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Inhibition of Osteoblastic Metalloproteinases in Mice
Prevents Bone Loss Induced by Oestrogen Deficiency
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Abstract Matrix metalloproteinases (MMPs) are key mediators in extra-cellular matrix remodelling and implicated
primarily in bone growth, and particularly in osteoclastic bone resorption. We hypothesise that MMPs have a role in the
increased bone remodelling resulting from oestrogen deficiency. Transgenic (TG) mice overexpressing TIMP-1 in their
osteoblastic cells and their wild-type (WT) littermates were ovariectomised. One month after surgery, bone mineral
density (BMD) and bone microarchitecture were assessed. Primary cells from WT and TG mice were used to determine
how TIMP-1 affects osteoclast and osteoblastic cells. The reduction of BMD induced by ovariectomy in WT mice was not
observed in the transgenic mice. The transgene overexpression also dampened the post-ovariectomy increase in bone
resorption in contrast to the WT mice. In vivo, osteoclastic surfaces and p-pyridinoline were not increased in TG mice, and
ex vivo, the differentiation of osteoclasts from TG bone marrow precursor cells were unaffected by in vivo oestrogen
deficiency or treatment. We showed also that TIMP-1 overexpression reduces and delays the osteoblastic proliferation and
differentiation respectively, and reduced the generation of the active form of TGFB1 in the supernatant of TG osteoblasts.
Our findings support the hypothesis that in vivo inhibition of osteoblastic MMPs prevented the bone loss induced by
oestrogen deficiency, with a significant decrease in bone resorption. This effect was presumably resulting from (1) a direct
inhibition of osteoclastic resorption activity by the TIMP-1 and (2) the modification in the local activation of extra-cellular
signalling factors such as TGFB1 and the OPG/RANKL ratio. J. Cell. Biochem. 104: 1803-1817, 2008.
© 2008 Wiley-Liss, Inc.
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Osteoporosis is a systemic disorder of bone
tissues, defined as a generalised and significant
reduction of bone mass, and deterioration of the
microarchitecture of bone tissue, leading to
greater bone brittleness, and susceptibility to
fractures. Maintenance of skeletal mass
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depends on remodelling, a tightly coupled
process involving bone formation and bone
resorption. Estrogens deficiency plays a key
role in the occurrence of osteoporosis in women.
Menopause induces an increase in the remod-
elling rate of bone tissue, leading to an imbal-
ance between the resorption and formation of
bone, resulting in accelerated bone loss [Riggs
et al., 2002]. In women, post-menopausal bone
changes are only detected after several years
[Kanis, 2002]. Therefore the ovariectomised
mouse is considered as a classical model to use
to study the acute effect of estrogens with-
drawal [Raisz, 2005; Weitzmann and Pacifici,
2006]. It has led to considerable progress
towards deciphering the molecular mechanism
of the action of estradiol on bone. In this model,
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several cytokines have been shown to be
responsible for the increased bone resorption
relative to bone loss following ovariectomy in
mice [Weitzmann and Pacifici, 2006].

The matrix metalloproteinases (MMPs) con-
stitute a family of secreted and cell-surface
enzymes that process and degrade numerous
pericellular substrates [for review see Stern-
licht and Werb, 2001]. Their activities are
regulated by specific inhibitors the tissue
inhibitors of metalloproteinases (TIMPs) that
contribute to controlling the local activities of
MMPs in tissues. The ability to degrade or
process extra-cellular proteins is essential for
proper cell—cell and cell-matrix interaction. In
bone tissue, the renewal of the extra-cellular
matrix is a critical aspect of the process of bone
matrix remodelling and maintenance. Both
osteoblasts [Otsuka et al., 1984; Meikle et al.,
1992; Koh et al., 2005; Varghese, 2006] and
osteoclasts [Hill et al., 1994; Delaisse et al.,
2000; Andersen et al., 2004; Hou et al., 2004]
synthesise MMPs, and MMPs are known to play
various significant roles in bone biology, notably
during bone development [Delaisse et al., 2000;
Stickens et al., 2004; Malemud, 2006]. Genetic
human disease and knockout-mice have made
clear the importance of MMP-2, -9, -13 and -14
in endochondral bone growth [Sternlicht and
Werb, 2001; Stickens et al., 2004; Holmbeck
et al., 2004; VanSaun and Matrisian, 2006]. The
findings of other in vivo studies provide sup-
porting evidence that osteoblastic MMPs play a
role in adult bone remodelling: conditional
inactivation of MMP-13, specifically in osteo-
blasts, causes increased trabecular bone that
persists for several months [Stickens et al.,
2004]. Furthermore, adult mice that expressed
collagen that is resistant to MMP cleavage,
exhibit a mild bone phenotype, with increased
bone deposition [Zhao et al., 2000].

A potential role of MMPs in the pathological
destruction of cartilage and bone matrix in
inflammatory diseases, such as rheumatoid
arthritis and osteoarthritis, has been the focus
of much investigation for several decades [Bur-
rage et al., 2006]. In contrast, the specific role of
MMPs in the bone loss associated with estro-
gens deprivation has not been fully investigated
[Williams et al., 1999].

We therefore decided to test the ability of the
metalloproteinase inhibitor TIMP-1 to reduce
the bone loss induced by ovariectomy in mice.
To do this, we used an in vivo model in which

the expression of TIMP-1 is driven by the
collagen alpha-1 type-I mouse promoter in
osteoblasts. We used histomorphometric and
molecular analysis on long bones and verte-
brae to provide evidence of the role of TIMP-1
in trabecular bone remodelling. We reported
that TIMP-1 overexpressing females until
2.5 months of age displayed low bone turnover
combined with a positive bone balance, that
lead to an increase in the volume and density of
trabecular bone [Geoffroy et al., 2004]. That
study demonstrated that osteoblastic MMPs
are implicated in the bone resorption in vivo,
and suggested sex hormone regulation of
resorption mediated by osteoblastic MMPs.
Our data further suggested that TIMP-1 over-
expression in osteoblasts affects bone volume
and bone density only in situation of high bone
turnover and rapid activation of bone resorp-
tion, that is, young growing females or adult
females treated with parathyroid hormone
[Geoffroy et al., 2004; Merciris et al., 2007].
In support of our hypothesis that osteoblastic
MMPs could be crucial in situations of high
bone remodelling, we show that (1) over-
expression of TIMP-1 in osteoblasts prevents
post-ovariectomy trabecular bone loss, (2) in
the tissues, the mechanism consisted mainly of
decreased osteoclastic resorption and (3) the
regulation of the bioavailability of molecules
such as TGFB1l by MMPs that affects osteo-
blastic and osteoclastic functions may be a key
mechanism in these effects.

MATERIALS AND METHODS
Animals

Four-month-old transgenic female mice with
established overexpression of TIMP-1 and their
wild-type littermates (10th and 11th genera-
tions) were used for the experiments [Geoffroy
et al., 2004]. Wild-type and transgenic mice
from the same litters were housed 8 per cage,
under a 12/12 h light dark cycle at 21°C and
allowed free access to water and chow from the
beginning of the experiment in full compliance
with the French government animal welfare
policy. Animals were then subdivided randomly
into six groups, and either sham-operated
(ovaries were exteriorised, but not removed;
SHAM), ovariectomised (OVX), or ovariectom-
ised (bilateral ovariectomy), and given subcuta-
neous estrogen replacement therapy (15 ug
17beta-estradiol’kg body weight/day, 5 days
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a week), (OVX+ E2; Sigma, St. Louis, MO).
After surgery, the mice were housed in individ-
ual cages, and provided with 3 g of chow per day
to prevent weight gain. Dosing was started
1 day after surgery, and continued until sacri-
fice. Body weights were measured weekly, and
the E2 injections were adjusted accordingly.
Mice were killed by cervical dislocation under
anaesthesia 2 months (first set of experiment) or
1 month (second set of experiment) after
surgery. In the second set of experiment, the
mice were subcutaneously injected with two
fluorochrome labels in order to monitor dynamic
bone parameters. Oxytetracycline (20 mg/kg;
Pfizer, Amboise, France) and 10 mg/kg of calcein
(Sigma) were administrated by ip injection 7
and 2 days before necropsy, respectively. Imme-
diately after sacrifice, the uteri were removed
and their weights were measured. Mice form
the second set of experiment, were evaluated for
densitometry at the femur and the caudal
vertebrae and histomorphometry at the lumbar
vertebrae. Long bones were harvested for both
primary culture of the precursor cells present in
the bone marrow and evaluation of genes
expression in the whole bone.

Dual-Energy X-Ray Absorptiometry (DXA)

DXA measurement was performed using a
PIXImus instrument (version 1.44; Lunar)
in ultrahigh resolution mode (resolution,
0.18 mm x 8.18 mm). The precision and repro-
ducibility of the instruments had previously
been checked. The coefficient of variation was
<2% for all the parameters evaluated. The
machine was calibrated daily using a phantom
provided by the manufacturer.

In the first set of experiment, a longitudinal
evaluation of the bone mineral density
(BMD; mg/cm?) was realised at the femora and
the caudal vertebral at the beginning of the
experiment, and 30 and 60 days after surgery.
In the second set of experiment, BMD was
evaluated before and 1 month after surgery
before sacrifice.

DPD Measurement

Accurate deoxypyridinoline measurement
requires overnight fasting before collecting the
urine. DPD was measured with the IMMULITE
Pyrilinks-D in vitro diagnostic reagent. To
correct for flow variations, DPD results were
normalised to the urinary creatinine concen-
tration (ADVIA System).

Histomorphometric Analysis of Bone

The L4-L6 lumbar vertebrae were excised at
the sacrifice, and the surrounding soft tissue
was cleaned off. Undecalcified specimens
were fixed in 70% ethanol, and dehydrated in
xylene at 4°C before being embedded in methyl
methacrylate. Sections (5 um) were cut with
a Leica microtome (SM2500S), mounted, and
then stained with either naphthol ASTR phos-
phate and counterstained with toluidine blue
(for TRAP activity detection), or with aniline
blue (for the static parameters). Thick sections
(12 pm) were also used to measure the formation
dynamics parameters. Histomorphometry was
conducted to quantify bone parameters as
defined by Parfitt et al. [1987]. The trabecular
bone volume (BV/TV), the trabecular number
(Tr.Nb), the trabecular separation (Tr.Sp) and
the trabecular thickness (Th.Th) were meas-
ured using a software package developed for
bone histomorphometry (Morphométrie osseuse;
Biocom, Les Ulis, France). The surface area and
number of osteoclasts were determined on
TRAP-stained sections using a Leitz integrate-
platte II eyepiece at 128 x magnification. The
dynamic parameters were measured in 12-pm-
thick, unstained sections that were examined
under UV light. The mineral apposition rate
(MAR, mean inter-label thickness divided by
the time between the two labelling periods, i.e.,
4 days for 6-month-old mice) was measured
using the same image analyser with a semi-
automatic method. The mineralising surfaces
were measured in the same area using the Leitz
integrateplatte II eyepiece. The bone formation
rate (BFR) was calculated in accordance with
the ASBMR nomenclature [Parfitt et al., 1987].

Culture of Primary Osteoblast Cells
Isolated From Calvaria

Primary osteoblasts were isolated from new
born wild-type and transgenic mouse calvaria
(2- to 4-day old) after sequential digestion with
type IV collagenase (Sigma). Cells were plated
in T-75 flasks containing phenol red free alpha-
MEM 10% FBS, 2 mM glutamine, 100 U/ml of
penicillin and 100 mg/ml streptomycin.

At confluence, cells were harvested with
trypsine digestion and seeded in 6-well plates
(10° cells per well with 2 ml of medium) and in
100 mm culture dishes (10° cells per dish),
cultured in the same medium supplemented
with 50 uM ascorbic acid and 10 mM sodium
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beta Glycerophosphate. As indicated in the
Results Section, cells were cultured with or
without 17p-estradiol (10-8M), or with or with-
out mouse recombinant TIMP-1 (TIMP-1).
Cultured cells were supplied with fresh medium
every 3 days, and all cultures were maintained
at 37°C in 5% CO5 and 95% humidity.

To determine the proliferation of the osteo-
blastic cells, cells were cultured in 96-well-
plates (5,000 cells/well) for 2 days in the
presence of 50-uM ascorbic acid. Proliferation
was determined during the treatment period.
Bromodeoxyuridine (BrdU) incorporation assay
was performed using the colorimetric BrdUrd
cell proliferation kit (Amersham, Orsay,
France).

For alkaline phosphatase activity (ALP)
measurement, cell layers were washed twice
with ice-cold phosphate buffer saline (PBS),
200 pl of deionised water added, and 6-well
plates were stored at —20°C until analysis. Cells
in deionised water were then scraped off,
sonicated and centrifuged at 4°C for 15 min at
4,000g. ALP activity was evaluated using
ADVIAr1650 (Bayer Diagnostics). Protein con-
centrations were determined by the BCA
method (Pierce). Results were expressed in
International Units, and normalised to protein
content (IU/mg of protein).

For the TGFB1 assay, primary osteoblast cell
supernatants were collected, concentrated on
centrifugal filter devices (Centricon, Millipore)
and stored at —80°C until analysis for TGFB1 by
ELISA (R & D Systems). To determine the total
(active +latent) TGFpB1 levels, the samples
were acidified with 1 N HCI, and then reneu-
tralised using NaOH before adding to the assay
plate. Latent TGF 1 values were determined by
subtracting the active TGFB1 measurements
from the total TGFp1.

For immunolabelling, the cells were seeded in
6-well plates on a cover slip (300,000 cells/well).
At day 6, cells were rinsed with cold PBS, fixed
with 4% paraformaldehyde, permeabilised with
methanol at —20°C for 15 min. After washing
and BSA saturation, cells were incubated for 3h
at room temperature with appropriate dilutions
of rabbit polyclonal antibodies against anti-ER-
o (1/50; Santa Cruz Biotechnology, Inc.). Incu-
bation with BSA in PBS replaced primary
antibodies, and served as negative controls.
The cover slips were rinsed in PBS and
incubated for 1 h at room temperature with
CY-3-conjugated donkey anti-rabbit secondary

antibodies (1/400 final dilution; The Jackson
Laboratory, West Grove, PA). After rinsing,
samples were mounted in fluorescent mounting
medium (Dako, Montreal, Denmark), and
observed by epi-fluorescence microscopy on a
Zeiss Photomicroscope III (Nikon, Japan). For
photography, equal exposure times were used
for labelled cultures and control cultures.

Culture of Osteoblastic Precursor Cells Isolated
From Bone Marrow

Marrow stromal cells were collected from the
femurs and tibiae of 5-month-old female mice
1 month after ovariectomy. Bone marrow was
flushed out from each bone with alpha-MEM
supplemented with FCS (15%) using a syringe.
After a short spin, the cell pellets were resus-
pended in the same culture medium and were
further filtered through a 0.45-pm-pore diame-
ter nylon filter (Millipore, Molsheim, France).

Cells were seeded in 6-well plates (105 cells
per well with 2 ml of medium) and cultured in
the differentiation medium (alpha-MEM sup-
plemented with FCS (15%), 180 uM ascorbic
acid and 10 mM sodium beta Glycerophos-
phate). For Western blotting experiments,
12 h before collecting of the supernatant, the
differentiation medium was replaced by serum-
free medium containing the inducers.

Osteoclast Differentiation Assay

Bone marrow cells were isolated from
5-month-old female wild-type or transgenic mice,
1 month after sham-operation, ovariectomy or
ovariectomy treated subcutaneously with oes-
trogen (as described above). Briefly, mice tibia
and femurs were removed aseptically, dissected
free of adherent tissues, and placed in PBS. The
marrow cavities were flushed with phenol-red
free alpha-MEM containing 10% FBS, and
collected marrow cells were washed with the
same medium, and seeded in 8-well chamber
slides at 2 x 10° cells per ml (8 wells Lab-Tek,
Brand Products, Nunc). Cells were cultured for
21 days with RANKL (12 ng/well) and M-CSF
(10 ng/well) to induce osteoclast differentiation.
Cells were then washed once with PBS before
being fixed with PFA 4% for 20 min, rinsed
three times with PBS, and stained for TRAP
activity. For the microscopic examination, the
nuclei were counter stained with methyl green.
All TRAP-positive cells were counted and the
TRAP-positive multinucleated cells containing



High TIMP-1 Blunt Estrogen Effects on Bone 1807

three nuclei or more were counted as osteoclast-
like cells.

RT-PCR and RT-QPCR Analysis

The RT-PCR analysis of gene expression was
performed as previously described [Geoffroy
et al., 2004]. Briefly, total RNAs from the long
bones were isolated using trizol reagent (Invi-
trogen), cleaned using an RNAeasy mini-kit
(Qiagen) according to the manufacturer’s
instructions and the RT reaction was performed
using the Reverse-ITmax RTase Blend®™
(ABgene). PCR amplification was performed
using standard protocols in a GeneAmp PCR
2700 (Applied Biosystem). HPRT was used as
internal control. For the PCR amplification, the
following set of primers were used: Transgene
(forward: &-ATCTCTGGCATCTGGCATCC-3
and reverse: 5-TTTCAAGATGTGGCGAGA-
TGC-3); TIMP-1 (forward: 5-ATCTCTGGC-
ATCTGGCATCC-3' and reverse: 5-GGCAGG-
CAAGCAAAGTGACG-3); HPRT (forward: 5'-
AGCGATGATGAACCAGGTTA-3' and reverse:
5-GTTGAGAGATCATCTCCACC-3'). The con-
ditions of amplification were optimised for each
pair of primers, and were as follows: 1 min at
94°C, 1 min at 52°C (HPRT), 57°C (transgene),
or 60°C (TIMP-1), and 1 min at 72°C. 30
amplification cycles were used, except for the
transgene (35 cycles).

The real-time PCR analysis of gene
expression was performed as previously
described [Merciris et al., 2007]. Total RNA
was isolated from a primary osteoblastic cell
lysate using NucleoSpin® (Macherey-Nagel)
according to the manufacturer’s instructions
and the RT reaction was performed using the
Reverse-ITmax RTase Blend®™ (ABgene). Quan-
titative real-time PCR expression analysis was
performed using a light cycler Roche, ABsolute
SYBR™ Green Capillary Mix (ABgene). 18S was
used for normalisation. The sets of primers used
for real-time PCR are: 18S (forward: 5'-CG-
GCTACCACATCCAAGGAA-3'; reverse: 5'-GC-
TGGAATTACCGCGGCT-3'), RANKL (forward:
5-GGCCACAGCGCTTCTCAG-3'; reverse: 5'-
GAGTGAC TTTATGGGAACCCGAT-3), OPG
(forward: 5'-AGTCCG- TGAAGCAGGAGTG-3/;
reverse: 5'-CCATCTGGACATTTTTTGCAAA-3).

Western Blotting

For Western blotting experiments, super-
natant of osteoblastic cells deriving from bone

marrow progenitors were used (see above).
Serum-free supernatants of osteoblasts were
harvested after 5 days of culture, and concen-
trated using microconcentrator (microcon,
Millipore). Proteins were quantified with BCA
protein assay. Ten or 30 ug of proteins in 1X
Laemli buffer were denatured for 5 min at 95°C,
and separated on SDS—PAGE under denatur-
ing conditions before being transferred onto a
PVDF membrane (Hybond-P; Amersham). The
studies used two different antibodies raised
against MMP-13 (rabbit polyclonal antibody,
Chemicon International) and MMP-3 (Ab-1;
mouse monoclonal antibody, Oncogene), which
were incubated overnight at 4°C in 5% blocking
solution at 1:2,500 and 1:100 dilutions respec-
tively. The blots were then incubated with
horseradish peroxidase-conjugated secondary
antibodies (dilution 1:1,000), washed and incu-
bated in chemoluminescence luminol reagent.
Biomax MR films were used to visualise the
chemoluminescence.

Statistical Analysis

Statistical analysis was performed using the
StatView 4.5 software. Statistical differences
between experimental groups were assessed
using analysis of variance (ANOVA). The sig-
nificance threshold was set at P<0.05. All
values are shown as mean + SEM.

RESULTS

Overexpression of TIMP-1 in Osteoblastic Cells
Prevents Ovariectomy (OVX)-Induced Bone Loss

In our previous publications describing
TIMP-1-overexpressing mice, we reported a
phenotype only in females and no significant
changes in BMD after 2.5 months of age
[Geoffroy et al., 2004]. In the present study, we
used 4-month-old transgenic female mice. At
baseline, transgenic mice displayed the same
BMD than wild-type mice at the femur and the
caudal vertebrae (Fig. 1).

We subject the 4-month-old wild-type and
transgenic mice to ovariectomy (OVX). The
effectiveness of ovariectomy was confirmed at
necroscopy by severe atrophy of the uterus, as
compared to the Sham control animals. The
uteruses were weighed at the end of the experi-
ments. The reductions in uterus weight after
OVX were similar in wild-type and transgenic
mice and oestrogen treatment (15 pg/kg/day)
after ovariectomy restored uterus weight to a
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Fig. 1. Reduced effects of ovariectomy on bone in transgenic
mice overexpressing TIMP-1. Four-month-old wild-type and
transgenic TIMP-1 overexpressing female mice were either sham-
operated (SHAM, black circle), ovariectomised (OVX, open
circle) and treated with 108M 17beta-estradiol (OVX + E2, open
square). In a first set of experiment, the longitudinal evaluation
of the bone mineral density (BMD) was realised by DXA. BMD
was measured before, 1 and 2 months after surgery at two
representative sites, the femur (A) and the caudal vertebrae (B).
(n=7-8 inthe SHAM groups, n =8-10 in OVX groups, n =4-5
in the OVX+E2 groups.) *P<0.05 and **P<0.005 versus
SHAM.

level comparable to that observed in sham-
operated mice (data not shown). As expected we
observed 1 and 2 months after surgery a
significant decrease in BMD in wild-type mice
at the femurs and the vertebrae (Fig. 1). In
contrast, ovariectomy had no significant effect
on BMD at the femur and the vertebrae in
transgenic mice at either 1 or 2 months after
surgery. Wild-type and transgenic OVX mice
treated with 17-beta-oestradiol (E2) were not
different from the Sham mice at any site or
any time. For the rest of study, we decided to
analyse the effect of transgene overexpression
1 month after surgery, when the bone loss
induced by OVX is most pronounced.

One Month After Ovariectomy, Overexpression
of TIMP-1 in Osteoblastic Cells Prevents
Ovariectomy-Induced Trabecular Bone Loss and
Increases in Bone Resorption Markers

To evaluate more precisely the effect of TIMP-
1 overexpression on bone density and architec-
ture, a new set of 4-month-old female mice were
subjected to ovariectomy. One month after
ovariectomy, wild-type mice had lost 9% and

14.5% of their initial BMD at the femur and the
caudal vertebrae respectively (Fig. 2A,B). At
that time, the transgenic OVX mice had no
significant bone loss. Histological analysis con-
firmed the less severe phenotype in transgenic
compared to wild-type mice (Fig. 2C). As
expected, we showed that urinary deoxypyridi-
noline, a marker of bone resorption, was
increased after ovariectomy only in wild-type
mice (Fig. 2D).

Quantitative bone histomorphometric analy-
sis of the vertebrae 1 month after surgery
revealed greater trabecular bone volume (BV/
TV) in Sham transgenic mice than in wild-type
mice. This was associated with reduced trabec-
ular spacing (Tbh.Sp), suggesting decreased
resorption in the transgenic mice as previously
described in younger mice (Table I) [Geoffroy
et al., 2004]. Before ovariectomy, BV/TV, tra-
becular number (Tr.N) and trabecular thick-
ness (Tr.Th) all fell in wild-type mice, whereas
Tbh.Sp increased. These changes were abolished
by E2 treatment (OVX + E2) in the wild-type
mice. The changes in structural parameters
induced by ovariectomy in wild-type mice did
not occurred in the transgenic mice. These
findings indicate that transgenic mice were less
affected by estrogens deficiency than wild-type
mice, thus demonstrating that osteoblastic
MMPs are important in the response of bone
cells to estrogens.

The Oestrogen Status Does Not Affect
Osteoblastic Expression of the Transgene and
MMP-3 and -13

PCR analysis performed on RNA isolated on
wild-type and transgenic long bones, indicated
that the transgene and the total TIMP-1
expression (endogenous TIMP-1 plus trans-
gene) was not affected by oestrogen status
1 month after ovariectomy (Fig. 3A). Further-
more, we showed using Western blot analysis
that ovariectomy has no effect on the expression
of MMP-13 but increases MMP-3 expression in
osteoblastic cells of both genotypes (Fig. 3B).
The expression of MMP-13 and MMP-3 were the
same in wild-type and transgenic cells super-
natant indicating that modification in bone
volume and structure observed after ovariec-
tomy in wild-type mice cannot be explained by
modifications of the TIMP-1 or MMP-13 and -3
expression. But an differential effect of the
MMPs activity in these modifications cannot be
completely excluded.
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Fig. 2. Overexpression of TIMP-1 in osteoblasts prevents the
ovariectomy-induced bone loss evaluated 1T month after surgery.
A,B: Inasecond set of experiment, BMD of the whole femora and
lumbar vertebrae of wild-type (open bars) and transgenic (black
bars) sham-operated (SHAM), ovariectomised (OVX) and ovar-
iectomised treated (OVX + E2) mice was measured before and
1 month after surgery using DXA. Data are represented as the
percent of change from the baseline. (n =7 in the SHAM groups,
n=7-10 in OVX groups, n=5 in the OVX+E2 groups.)

Bone Formation and Osteoblasts Are Differently
Affected by the Oestrogen Status in Wild-Type
and Transgenic Mice In Vivo and Ex Vivo

We examine the alkaline phosphatase activ-
ity as marker of osteoblastic differentiation in
differentiating primary osteoblast isolated from
wild-type and transgenic new born calvaria. We
confirmed first that after 15 days of culture, the
alkaline phosphatase activity was the same in
both genotypes as previously reported [Geoffroy
et al., 2004]. But we showed that alkaline
phosphatase activity was lower in transgenic
than in wild-type osteoblasts from days 3 to 6 of
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*P < 0.05; **P<0.005. C: Toluidine blue stain of histological
sections of lumbar vertebrae 4 weeks after ovariectomy shows
that ovariectomy induced a deterioration of the microarchitec-
ture of trabecular bone in the wild-type but not in the transgenic
vertebrae. D: Urinary deoxypyridinoline (DPD) levels were
determined 1 month after surgery in all groups. Data were
normalised to the urinary creatinine concentration. **P < 0.005
and ***P < 0.0005. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

culture (Fig. 4A). A reduced alkaline phospha-
tase activity was also observed after 3 days
when wild-type primary osteoblasts were
treated with recombinant TIMP-1 (Fig. 4B).
Addition of 17beta-estradiol for a 3-day period
enhanced alkaline phosphatase activity in the
wild-type primary cells but not in the transgenic
cells (Fig. 4C) indicating that TIMP-1 over-
expression presumably affects osteoblastic dif-
ferentiation signalling. Moreover, we showed
that after 3 days in culture, transgenic osteo-
blasts had also a lower rate of proliferation than
wild-type osteoblasts (Fig. 4D) and adding
recombinant TIMP-1 to wild-type osteoblasts
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TABLE 1. Cancellous Bone Histomorphometry of 6-Month-Old Wild-Type and Transgenic,
Sham and Ovariectomised Mice

Wild-type mice

Transgenic mice

Parameters® SHAM (0)%:¢ OVX+E2 SHAM OVX OVX+E2
Bone structure
Bone volume/tissue volume (BV/TV; %) 31.54+0.8 20.6+1.4° 27.2+15> 3864+1.3° 32.6+1.4 32.94+0.3
Trabecular number (Tr.Nb; 1/mm) 4.48+0.13 350+0.16° 4.19+0.15% 4.884+0.24 4.48+0.20 4.26+0.35
Trabecular separation (Tr.Sp; pm) 154+5 2414+17° 177 +9¢ 133+ 8P 153 +7 163+ 13
Trabecular thickness (Tr.Th; um) 70.8+2.6 589426 651+3.0 75.6 +4.8 73.8+5.1 79.2+5.8
Bone resorption
Osteoclast surface/bone surface (Oc.S/BS; %) 438+1.17 7.75+1.16° 10.90+1.60 7.61+252 4.08+1.09 11.44+1.41
Osteoclast number/bone area (N.O¢/BS; 1/mm?) 28.9+7.2 36.83+6.3 19.0+1.3 41.3+8.6 25.1+4.1 21.74+3.4
Bone dynamics
Mineralising surface/bone surface (MS/BS; %) 27.6+3.2 17.3+1.7° 323+1.9% 16.7+26° 214435 257+1.3
Mineralising apposition rate (MAR; um/day) 1.704£0.19 2.05+021 1.93+0.27 1.15+0.13°> 1.27+0.21 1.45+0.18
Bone formation rate (BFR/BS; pum?®/um?*/day) 0.49+0.10 025+0.06 0.54+0.10 0.18+0.05> 0.28+0.08 0.37+0.05

Bone histomorphometric parameters have been evaluated on calcified tissue after sham-operation (SHAM), ovariectomy (OVX) or
ovariectomy followed by a 1 month oestrogen treatment period (OVX + E2). Dose of E2 was 15 ng/kg of weight/day.

#Values are shown as mean + SEM.

bSignificantly different from WT SHAM, P < 0.05.
“Significantly different from WT SHAM, P < 0.005.
dSignificantly different from WT OVX, P < 0.005.

during a 3-day period also resulted in decreased
proliferation (Fig. 4E). Addition of 17beta-
estradiol induced an increase in cell prolifer-
ation in wild-type and transgenic cells but the
proliferation rate was still significantly lower in
transgenic than in wild-type cells (Fig. 4D).
These results were in accordance with the
significant decrease in bone formation parame-
ters (mineralising surfaces, and rates of mineral
apposition and bone formation) in the vertebrae
of transgenic mice relative to wild-type Sham
mice (Table I). After ovariectomy a reduction of
bone formation was observed especially in wild-
type mice. Alkaline phosphatase activity meas-
ured ex vivo, the mineralising surfaces and the
bone formation rate were all reduced in wild-

type mice in absence of oestrogen. But
the mineralising surfaces and the bone forma-
tion rate were restored when wild-type OVX
mice were treated with E2. In transgenic mice,
no change in mineralising surfaces occurred in
transgenic mice after either OVX or OVX + E2
treatment (Table I).

Although 17beta-estradiol increased osteo-
blast proliferation in transgenic cells, in vivo
and in vitro data suggest a decreased osteoblast
proliferation in transgenic mice, resulting in a
lower number of active osteoblasts and bone
formation rate. Our results indicate also that
overexpression of TIMP-1 blunted the effects of
oestrogen on osteoblasts in vitro and ex vivo
since neither E2 depletion nor E2 treatment had
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Fig. 3. Effect of estrogens on TIMP-1, MMP-13 and MMP-3
expression ex vivo. A: Transgene and global TIMP-1 expression
was evaluated by RT-PCR. The RT reaction was performed on
total RNA extracted from long bones of 5-month-old wild-type
and transgenic that were sham-operated (SHAM), ovariectom-
ised (OVX) and ovariectomised treated (OVX+E2). HPRT
expression was used as internal control. The gels presented are

representative of two independent RNA extractions. B: Bone
marrow progenitor cells from the same mice we cultured in
osteoblastic differentiation medium for 5 days. MMP-3 and
MMP-13 expression was evaluated in the serum-free cell
supernatants by immunoblotting with mouse anti-MMP-13 and
anti-MMP-3 antibodies. The blots presented are representative of
three independent experiments.
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Fig. 4. TIMP-1 overexpression affects the osteoblast differ-
entiation and proliferation in vitro. A—C: Alkaline phosphatase
activity was evaluated on wild-type (open bars) and transgenic
(black bars) calvaria-derived osteoblasts after 3, 6 and 15 days of
culture in presence of 50 uM ascorbic acid alone (A) or 3 days in
presence or absence 107 ®M 17beta-estradiol (C). Wild-type
osteoblasts were also cultured 3 days in presence or absence of
recombinant TIMP-1 (rTIMP-1) at the indicated concentration
(B). D,E: Proliferation was assessed on primary osteoblasts from
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any effect on differentiated transgenic osteo-
blasts.

TIMP-1 Overexpression Blunts the
Osteoclastogenesis Induced by Ovariectomy

Structural parameters suggested that over-
expression of TIMP-1 in osteoblastic cells
reduces bone resorption, but the osteoclastic
surfaces and osteoclast number measured were
identical in Sham transgenic and wild-type
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new born mice calvaria after a 2-day culture period by BrdU
incorporation. Proliferation was evaluated in wild-type and
transgenic primary osteoblasts in presence or absence of 107°M
17beta-estradiol (D) or in wild-type cells in presence or absence
of recombinant TIMP-1 (50 ng/ml; E). The results are presented as
mean of 3—6 individual determination + SEM. *P < 0.05 versus
untreated cells; P < 0.05 versus wild-type cells receiving the
same treatment.

mice although there was a trend for higher
osteoclast in transgenic mice (Table I), suggest-
ing that MMPs inhibition by TIMP-1 decreases
osteoclast resorbing activity. Because osteoclast
differentiation depends on the balance between
OPG and RANKL expression, we assessed the
expression of OPG and RANKL by real-time
PCR, and calculated the OPG/RANKL ratio in
the long bones of the different experimental
groups (Fig. 5). The levels of expression of both
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Fig. 5. Ovariectomy does not affect RANKL and OPG
expression in transgenic mice. Total RNA were extracted from
tibiae of 5-month-old sham-operated (SHAM), ovariectomised
(OVX) and treated with 1078M 17beta-estradiol (OVX+E2)
wild-type and transgenic mice. Gene expression was evaluated
by real-time PCR analysis (qPCR). The analyses were repeated

twice, using samples from two independent RNA extractions.
The expression of OPG (A), and RANKL (B) were normalised
versus 18S expression. The OPG/RANKL ratio (C) was calcu-
lated. The data were reported as mean £ SEM of two independent
experiments.
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genes were reduced in transgenic mice com-
pared to wild-type mice and as expected the
OPG/RANKL ratio was lower in transgenic
than wild-type Sham animals. After OVX, there
was a marked decrease in RANKL, OPG and
OPG/RANKL ratio in wild-type mice that was
not observed in transgenic mice. Accordingly,
wild-type mice showed an increase in bone
resorption after ovariectomy, as illustrated by
the increased of osteoclastic surface (Oc.S/BS)
and of the number of osteoclasts per bone area
(N.Oc¢/BS; Table I) and increased excretion
of deoxypyridinoline as mentioned above
(Fig. 2D). In OVX transgenic mice, these
parameters remained unchanged. Treatment
with E2 of OVX mice did not result in any
significant change in the OPG/RANKL ratio for
either genotype also expression of both RANKL
and OPG was increased (Fig. 5A).

We also performed ex vivo osteoclast differ-
entiation of bone marrow progenitor cells
isolated from Sham, OVX and OVX + E2 mice.
These experiments showed that the number of
TRAP-positive cells (Fig. 6A) and multinuclear
TRAP-positive osteoclasts-like cells (Fig. 6B)
were identical between wild-type and trans-
genic sham-operated mice. An increased of total
TRAP-positive cells and of multinuclear TRAP-
positive osteoclasts-like cells was observed after
OVX and a reduction of these by in vivo E2
treatment only when the bone marrow progen-
itors had been obtained from wild-type mice. No
increase of TRAP-positive and multinuclear
osteoclasts-like cells was observed after OVX
in transgenic cells culture. These results indi-
cated that estrogens depletion increased osteo-
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Fig. 6. TIMP-1 overexpression blunts the increase in osteo-
clastic differentiation induced by ovariectomy ex vivo. Thirty
days after surgery, osteoclastic bone marrow progenitors from
sham-operated (Sham), ovariectomised (OVX) and estrogen-
treated ovariectomised (OVX+E2) wild-type and transgenic
mice were cultured for 21 days in the presence of RANKL (12 ng/
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clastic differentiation from wild-type, but not
from transgenic bone marrow precursor cells.

TIMP-1 Overexpression Affects Bone Formation
In Vitro and Modifies Osteoblastic Response to
Oestrogen Treatment

In order to identify one molecular mechanism
that could lead to these in vivo changes, we
cultured primary calvaria osteoblasts from
wild-type and transgenic mice. In order to shed
light on the molecular mechanisms that could
explain this effect, we analysed first the expres-
sion of the oestrogen receptor (ER) alpha. Both
wild-type and transgenic cells expressed ER
mRNA during the osteoblastic differentiation
with no marked difference according to the
genotype (data not shown). Furthermore,
immunocytochemistry revealed no difference
in ER alpha staining in osteoblasts from wild-
type and transgenic mice (Fig. TA).

TGFp1 levels are known to be modulated by
estrogens status in bone, and TGFp1 is known
to be able to modulate osteoblast and osteo-
clast differentiation and/or function, and so
we further investigated TGFp1 release in the
supernatant of calvaria primary osteoblastic
cells. Ex vivo experiments revealed that levels
of total TGFB1 in cell supernatant were not
dependent on genotype, but that the total
TGFpB1 level was increased after estradiol
treatment in wild-type cells only. In the
absence of estradiol, active TGFB1 was mark-
edly lower in the supernatant of the osteo-
blasts from transgenic mice (Fig. 7B).
Although the stimulatory effect of oestrogen
on TGFB1 activation was observed in both
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well) and M-CSF (10 ng/well). All TRAP-positive cells (A) and the
multinucleated TRAP-positive osteoclast-like cells (OLC; B) were
counted, and expressed per mm?. OLC were TRAP+ cells with at
least three nuclei. The results are presented as mean + SEM.
**P < 0.005.
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Fig. 7. TIMP-1 overexpression affects the response of osteo-
blastic cells to oestrogen treatment. A: Detection of Estrogen
receptor alpha by immunolabelling on 6-day cultures of wild-
type and transgenic calvaria-derived primary osteoblast.
B: TGFB1 assays were performed in cells supernatants from

genotypes, active TGFB1 remained higher in
wild-type cells than in transgenic cells in
presence of oestrogen. In summary, TGFp1
expression was less affected by estrogens
deprivation in transgenic osteoblast, and the
active form was lower in transgenic than in
wild-type cells both in the presence and
absence of oestrogen.

DISCUSSION

In this study, we presented evidence that
TIMP-1 overexpression prevented the increase
in estrogen-deficiency dependent bone resorp-
tion, and therefore also prevented post-ovariec-
tomy bone loss.

Bone loss after OVX in mice depends on the
strain [Bouxsein et al., 2005; Iwaniec et al.,
2006] and is often mild. It has been also well
documented by Iwaniec et al. [2006] that some
mouse strain commonly used for transgenic
mice generation are not ideal model to study the
effects of oestrogen deficiency that mimics post-
menopausal bone loss. This article present
evidence that a lack of increase of the bone
formation parameters is sometime observed
following oestrogen deficiency in certain mouse
strain. But because we observed in our model a
rapid cancellous bone loss induced by high bone
resorption exceeding bone formation, we can
conclude that our transgenic model is an
appropriate model to evaluate the effect of
TIMP-1 overexpression on bone resorption.
The effect of TIMP-1 overexpression on bone
formation might to be analysing carefully.

In the hybrid B6CBA wild-type mice that
were used in this study, we observed bone loss at
30 days that was higher at the vertebrae than
at the femora (14.5% vs. 9%), and that had
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wild-type and transgenic calvaria-derived primary osteoblasts.
Total and active levels of TGFB1 were measured after 3 days in
presence or absence of 107®M 17beta-estradiol. The results
presented are representative of two independent experiments.
*P < 0.05 versus untreated cells.

partially recovered 60 days after OVX. At
baseline, transgenic mice displayed the same
BMD than wild-type mice. It is only when the
transgenic mice were challenged by OVX that a
marked difference between wild-type and trans-
genic mice were observed. After OVX, trans-
genic mice showed no change in bone density or
trabecular bone volume and bone resorption
increased in wild-type, but not in transgenic
mice. Resorption parameters including p-pyr-
idinoline excretion, osteoclast surfaces assessed
by bone morphometry, and TRAP cells differ-
entiated from bone marrow were increased
30 days after OVX only in wild-type mice.
Because high resorption is one of the major
mechanism of OVX bone loss, this explains why
bone mass was maintained in transgenic mice
after OVX.

It has been reported that bone loss after OVX
depends on the increased cytokine-driven osteo-
clastogenesis [Riggs et al., 2002; Weitzmann
and Pacifici, 2006]. This increased osteoclasto-
genesis relies on a complex interplay between
osteoblasts, inflammatory cells and osteoclast
precursors. Cell—cell communication depends
on soluble or membrane bound cytokines. We
observed an unexpected lack of increase in
osteoclast differentiation after OVX in trans-
genic mice. Osteoclastic differentiation depends
on several soluble and trans-membrane factors,
but the terminal effector of osteoclast differ-
entiation is the OPG/RANKL ratio. RANKL
shedding is an important process that regulates
local osteoclastogenesis. It has been shown that
MMP-14 which is not inhibited by TIMP-1
[Fernandez-Catalan et al., 1998] has a strong
RANKL shedding activity and that suppression
of MMP-14 reduces the shedding of RANKL
from the osteoblast membrane and promotes
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osteoclastogenesis [Hikita et al., 2006]. It is
therefore unlikely that the data we observed in
transgenic mice could be explained by modifi-
cation of the local soluble RANKL production
by osteoblasts. However, we observed that, as
expected, the OPG/RANKL mRNA ratio was
reduced in wild-type mice after OVX [Lindberg
et al., 2006]. In contrast, in transgenic mice, this
ratio was unaffected by OVX. We therefore
extrapolated that a cytokine or growth factor
modulating the OPG/RANKL ratio could be
responsible for the difference between trans-
genic and wild-type mice post-OVX. Our
hypothesis was that osteoblastic metalloprotei-
nase could influence the shedding or activation
of estrogen-dependent cytokines. Estrogen reg-
ulation of bone resorption involved many factors
including proinflammatory cytokines (IL-1, IL-
6, TNF-o, M-CSF, PGE2) that are mainly down
regulated and TGFp that is up regulated by
estrogen (for review see Riggs [2000]). TGF is
one of the most abundant growth factors in
bone. Its release from the extra-cellular matrix
and dissociation from the TGFp-binding pro-
tein-1 [Dallas et al., 2002], and its activation by
proteolysis [Karsdal et al., 2002; Selvamurugan
et al., 2004] depends on MMPs. MMP induced
the release of TGFB from a synthetic matrix,
triggering changes in osteoblast morphology,
and in osteoclastic resorption [Karsdal et al.,
2001]. Furthermore, TGFp transcription is
increased by estradiol [Lindberg et al., 2002].
The level of TGFp is reduced in the bone of OVX
rats [Finkelman et al., 1992]. TGFp prevents
OVX-induced hyperresorption either through
direct intra-osseous injection [Beaudreuil et al.,
1995] or gene transfer [Gao et al., 2004]. Low
TGFp levels had also been shown to stimulate
osteoclast differentiation by impacting the
RANKL/OPG ratio [Karst et al., 2004]. But it
is also established that, in presence of RANKL,
TGFp reduces osteoclastic differentiation [Fox
et al., 2003; Karsdal et al., 2003]. TGFB is one of
the mediators of increased OPG mRNA after
estradiol treatment [Hofbauer et al., 1999].
Therefore, the reduced activation of TGFp that
was observed in transgenic osteoblast super-
natant ex vivo could be part of the explanation
for the lack of increase osteoclastic differentia-
tion that has been observed in vivo and ex vivo.

The 5-month-old Sham TIMP-1 female
mice had the same bone density as their wild-
type counterparts. However, their trabecular
bone volume was higher, and their trabecular

spacing lower, suggesting lower osteoclastic re-
sorption associated with a reduced remodelling
rate. Most of the in vivo and ex vivo resorption
parameters that we measured were the same in
Sham wild-type and transgenic mice, with the
exception of the resorption surfaces, which were
higher in transgenic mice possibly because of
their lower osteoclast function [Karsdal et al.,
2007]. These subtle changes are consistent with
our previous findings in younger female mice.
The role of different proteinases in osteoclastic
resorption is still debated [Everts et al., 1998].
But it has been already described that osteo-
clastic MMPs are involved in matrix degrada-
tion when cathepsin K is absent [Kiviranta
et al., 2005; Everts et al., 2006]. It is also widely
accepted that osteoblastic metalloproteinases,
which were inhibited by TIMP in our model,
allow osteoclasts to gain access to the calcified
matrix and to start resorbing [Chambers and
Fuller, 1985; Holliday et al., 1997]. TIMP-1 is
the predominant form of TIMP. We showed that
there was no change of the transgene expression
and TIMP-1 after OVX. There is indeed no
report presenting evidence for a regulation of
the 2.3 kb alpha-1 type-1 collagen gene promoter
by estradiol. TIMP-1 is able to inhibit MMP-2,
MMP-3 and MMP-13. MMP-13 is the major
osteoblastic MMP, and its invalidation induces
an increase bone mass [Inada et al., 2004;
Stickens et al., 2004]. MMP-13 is regulated by
various bone-resorbing agents [Uchida et al.,
2000] but has not been shown to be dependent on
estradiol. Indeed, there was no change in MMP-
13 after OVX. In contrast, we observed an
increased level of MMP-3 in transgenic and
wild-type OVX mice. This parallels the previous
observation by Breckon et al. [1999] that more
osteoblasts synthesise MMP-3 after OVX. It is
therefore possible that TIMP-1 overexpression
could induce changes in bone remodelling,
particularly after OVX, partly as a result of
reduction of MMP-3 OVX induced-activity.

At baseline the bone formation rate was lower
in Sham transgenic than in Sham wild-type
mice. After OVX, we observed a significant
decrease in mineralising surfaces in wild-type
mice that was not observed in TIMP-1 mice. In
order to quantify osteoblast proliferation and
differentiation, we used homogeneous popula-
tion of progenitors originating from the calvaria.
These in vitro studies of calvaria primary
osteoblasts from wild-type and transgenic new
born mice confirmed the lower rate of prolife-
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ration, and the delayed differentiation in cells of
transgenic mice or in wild-type cells treated
with recombinant TIMP-1. To date, there are
only few convincing studies to provide mecha-
nistic insight into the role of MMPs in osteoblast
differentiation. A recent study, using primary
cells isolated from MMP-2~/~ mice indicated a
negative effect of MMP-2~/~ on both osteoblast
proliferation and differentiation [Mosig et al.,
2007]. But this cannot explain the effect
observed in TIMP-1 transgenic mice since
MMP-2 is not inhibited by TIMP-1. It was also
suggested that MMPs inhibition could affect
osteoblastic motility that are important for cell—
cell contacts achievement and osteoblastic dif-
ferentiation [De Becker et al., 2007]. MMPs are
involved in important signalling pathways
regulating osteoblast differentiation that can
be affected when TIMP-1 is overexpressed
[Fratzl-Zelman et al.,, 2003; Nakashima and
Tamura, 2006].

We showed that the reduction of proliferation
of osteoblastic cells overexpressing TIMP-1 is
not dependant on the oestrogen status. It has
been reported that estradiol can induce an
increase of osteoblast alkaline phosphatase
in vitro [Qu et al., 1998]. Interestingly, when
osteoblasts from transgenic mice were treated
with estradiol, we did not observe the increase
in alkaline phosphatase occurring in wild-type
osteoblasts. Most of our findings are consistent
with alack of sensitivity to estradiol depletion or
administration in transgenic mice. However,
there was no major decrease in estrogen
receptor alpha expression in transgenic osteo-
blasts. It has been demonstrated that TGFp is
one of the growth factors responsible for the
positive effect of estradiol on osteoblasts [Riggs,
2000; Gao et al., 2004]. Therefore, TGFp could
be responsible for the different levels of alkaline
phosphatase activity in wild-type and trans-
genic osteoblasts in the presence of estradiol.

In this study, we show that in transgenic mice
OVX induces reduction of bone resorption with
sustained osteoclast number and bone forma-
tion rate. In normal mice, bone formation
is coupled to bone resorption in a tight
equilibrium. Mouse mutations or pathological
situations leading to ablation/reduction of
osteoclasts lead to negative effects on bone
formation indicating a central role for osteo-
clasts, and not necessarily their resorptive
activity, in the control of bone formation
[Karsdal et al., 2007]. Our results indicated

that osteoblastic MMPs could be mediators of
the production/activation of signalling factors
by the osteoclast that induce bone formation.

In conclusion, our data show that inhibiting
MMP abolishes or prevents bone loss after
ovariectomy. TIMP-1 overexpression reduced
osteoclast resorption and altered the response of
osteoblast to oestrogen resulting in a decreased
expression/activation of local regulators of
osteoclastogenesis. TIMP-1 acts either directly
by inhibiting the MMPs activity or indirectly by
regulating growth factor release and activation
leading to reduction of bone resorption. MMPs
are therefore among the major regulators of
bone remodelling especially in situations in
which bone remodelling is accelerated. TGFp1,
a major mediator of OVX bone loss [Finkelman
et al., 1992], might participate to this effect.

A number of studies (for review see Varghese
[2006]), indicated that the bisphosphonates
used for the treatment of different bone dis-
orders including osteoporosis, are potent inhib-
itors of MMPs. Thus, the effectiveness of
bisphosphonates in the treatment of osteopo-
rosis could be partly due to their ability to
inhibit MMP activity in bone. The pharmaco-
logical inhibition of the MMPs deserves inves-
tigation in the prevention of estradiol-
dependent osteopenia.
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