. The
concentrations used were selected from previous studies [14,24] and
preliminary experiments. Viability studies were performed for all the
experimental conditions of this study. None of the treatments
significantly affected cell viability, which was >90% as tested by Trypan
blue exclusion test (data not shown).

2.2. Mineralization assay

The ability to form a mineralized matrix was assessed by the
Alizarin red staining method using the osteogenesis quantitation kit,
Fig. 3. Effects of CoPP on mRNA expression of osteogenesis-related genes. Real-time PCR

Data represent mean � S.E.M., n = 6. +p < 0.05, ++p < 0.01 with respect to nonstimulated
(Chemicon/Millipore, Schwalbach, Germany), according to manu-
facturer’s instructions. Cells (5 � 105) were seeded in Petri dishes
and incubated in growth medium for 10 days [25] in the presence or
absence of the HO-1 inducer CoPP (10 mM) and IL-1b (10 ng/ml).
Cells were washed with phosphate-buffered saline, fixed with 10%
formaldehyde, rinsed with deionized water and then stained with
Alizarin red solution for 1 h at room temperature. After washing
with deionized water, mineral deposition was examined under light
microscopy (Eclipse E800, Nikon Instruments Europe, Amstelveen,
The Netherlands) and photographed with a Nikon Digital Camera
DXM1200 using the software Nikon ACT-1. Quantitative analysis of
Alizarin red staining was performed by extracting the dye with 10%
acetic acid from the stained monolayer and determining OD405 in
comparison with a standard curve of Alizarin red. Each experiment
was done in triplicate.

2.3. Senescence-associated b-galactosidase activity assay

Cells (5 � 105) were seeded in Petri dishes and incubated in
growth medium for 7 days in the presence or absence of IL-1b
(10 ng/ml) and CoPP (10 mM). Senescence-associated b-galactosi-
dase activity was measured using the cellular senescence assay kit
from Cell Biolabs Inc. (San Diego, CA, USA). Cells were counterstained
with hematoxylin to count the total cell numbers. Osteoblasts were
analyzed using a Nikon Eclipse E800 microscope and photographed.
 analysis was performed in OA osteoblasts incubated with CoPP and IL-1b for 16 h.

 cells; *p < 0.05, **p < 0.01 with respect to IL-1b.
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2.4. Transduction with lentiviral vectors

For lentiviral production, we used the expression vectors psPAX2,
pMD2G and pWXL (Dr T. Didier, School of Life Sciences, Ecole
Polytechnique Fédérale de Lausanne, Lausanne, Switzerland).
Lentiviral vector stocks were generated in HEK293T cells by calcium
phosphate-mediated transient transfection of three plasmids: the
transfer vector plasmid (pWXL-Flag-hHO-1), the packaging plasmid
psPAX2 and the VSV-G envelope protein-coding plasmid pMD2G.
After transfection for 24 and 48 h, the cellular supernatants were
removed, centrifuged at 700 � g for 10 min at 4 8C, passed through
45-mm pore size filters and kept at �80 8C. The titres of lentiviral
stocks were in the range of 3–5 � 105 IU/ml as determined by
immunocytochemical analysis of HEK293T-infected cells [26]. The
osteoblasts culture was infected with 2.5 ml of each lentiviral stock
for 24 h in a humidified 5% CO2 incubator at 37 8C. After infection of
lentiviral vector HO-1 (LV-HO-1) or empty vector (LV(�)), cells were
cultured in growth medium for 2 days and then stimulated with IL-
1b (10 ng/ml) for different times.

2.5. Immunocytochemical analysis

Cells were fixed with 4% formaldehyde in phosphate-buffered
saline for 10 min and incubated with primary antibody anti-Flag
(Sigma–Aldrich) (1/400) for 1.5 h, followed by incubation with the
secondary antibody Alexa Fluor 488 goat anti-rabbit IgG (Invitro-
gen, Barcelona, Spain) for 45 min at 37 8C. Cell nuclei were
counterstained with 40,6-diamidino-2-phenylindole (DAPI) solu-
tion (1/1000) (Sigma–Aldrich). Cells were examined under
fluorescence microscopy (Nikon Eclipse E800) and photographed.
Fig. 4. Effects of CoPP on mRNA expression of genes related with inflammation or senesc

and IL-1b for 3 h. Data represent mean � S.E.M., n = 6. +p < 0.05, ++p < 0.01 with respec
2.6. Real-time PCR

Total RNA was extracted using the TriPure reagent (Roche
Applied Science, Barcelona, Spain) according to the manufacturer’s
instructions. Reverse transcription was accomplished on 1 mg of
total RNA using random primers (TaqMan reverse transcription
reagents, Applied Biosystems, Spain, Madrid). PCR assays were
performed in duplicate on an iCycler Real-Time PCR Detection
System using SYBR Green PCR Master Mix (Bio-Rad Laboratories,
Richmond, CA, USA). Sequences of primers used have been
reported previously [3,27–32] and were synthesized by Eurofins
MWG Operon (Ebersberg, Germany). Caveolin-1 and hTERT primer
sets were from SA Biosciences Corporation (Tebu-Bio, Barcelona,
Spain). For each sample, differences in threshold cycle (DCt) values
were calculated by correcting the Ct of the gene of interest to the Ct
of the reference gene b-actin. Relative gene expression was
expressed as 2�

DDCt with respect to nonstimulated cells.

2.7. Western blot analysis

Cells were lysed in 100 ml of buffer (1% Triton X-100, 1%
deoxycholic acid, 20 mM NaCl and 25 mM Tris, pH 7.4) and
centrifuged at 4 8C for 10 min at 10,000 g. Protein content was
determined by the DC Bio-Rad protein reagent (Richmond, CA,
USA). Proteins (20 mg) in supernatants were separated by 12.5%
SDS–PAGE and transferred onto polyvinylidene difluoride mem-
branes. Membranes were blocked with 3% bovine serum albumin
and incubated with specific polyclonal antibodies against cyclo-
oxygenase-2 (COX-2, Cayman Chemical, Ann Arbor, MI, USA), HO-1
(Stressgen, Victoria, British Columbia, Canada) and b-actin
ence. Real-time PCR analysis was performed in OA osteoblasts incubated with CoPP

t to nonstimulated cells; *p < 0.05, **p < 0.01 with respect to IL-1b.
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(Sigma–Aldrich) for 2 h at room temperature. Finally, membranes
were incubated with peroxidase-conjugated goat anti-rabbit IgG
(Dako) and the immunoreactive bands were visualized by
enhanced chemiluminescence (GE Healthcare, Barcelona, Spain)
using the AutoChemi image analyzer (UVP Inc., Upland, CA, USA).

2.8. Determination of MMP activity

Cells were stimulated with IL-1b (10 ng/ml) for 24 h and
supernatants were harvested, centrifuged and incubated with p-
aminophenylmercuric acetate for 6 h at 37 8C to activate MMPs.
Aliquots of supernatants were then transferred to a 96-well plate
and after addition of the 5-FAM peptide substrate (AnaSpec Inc.,
San Jose, CA, USA), fluorescence was measured for different times
at 490 nm (excitation)/520 nm (emission) in a Victor3 microplate
reader (PerkinElmer, Madrid, Spain).

2.9. Enzyme-linked immunosorbent assay

Osteoblasts were stimulated with IL-1b (10 ng/ml) or IL-
1b + CoPP (10 mM) for 4 or 24 h. Supernatants were harvested,
centrifuged and frozen at �80 8C until analysis. TNF-a, IL-6 and IL-
10 were measured by ELISA kits from eBioscience (San Diego, CA,
USA) with sensitivity of 4 pg/ml for TNF-a and 2 pg/ml for IL-6 and
IL-10 kits. Osteoprotegerin was measured by an ELISA kit from
Cusabio Biotech (Newark, DE, USA) with sensitivity of 0.078 ng/ml
and receptor activator of NF-kB ligand (RANKL) was assayed by an
Fig. 5. Effects of CoPP on the production of mediators. (A) Osteoprotegerin and RANKL we

(B) MMP activity was measured by fluorometry and expressed as fluorescence units per m

measured by RIA and COX-2 protein expression was analyzed by Western blotting. Me

osteoblasts with CoPP in the presence or absence of IL-1b. IL-10 was measured after 4 h 

presence or absence of IL-1b. Data represent mean � S.E.M. n = 6. +p < 0.05, ++p < 0.01 
ELISA kit from Wuhan EIAab Science Co. Ltd. (Wuhan, China) with
sensitivity of 0.78 pg/ml. NF-kB inhibitory protein-a (IkBa)
phosphorylation was measured in cytosolic extracts of cells
stimulated with IL-1b (10 ng/ml) in the presence or absence of
LV-HO-1 for 30 min with K-LISATM IKKb Inhibitor screening kit
(Calbiochem EMD Bioscience, Darmstadt, Alemania). NF-kB
binding to DNA was quantified by ELISA in nuclear extracts from
cells stimulated with IL-1b (10 ng/ml) in the presence or absence
of LV-HO-1 for 1 h, using the Nuclear Extract Kit Active Motif for
nuclei extraction followed by Trans AMTM NF-kB kit (purchased
from Active Motif Europe, Rixensart, Belgium), according to the
manufacturer’s recommendations.

2.10. Statistical analysis

The data were analyzed by Kruskal–Wallis test and the Dunn’s
post test using the GraphPad Prism 5 software (Graph Pad
Software, La Jolla, CA, USA). A p-value of less than 0.05 was
considered to be significant.

3. Results

3.1. Induction of HO-1 by CoPP and effects on mineralization and

senescence-associated b-galactosidase activity

Fig. 1 shows the time-course of HO-1 protein induction by CoPP.
Cell stimulation with IL-1b for 4 h down-regulated HO-1 protein
re measured by ELISA and the figure shows the ratio osteoprotegerin (OPG)/RANKL,

g of protein, (C) IL-6, (D) TNF-a and (E) IL-10, were measured by ELISA, (F) PGE2 was

diators were determined in cell culture supernatants after 24 h incubation of OA

incubation. COX-2 protein was analyzed in cell extracts after 24 h incubation in the

with respect to nonstimulated cells; *p < 0.05, **p < 0.01 with respect to IL-1b.
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expression whereas CoPP (10 mM) counteracted this effect. This
concentration of CoPP was selected due to its strong HO-1
induction and lack of toxicity [14,15]. HO-1 protein was up-
regulated by CoPP or CoPP + IL-1b in a time-dependent manner
with maximal effects at 24 h.

Deposition of a mineralized matrix can reflect bone formation
activity. Fig. 2A shows that IL-1b reduced mineral deposition in OA
osteoblasts whereas CoPP treatment in the presence of IL-1b
induced mineralization assessed by the Alizarin red method.
Quantitative analysis of Alizarin red staining confirmed these
results, as IL-1b reduced it to 0.49 � 0.03 mg/mg protein from
0.84 � 0.04 mg/mg protein in nonstimulated cells (p < 0.01). Values
for CoPP-treated cells were of 0.73 � 0.02 mg/mg protein in
nonstimulated cells and 1.11 � 0.05 mg/mg protein in the presence
of IL-1b (p < 0.01 versus IL-1b).

We investigated in OA osteoblasts the levels of senescence-
associated b-galactosidase activity, a widely used biomarker of
senescence. Fig. 2B shows that osteoblast stimulation with IL-1b
enhances b-galactosidase activity (34.2 � 0.5% positive cells)
with respect to nonstimulated cells (11.0 � 0.4%, p < 0.01). CoPP
treatment decreased senescence-associated b-galactosidase activity
Fig. 6. LV-HO-1 transduction of OA osteoblasts. Cells were transduced with LV-HO-1 o

Immunocytochemical analysis was performed using an anti-flag specific antibody to dete

with DAPI. Fluorescence micrographs representative of three separate experiments.
in IL-1b-stimulated osteoblasts (16.0 � 0.7%, p < 0.05) but did not
affect this activity in nonstimulated cells (11.0 � 0.4%, p > 0.05).

3.2. Effects of CoPP treatment on gene expression

To study the influence of HO-1 induction by CoPP on
osteoblast osteogenesis potential, we examined the mRNA
expression of a number of osteoblast differentiation and
mineralization genes. As shown in Fig. 3, CoPP increased the
production of collagen 1A1 and collagen 1A2 either in the
presence or absence of IL-1b. In cells stimulated with IL-1b,
CoPP treatment significantly increased mRNA levels of osteo-
calcin, bone morphogenetic protein 2 (BMP2) and Runx2. In
addition, the expression of genes central to osteoclastogenesis
was also regulated by CoPP with enhancing effects on
osteoprotegerin without modification of RANKL. Fig. 4 shows
that CoPP strongly induced the mRNA expression of HO-1 in OA
osteoblasts, either in the presence or absence of IL-1b. This
cytokine showed a tendency to decrease HO-1 mRNA levels with
respect to basal expression. Cell stimulation with IL-1b induced
COX-2 and microsomal PGE synthase-1 (mPGES-1) mRNA, which
r the empty vector LV(�) and incubated for 24 h in the presence or absence of IL-1b.

rmine the expression of HO-1 induced by transduction. Cell nuclei were counterstained
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was significantly decreased in the presence of CoPP. In addition,
mRNA expression of MMP-1, MMP-2 and MMP-3 was enhanced
by IL-1b and down-regulated by CoPP treatment. We have also
shown a tendency to increase mRNA expression of human
telomerase reverse transcriptase (hTERT) in osteoblasts incu-
bated with CoPP. Interestingly, the expression of the senescence
marker caveolin-1 was significantly enhanced by IL-1b and
down-regulated by CoPP.

3.3. Effects of CoPP treatment on production of mediators

Stimulation of OA osteoblasts with IL-1b for 24 h reduced the
ratio osteoprotegerin/RANKL (Fig. 5A) and increased the release
of MMP activity (Fig. 5B) and pro-inflammatory cytokines IL-6
(Fig. 5C) and TNF-a (Fig. 5D) into the culture medium. CoPP
treatment significantly prevented the effects of IL-1b. The
production of the anti-inflammatory cytokine IL-10 was not
modified after 24 h (data not shown) but this cytokine was
significantly increased after 4 h incubation by CoPP treatment of
cells in the presence of IL-1b (Fig. 5E). In addition, COX-2
expression and PGE2 production were enhanced by IL-1b after
24 h incubation (Fig. 5F) whereas CoPP significantly reduced
them.
Fig. 7. Effects of LV-HO-1 on mRNA expression of osteogenesis-related genes. Real-time PC

Data represent mean � S.E.M., n = 6. +p < 0.05, ++p < 0.01 with respect to nonstimulated
3.4. Effects of LV-HO-1 on gene expression

To confirm that CoPP effects on OA osteoblasts were due to the
induction of HO-1 by this molecule, we performed other series of
experiments using cells transduced with LV-HO-1. Fig. 6 shows the
expression of HO-1 dependent on lentiviral transduction (revealed
by an anti-flag antibody). Our results indicate that OA osteoblast
transduction with LV-HO-1 effectively resulted in the up-regula-
tion of HO-1 protein in nonstimulated cells as well as in the
presence of IL-1b.

We examined the effects of LV-HO-1 transduction on gene
expression. As shown in Fig. 7, HO-1 up-regulation significantly
increased the expression of osteoblast differentiation and minerali-
zation marker genes, as observed with CoPP treatment. In addition,
the modification of osteoprotegerin and RANKL mRNA by LV-HO-1
was similar to that caused by CoPP. Senescence markers, COX-2,
mPGES-1, MMP-1, MMP-2 and MMP-3 gene expression were also
modified according to the results obtained with CoPP (Fig. 8).

3.5. Effects of LV-HO-1 on production of mediators

Consistent with the results obtained using CoPP, we found an
increased osteoprotegerin/RANKL ratio in cells transduced with
R analysis was performed in OA osteoblasts incubated with CoPP and IL-1b for 16 h.

 cells; *p < 0.05, **p < 0.01 with respect to IL-1b.



Fig. 8. Effects of LV-HO-1 on mRNA expression of genes related with inflammation or senescence. Real-time PCR analysis was performed in OA osteoblasts incubated with

CoPP and IL-1b for 3 h. Data represent mean � S.E.M., n = 6. +p < 0.05, ++p < 0.01 with respect to nonstimulated cells; *p < 0.05, **p < 0.01 with respect to IL-1b.

V. Clérigues et al. / Biochemical Pharmacology 83 (2012) 395–405402
LV-HO-1 and stimulated with IL-1b (Fig. 9A), as well as a lower
production of MMP activity, IL-6, TNFa and PGE2 (Fig. 9B, C, D, F). In
addition, IL-10 levels were significantly increased after HO-1
transduction in cells stimulated with IL-1b (Fig. 9E).

3.6. Effects of LV-HO-1 on NF-kB

To further investigate the consequences of HO-1 overexpres-
sion in human OA osteoblasts, we assessed the effects of LV-HO-1
on NF-kB activation which plays a key role in the regulation of IL-
1b-induced inflammatory genes. A marked activation of NF-kB
was detected after IL-1b cell stimulation and HO-1 significantly
attenuated this process (Fig. 10A). In addition, we observed that IL-
1b significantly increased IkBa phosphorylation (Fig. 10B) where-
as osteoblast transduction with LV-HO-1 tended to reduce the
effect of this cytokine although without reaching statistical
significance.

4. Discussion

Abnormal bone tissue remodeling in OA can be dependent on
the imbalance between osteoblast and osteoclast functions, with a
significant contribution of soluble factors such as cytokines,
chemokines and degradative enzymes [33,34]. Pro-inflammatory
cytokines inhibit osteogenic differentiation of mesenchymal stem
cells [35] and activate osteoblasts to release cytokines and
chemokines involved in the local regulation of bone metabolism
and osteoclast stimulation [36,37]. In particular, IL-1b is involved
in the pathological modulation of bone cell metabolism [38]. Our
results indicate that HO-1 induction counteracts the effects of this
cytokine on OA osteoblasts.

Matrix mineralization is a final step of osteoblast differentiation
and plays a critical role in maintaining the mechanical integrity of
the calcified tissues. HO-1 induction by CoPP positively regulated
the osteogenic function of OA osteoblasts and was able to promote
gene expression and mineralization. Similar effects on osteoblast
differentiation markers were observed in cells transduced with LV-
HO-1 confirming that CoPP effects were dependent on HO-1
induction. Both the mineral and organic components of bone
matrix contribute to its material properties. We have shown that
HO-1 promotes collagen 1 expression in osteoblasts without
alteration in the ratio of collagen 1A1 to collagen 1A2 expression
that would retard mineralization in OA [3]. HO-1 also positively
affects osteocalcin, BMP2 and Runx2 expression in the presence of
IL-1b. Nevertheless, it has been reported that HO-1 up-regulation
inhibits the maturation and mineralization of osteoblasts from the
calvaria of fetal rats in the absence of cell stimulation [21]. The
discrepancies with the present study may be due to differences in
species, cell type and culture conditions. Our results in cells from
diseased human tissue are in agreement with the effects of HO-1



Fig. 9. Effects of LV-HO-1 on the production of mediators. (A) Osteoprotegerin and RANKL were measured by ELISA and the figure shows the ratio osteoprotegerin (OPG)/

RANKL, (B) MMP activity was measured by fluorometry and expressed as fluorescence units per mg of protein, (C) IL-6, (D) TNF-a and (E) IL-10, were measured by ELISA, (F)

PGE2 was measured by RIA. Mediators were determined in cell culture supernatants after 24 h incubation of OA osteoblasts with CoPP in the presence or absence of IL-1b. IL-

10 was measured after 4 h incubation. Data represent mean � S.E.M., n = 6. +p < 0.05, ++p < 0.01 with respect to nonstimulated cells; *p < 0.05, **p < 0.01 with respect to IL-1b.

V. Clérigues et al. / Biochemical Pharmacology 83 (2012) 395–405 403
on osteogenesis in human bone marrow-derived mesenchymal
stem cells [18].

The balance between osteoprotegerin and RANKL determines
osteoclast function and is an important mechanism in the
pathogenesis of bone disease that result from bone resorption
(reviewed in [39,40]). We have demonstrated that IL-1b decreases
the ratio osteoprotegerin/RANKL in OA osteoblasts with respect to
nonstimulated cells whereas HO-1 induction reverted this process.

It is known that IL-1b and oxidative stress elicit premature
senescence in OA chondrocytes and stress-induced caveolin-1 may
mediate senescence and OA progression [41]. Our data indicate
that HO-1 down-regulates senescence markers in OA osteoblasts
thus suggesting that HO-1 could be a strategy to prevent
senescence-associated osteoblast alterations.

We have shown that HO-1 induction significantly reduced the
production of pro-inflammatory cytokines such as TNFa and IL-6
whereas IL-10 levels were enhanced. IL-6 is produced by
nonstimulated OA osteoblasts [42] and up-regulated upon cell
stimulation by different agents. This cytokine plays an important
role in osteoclast recruitment and bone resorption [43]. High levels
of IL-6 mRNA expression have been demonstrated in female
patients with fragility fracture and have been related to alterations
in bone formation surface relative to resorption surface and
fracture propensity as this cytokine inhibits human osteoblast
differentiation and mineral deposition [44]. Our results also
indicate that HO-1 induction decreases PGE2 production in OA
osteoblasts stimulated with IL-1b, an effect dependent on the
inhibition of COX-2 and mPGES-1 expression. In mice, COX-2 may
play a critical role in bone resorption stimulated by 1,25-dihydroxy
vitamin D3 and parathyroid hormone [45] whereas mPGES-1 has
been suggested as a new target for the treatment of inflammatory
bone disease [46]. PGE2 exhibits a dual role and may be a mediator
of both bone resorption and bone formation [47] by mechanisms
mediated by EP2/EP4 [48] or EP4 receptors [49], respectively. This
eicosanoid is involved in the mechanism of IL-1-mediated
osteoclast-like cell formation induced by pro-inflammatory
cytokines [50,51] and enhances IL-6 production in human OA
osteoblasts [52] leading to the suppression of osteoprotegerin
production [53]. In addition, PGE2 has been shown to induce MMP-
1 [54].



Fig. 10. Effects of LV-HO-1 on NF-kB activation in OA osteoblasts. (A) NF-kB binding

to DNA, B: IkBa phosphorylation. Cells were stimulated with IL-1b for 1 h (A) or

30 min (B). NF-kB binding to DNA and IkBa phosphorylation were determined by

ELISA in nuclear and cytosolic fractions, respectively. Data are expressed as

mean � S.E.M. of independent cultures with cells from 3 different donors.

AU = arbitrary units. ++p < 0.01 with respect to nonstimulated cells, **p < 0.01 with

respect to IL-1b.
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MMPs may play complex roles in bone metabolism [55]. MMP-
2-dependent degradation of bone matrix may be involved in bone
resorption induced by IL-1b [56]. We have shown that HO-1
induction down-regulates the expression of MMP-1, MMP-2 and
MMP-3 stimulated by IL-1b. Our results thus suggest that HO-1
induction in human OA osteoblasts could down-regulate inflam-
matory responses related to osteolysis [57].

In the present study, we have extended our observations on HO-
1 regulation of the transcription factor NF-kB in OA chondrocytes
[18]. Our data indicate that HO-1 reduces NF-kB activation
induced by IL-1b in OA osteoblasts, which may contribute to
the inhibitory effects observed on the production of inflammatory
and degradative mediators. Although further studies will be
needed to elucidate the mechanisms involved, our results have
revealed a protective role for HO-1 in human OA osteoblasts
suggesting possible applications in pathological bone loss.
Therefore, HO-1 may be a therapeutic strategy aimed at modifying
not only cartilage degradation but also bone alterations.
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