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Regulation by Glucocorticoids of Cell Differentiation
and Insulin-Like Growth Factor Binding Protein
Production in Cultured Fetal Rat Nasal Chondrocytes
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Abstract Glucocorticoids (GCs) modulate insulin-like growth factor action in cartilage through mechanisms
that are complex and insufficiently defined, especially in the context of cranio-facial growth. Because the family of
IGF-binding proteins (IGFBP-1 to -6) is important in the regulation of IGF availability and bioactivity, we examined the
effect of GCs on chondrocyte differentiation in correlation with IGFBP production in cultured fetal rat chondrocytes
isolated from nasal septum cartilage of fetal rat. Dexamethasone (DEX) effects were tested before and at the onset
of extracellular matrix maturation. DEX induced a dose-dependent increase in the size of cartilage nodule formed,
45Ca incorporation into extracellular matrix, alkaline phosphatase activity, and sulfatation of glycosaminoglycans,
maximal effects being obtained with a 10-mM DEX concentration. The IGFBPs produced by cultured chondrocytes were
characterized in culture medium which had been conditioned for 24 h under serum-free conditions by these cells.
Western ligand blotting with a mixture of [125I]IGF-I and -II revealed bands of 20, 24, 29, a 31–32 kDa doublet and a
39–41 kDa triplet which were differently regulated by DEX. Immunoblotting showed that following DEX exposure,
IGFBP-3 and -6 were up-regulated whereas IGFBP-2, -5, and the 24 kDa band were down-regulated. The effect of DEX
on both differentiation and IGFBP production showed a same dependence, and developed when extracellular matrix
maturation had been just induced. The results obtained in this chondrocyte culture system show that production of
IGFBPs is modulated by DEX at physiological concentrations thus regulating IGF availability and action, a control which
could promote the primordial role of the rat nasal septum in craniofacial growth. J. Cell. Biochem. 88: 911–922, 2003.
� 2003 Wiley-Liss, Inc.
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Glucocorticoid (GC) hormones play an essen-
tial role in tissue differentiation during devel-
opment, by regulating the expression of genes
that control development [Rousseau, 1984].
The influence of the glucocorticoids on expres-
sion of cartilage phenotype has been shown to be

diverse in several model systems. For example,
it has been demonstrated that glucocorticoids,
at physiological concentrations, are essential
for cartilage phenotype expression and main-
tain the integrity of cartilage matrix in organ
culture, isolated primary cell populations, and
rat chondrosarcoma cells [Jennings and Ham,
1983; Kato and Gospodarowicz, 1985; Takano
et al., 1985; Horton et al., 1988; Bellows et al.,
1989;Grigoriadis et al., 1989].Conversely, some
studies have documented glucocorticoid-induc-
ed suppression of cartilage phenotype markers,
both in vitro and in vivo [Silbermann et al.,
1987; Grigoriadis et al., 1996; Jux et al., 1998].
In that respect, the fetal rat system is particu-
larly interesting: (i) there is a peak of fetal
secretion of glucocorticoids between 17 and
20 days of gestation [Cohen, 1973; Henning,
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1978], and (ii) during this particular period,
the first centers of ossification arise [Johnson,
1933]. GCs have been shown to be implicated in
thematuration of several fetal tissues and could
mediate these effects by modulating the IGF/
IGFBP system. We have previously shown that
the IGF system participates both to cell pro-
liferation and glycogen storage, in cultured fetal
rat hepatocytes [Menuelle et al., 1999]. Further-
more, both in vivo and in vitro studies demon-
strate participation for the IGF system in liver
maturation (see Discussion in Menuelle et al.
[1999]). Indeed during fetal life, serum levels
of IGF-II are elevated [Moses et al., 1980],
together with the strong expression of IGF-II
mRNA in the liver [Daughaday and Rotwein,
1989], the main site of IGF production. The
liver IGF-II production declines rapidly after
birth, as well as the IGF-II serum level which is
progressively replaced by IGF-I, a factor medi-
ating GH action [Daughaday and Rotwein,
1989; Trippel, 1992].

Despite extensive research, no specific endo-
crine mechanism has as yet been identified in
fetal growth which would play a role similar
to GH established in postnatal growth. Con-
sequently, several autocrine and paracrine
actions of growth factors, especially the IGFs,
were proposed to control postnatal fetal growth
(reviewed in Chard [1994]). IGFs (IGF-I and -II)
play essential role in cell metabolism, prolifera-
tion, and differentiation, hence have major
effects on fetal and postnatal development and
organogenesis in mammals [Underwood and
D’Ercole, 1984;Humbel, 1990].Historically, the
developmental impact of insulin-like growth
factors (IGFs) has been initially discovered in
cartilage by their ability to promote sulfate
incorporation into proteoglycans [Salmon and
Daughaday, 1957]. High levels of IGF-II gene
expression are reported in growth plate chon-
drocytes in embryonic rodents [Wang et al.,
1995] and chondrocytes in culture [Froger-
Gaillard et al., 1989]. IGF-II stimulates clonal
growth of human fetal chondrocytes [Vetter
et al., 1986], as well as DNA and proteoglycan
synthesis in cultured rabbit costal chondrocytes
[Kato and Gospodarowicz, 1985; Trippel, 1992;
Takigawa et al., 1997]. On the other hand,
the actions of both IGF-I and -II are modulated
by non-covalent association with high affinity
insulin-like growth factor binding proteins
(IGFBP-1 to -6) [Clemmons, 1998]. IGFBP-2
to -5 can be submitted to limited proteolysis

whichmodulates IGFavailability [Binoux et al.,
2000]. The regulation of the expression of
IGFBPs has been characterized in chondrocytes
of many species and several culture conditions:
articular chondrocytes in human [Olney et al.,
1995; DiBattista et al., 1996], rabbit [Froger-
Gaillard et al., 1989], bovine [Olney et al., 1993;
Morales, 1997], ovine [Sunic et al., 1998], and
rat species [Matsumoto et al., 1996b], as well as
humangrowthplatecartilage [Matsumotoetal.,
2000], rabbit [Koedam et al., 2000], bovine
[Olney et al., 1993; Olney and Mougey, 1999],
ovine [Sunic et al., 1995; Borromeo et al., 1996;
De los Rios and Hill, 2000], and mouse species
[Bhaumick, 1993]. Despite these characteri-
zations, no information concerning IGFBPs
produced by rat growth plate chondrocytes is
available. The developmental pathway of ske-
leton and growth diverge depending on its
anatomical site. The cranio-facial skeleton
derives for cephalic neural crest while the axial
and appendicular ones is of mesodermal origin.
All previously reported studies were performed
on mesoderm-derived chondrocytes. Our work
focuses on rat nasal septum cartilage, this carti-
lage acts as a pacemaker for the growth of the
skull and the face [Scott, 1953; Wang et al.,
1999]. Nasal septum cartilage is derived from a
primordial cartilagenous mass called the chon-
drocranium, which originates from cephalic
neural crests. The present studywas performed
in order to investigate whether glucocorticoids
together with IGFs could participate to this
skeletal maturation.

We used cultured chondrocytes isolated from
nasal septum cartilage of fetal rat which re-
capitulate the in vivo progressive acquisition of
the chondrocyte phenotype until extracellular
matrix mineralization is achieved [Sautier
et al., 1993; Kergosien et al., 1998]. The sec-
retion and regulation of IGFBP production by
fetal chondrocytes from nasal septum cartilage
of 17.5-day-old fetal rats were characterized in
correlation with the influence of Dexametha-
sone (DEX) on the biomineralization of the
extracellular matrix of these cells.

MATERIALS AND METHODS

Materials

Culture Dulbecco’s modified Eagle medium
(DMEM) was purchased from Gibco (Grand
Island, NY) and fetal calf serum from Biosys
(Compiegne, France). Antibiotics were obtained
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from Boehringer (Mannheim, Germany) and
45CaCl2 (10–40 mCi/mg calcium) and [35S]
sulfate (20–40Ci/mg of sulfur), fromAmersham
(Buckinghamshire, England). Collagenase,
hyaluronidase, and DEX were purchased from
the Sigma Chemical Co (St. Louis, MO). Rabbit
antisera raised against rat anti-IGFBP-2, -3,
and -6 were kindly provided by S. Shimasaki
(La Jolla, CA). hIGFBP-4 ad -5 goat polyclonal
antibodies were purchased from Santa Cruz
Biotechnology, Inc. (CA). Antirabbit IgG poly-
clonal antibody coupled to horseradish perox-
ydase was purchased from the Sigma Chemical
Co (St. Louis, MO). Antigoat IgG polyclonal
antibody coupled to horseradish peroxidasewas
purchased from Santa Cruz Biotechnology, Inc.

Culture Procedure

Chondrocytes were isolated as previously
described [Sautier et al., 1993]. Briefly, nasal
septa cartilages from 17.5-day-old fetal rats
(Sprague–Dawley) were dissected and disso-
ciated enzymatically in a mixture of 0.25% col-
lagenase (type I) and 0.1% hyaluronidase in
phosphate-buffered saline (PBS) for 2 h at 378C.
Cells were then dissociated from partially
digested cartilage fragments by repeated pi-
petting, total cell dissociation being rapidly
obtained. After three washes in PBS, cells were
counted and seeded at a final density of 2�
104 cells/cm2 in DMEM culture medium supple-
mented with 10% fetal calf serum, 50 UI/ml
penicillin, 50 mg/ml streptomycin, 50 mg/ml
ascorbic acid. The non-adhering cells were
removed 4 h after plating. Cells were cultured
in a humidified atmosphere containing 95%
ambiant air and 5% CO2 at 378C. The medium
was replaced every 48 h and experiments were
initiated at two different times of culture. After
6 and 10 days of culture (time zero of the
experiments), i.e., before or at the beginning of
the initiation of matrix nodule mineralization,
themediumwas replaced by amediumdeprived
of serum and containing or not DEX. Twenty-
four hours later, a source of Pi as b-glyceropho-
sphate at 10 mM was added, and cells were
cultured for a further 16 h period. At time 40 h
for each set of experiments, i.e., at 8 and 12 days
of culture, biochemical tests were performed.

Histological Analysis

Observations of cell cultures were performed
with an inverted phase contrast microscope

(Leitz Diavert). For Von Kossa staining, cul-
tures were fixed in situ with 5% formaldhehyde
for 5 min. Then cells were successively incu-
bated in 2.5% silver nitrate for 20 min in dark,
0.5% aqueous hydroquinone solution for 2 min,
and 5% sodium hyposulfite for 1 min. Concern-
ing Alcian Blue staining, cultures were fixed
in situ in a solution of acetone:methanol (1:1)
for 15 min. Then cells were rinsed twice in 3%
acetic acid and incubated in a mixture of Alcian
Blue (1%), acetic acid (3%), pH 2.5 for 30 min at
room temperature.

Calcium Incorporation Into Cell Layer

Experiments were performed in the presence
of 45CaCl2 (5 mCi/ml), the total calcium con-
centration of the medium being 2 mM. Cells
were incubated for 6 h with 45CaCl2 in serum-
free medium supplemented with DEX. At the
end of the incubation, cells were rapidly washed
four times with serum-free medium and incu-
batedat378Cforfive successiveperiodsof 4min.
This chase step allowed the release of rapidly
exchangeable 45Ca [Anagnostou et al., 1996].
The high rate of the early 45Ca release progres-
sively decreased and might correspond to the
slow turnover rate of 45Ca deposits (result not
shown). Cells were then washed once with PBS
at 48C, and the radioactive material of the
cell layers was extracted in 10% formic acid for
24 h at room temperature [Bellows et al., 1991].
Aliquots were used to determine 45Ca counts by
liquid scintillation spectrometry. The results
are expressed as micromole of calcium per
milligram of cell protein.

Determination of the Rate
of Proteoglycan Synthesis

Proteoglycan synthesis was determined by
measuring the incorporation of [35S]sulfate in
glycosaminoglycans, as previously described
[Kato et al., 1980]. Briefly, the cells were labeled
with 5 mCi/ml [35S]sulfate for 6 h. After labeling,
the cells were digested by pronase E, and the
radioactivity in the material precipitated with
cetylpyridinium chloride was measured in a
scintillation counter.

Alkaline Phosphatase Activity

Alkaline phosphatase activity was deter-
mined in cell extracts and culture medium by
measuring the pNPPase activity as previously
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described [Anagnostou et al., 1996]. Briefly,
cells were harvested using a rubber policeman
and solubilized in the assay buffer containing
0.2% Nonidet P-40. Then they were sonicated
with 0.6 s/35W pulses at 48C, and the pNPPase
activity was determined on aliquots.

Western Ligand Blotting
and Immunoblotting

The conditioned media obtained from cul-
tures conducted in parallel with morphological
and biochemical studies, were analyzed by
Western ligand blotting and immunoblot-
ting according to previously described method
[Hossenlopp et al., 1986]. Lyophilized samples
(0.750 ml equivalent of conditioned medium
which contained the same amount of proteins,
close to 40 mg, within the range of glucocorti-
coids used) were submitted to 12.5% SDS–
PAGE under non-reducing conditions, followed
by electrotransfer to nitrocellulose. The dif-
ferent IGFBP species were first detected by
incubation with a mixture of [125I]IGF-I and
[125I]IGF-II and revealed by autoradiography.
Then the blots were probed as previously
described [Hossenlopp et al., 1986] using rabbit
anti-rat IGFBP-2, -3, and -6 at 1/400 dilution
(generous gift from Shunichi Shimazaki [Liu
et al., 1993] and goat anti-human IGFBP-5
and -4 at 1/100 dilution. The anti-rabbit IgG
antibody-horseradish peroxydase conjugate at
1/5000 dilution and the anti-goat IgG antibody-
horseradish peroxydase conjugate at 1/1000
dilution were added to bind the immuno-
complexes, which were then visualized by
chemiluminescence (ECL) and Hyperfilm ECL
film (Amersham, Les Ulis, France). Molecular
weights were calculated using broad range
markers (Bio-Rad SA, Marnes-la-Coquette,
France). Quantification of the bands on the
blots was performed by phospho-imaging.

Definitions

For the responses to DEX, a ‘‘stimulation
index’’ was used, defined as the ratio of the
values obtained for treated cultures to the
values obtained for controls. For each protocol
considering biochemical tests at least three
independent experiments were performed on
different cell preparations. Data are expressed
as mean�SD of triplicate culture measure-
ments. Student’s test for paired samples was
used for statistical analyses of treated cultures
and corresponding controls. For Western blot-

ting, at least two samples from two different
experiments were measured and a representa-
tive experiment is shown.

RESULTS

Biomineralization During
Cartilage Cell Culture

45Ca incorporation into cell layers, previously
used as an index of mineralization [Bellows
et al., 1991; Anagnostou et al., 1996], was inves-
tigated at different times of culture using a 6 h
pulse in the presence of 45Ca. 45Ca incorpora-
tion was measured during the last 6 h of the
16 h period of b-glycerophosphate presence.
45Ca incorporation was not detectable at day 5
of culture, and becamemeasurable at day 8 and
increased 2.5 times between day 8 and 12 to
decrease after day 16 (Fig. 1A). Alkaline phos-
phatase activity in cell extracts and culture
medium followed the same pattern as 45Ca in-
corporation (Fig. 1B,C). The culture periods of
day 6–8 and day 10–12 were thus chosen to
study the DEX effect on extracellular matrix
mineralization.

Effect of DEX on Morphological Aspects

Day 6 and 10 culture times corresponded
to stages preceeding and just at the onset of
chondrocyte extracellular matrix maturation,
respectively (Fig. 2a,e). After 40 h of culture
in the absence of DEX, an increase of matrix
volume appeared as refringent material in
phase contrast (Fig. 2b,f) and stained by Alcian
Blue (Fig. 3a,c), concomitantly to appearance of
von Kossa staining revealing the onset of ex-
tracellular matrix mineralization (Fig. 3e,g).
DEX induced an enlargement of three dimen-
sional nodules formed and increased their re-
fringent aspect at 1 and 10-mM DEX, while the
beneficial effect of DEX was attenuated for
upper concentrations, as seen by phase contrast
examination (data not shown). These observa-
tions were completed by Alcian Blue staining,
in presence of the more efficient concentration
of 10-mMDEX. Obtained results supported the
increase of extracellular matrix volume and
proteoglycan accumulation (Fig. 3b,d). Finally,
vonKossa staining confirmeda stage- andDEX-
dependent nodule size increase regarding the
extent of extracellular matrix mineralization,
mainly at day 12 (Fig. 3f,h). Thus, DEX-induced
increase of matrix maturation was associated
with biomineralization in chondrocyte cultures.
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Effect of DEX on Biomineralization

Increasing concentrations ofDEXwere added
in culturemedium at day 6 and 10 for a period of
40 h. When 45Ca incorporation was measured
for the last 6 h at day 12, a clear stimulation
by DEX was already observed at 1 nM and
maximal at 10 nM (stimulation index: 1.71�
0.20) (Fig. 4A). In parallel experiments, the
incorporation of [35S]sulfate into newly synthe-
sized proteoglycans, which is known to be a
biochemicalmarker of differentiated phenotype
of chondrocytes, and cellular alkaline phospha-
tase activity were measured (Fig. 4B,C). Like
45Ca incorporation they showed a maximal
stimulation at 10-mM DEX (stimulation index:
1.55� 0.19 and 1.24� 0.13, respectively). At
day 8, all the biological effects studied appeared
not to be significantly stimulated. It must be
noted that in all these experiments the protein
content was not modified by physiological
concentrations of DEX, suggesting an absence
of DEX effect on cell proliferation (result not
shown). Thus the three parameters of chondro-
cyte biomineralization were equally regulated
considering either the stage of culture or the
dose dependence of the DEX stimulation.

Analysis of IGFBPs Secreted Into
the Culture Media

The IGFBPs secreted into the culture media
in the presence or absence of DEX were ana-
lyzed by Western ligand blotting at the two

Fig. 1. 45Ca incorporation into cell layers and ALP activity
during the culture period. At different times of the culture
performed in the absence of DEX (5–16 days), the medium was
replaced by a fresh medium deprived of serum and containing
10 mMb-glycerophosphate. 12 h later, the medium was renewed
by an identical one but supplemented with 45Ca (5 mCi/ml).

45Ca incorporation into cell layers was measured 6 h later (A). In
parallel cultures grown in the absence of 45Ca, ALP activity in cell
extracts (B) and culture medium (C) was measured. Statistical
significance is represented by * for P<0.001, as referred to
corresponding cultures for 5 days.

Fig. 2. Phase contrast study of mineralizing rat chondrocyte
cultures in the absence and presence of DEX. At day 6 or 10 of
culture, the medium was replaced by a fresh medium deprived of
serum and containing or not 1 or 10-mM DEX, 10 mM b-glycer-
ophosphate being added 24 h after DEX addition. Phase contrast
study was performed at day 6 and 10 of culture (a and e), and after
40 h of presence of DEX solvent (b and f) or DEX at 1 nM (c and g)
and 10 nM (d and h), i.e., at day 8 and 12 of culture (�100).
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critical stages of culture differentiation. In me-
dia conditioned in the absence of DEX, IGFBPs
appeared as twomajor bands corresponding to a
39–41 triplet and a 31–32 kDa doublet and
two minor-ones at 24 and 20 kDa, respectively
(Fig. 5A). At day 12, a weak 29 kDa band was
present. In the presence of DEX, the 39–41 kDa
triplet showed a biphasic effect at day 12 of
culture with a maximal stimulation at 10 nM.
Such an effect was not evidenced at day 8
(Fig. 5A,B). The 31–32 kDa doublet and the
24 kDa band revealed a progressive dose-
dependent decrease in the presence of DEX
which was more pronounced at day 12 than at
day 8. Reversely, the 20 kDa band showed a
progressive increase as a function of DEX con-
centration, an effect even more accentuated in
more differentiated cells. Thus, a differential

DEX regulation for IGFBP expression was pre-
sently identified, which progressively emerged
duringchondrocytematuration.Accordingto the
literature, the 39–41 kDa triplet corresponded
probably to IGFBP-3, the 31–32 kDa doublet
either to IGFBP-2 or -5, and the 24 kDa band to
IGFBP-4 [Hossenlopp and Binoux, 1994].

In order to further characterize IGFBPs, the
same conditioned media were also subjected to
Western immunoblot analysis. As reported in
other cell types and culture systems, native and
degraded entities were identified based on their
molecularweightprofiles: a32kDaanda18kDa
for IGFBP-2, a39-41 triplet anda27–29doublet
for IGFBP-3, a 29 kDa and a 20 kDa for IGFBP-
5, a 27 kDa band as IGFBP-6. The 24 kDa band
whose apparent molecular weight is analog to
that of the nonglycosylated form of IGFBP-4
[Grigoriadis et al., 1989; Sunic et al., 1998] was
not recognized by the IGFBP-4 antiserum test-
ed and presented no cross-reactivity with any of
the other antisera used. In basal conditions, the
IGFBP-2 to -6 were expressed by chondrocytes.
It should be noted that it is the first time that
IGFBP-6 was identified in fetal rat cartilage,
although it has been revealed in organotypic
cultures of adult bovine articular cartilage
[Morales, 1997]. Among the degraded entities,
the 15 kDa IGFBP-2 fragmentmay be specific to
mineralized tissues as it was not evidenced in
non-mineralizing articular cartilage [Borromeo
et al., 1996] and reported in fetal rat calvaria
cells [McCarthy et al., 1994]. The 27–29 kDa
doublet IGFBP-3 degradation product is found
in human osteoblast-like cells [Lalou et al.,
1994; Binoux et al., 2000]. The 20 kDa IGFBP-5
fragment is found in cultured fetal rat osteo-
blast cells [Chen et al., 1995] and in adult
articular rat chondrocytes [Matsumoto et al.,
1996a]. In regard to the maintained capacity to
bind [125I]IGFs (as shown in Fig. 5) and its
molecular mass, it can be postulated the 20 kDa
IGFBP-5 degradation fragment (Fig. 6) corre-
sponds to the amino-terminal IGFBP-51–169

fragment present in chronic renal failure serum
and implicated in adult rat growth plate
chondrocyte proliferation [Kiepe et al., 2001].

The two identified entities of IGFBP-2 ap-
peared to show a dose-dependent decrease by
DEX (1–100 nM) while those of IGFBP-3 pre-
sented, at day 12, a maximal increase at 10 nM
DEX. Reversely, intact IGFBP-5 was decreased
by DEX while the 20 kDa degradation pro-
duct accumulated correlatively. DEX regulated

Fig. 3. Influence of Dex on Alcian Blue and von Kossa staining
of chondrocyte cultures. At day 6 or 10 of culture, the medium
was replaced by a fresh medium deprived of serum and
containing 10 mM DEX or ethanol vehicle, 10 mMb-glyceropho-
sphate being added 24 h after DEX addition. After 40 h of
presence of DEX solvent (a, c, e, g) or 10-nM DEX (b, d, f, h),
Alcian Blue (a–d), and von Kossa staining (e–h) was performed
(�100).
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diversely IGFBP-6 and -4, with an increased
and decreased expression, respectively. This
complementary characterization of IGFBPs by
Western blotting in our culture system vali-
dated the dose-dependent effects of DEX shown
by Western ligand. Thus, a differential DEX

Fig. 4. Dose dependence of DEX effect on 45Ca incorporation
into cell layers, proteoglycan synthesis and ALP activity. At day
6 or 10 of culture, the medium was replaced by a fresh medium
deprived of serum and containing increasing concentrations of
DEX from 1 nM to 1 mM or ethanol vehicle, b-glycerophosphate
at 10 mM being added 24 h after DEX addition. Thirty-four hours
after DEX addition, the medium was renewed by an identical one

but supplemented either with 45Ca (5 mCi/ml) or [35S]sulfate
(5 mCi/ml). 45Ca incorporation (A), [35S]sulfate incorporation (B),
and ALP activity (C) was measured 6 h later. The symbols
correspond to day 6 (*) or day 10 (&) culture times followed by
40 h treatment with DEX. Statistical significance is represented by
* for P<0.01, and ** for P<0.001, as referred to corresponding
cultures grown in the absence of DEX.

Fig. 5. Analysis of IGFBPs in media conditioned by fetal rat
chondrocytes cultured in the presence or absence of DEX. From
day 6 or 10 of culture, cells were cultured in medium deprived of
serum with and without increasing concentrations of DEX (1 to
100 nM) for 40 h, serum-free medium being renewed after 16 h.
Samples of media conditioned during the last 24 h were
submitted (0.750 ml eq/slot) to SDS–PAGE (12.5%) under
nonreducing conditions and transferred to nitrocellulose. Auto-
radiogram of the Western ligand blot are shown in (A), the
migrations of molecular size markers being indicated on the left.
Lower panels show the quantification of separate bands on the
blot by phospho-imaging (B). Two independent experiments
performed on different cell preparation gave similar results.

Fig. 6. Immunoblotting of IGFBPs. From day 10 of culture, cells
were cultured in medium deprived of serum with and without
increasing concentrations of DEX (1–100 nM) for 40 h, serum-
free medium being renewed after 16 h. Samples of media
conditioned during the last 24 h were submitted (0.750 ml eq/
slot) to SDS–PAGE (12.5%) under nonreducing conditions
and transferred to nitrocellulose. The blots were probed with
IGFBP-2, -3, -5, and -6 antibodies as described in Materials and
Methods. Two independent experiments performed on different
cell preparation gave similar results.
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regulation for IGFBP expression was presently
identified, which progressively emerged during
chondrocyte maturation.

DISCUSSION

Primary cultures of chondrocytes derived
from fetal rat nasal septum cartilage, when
cultured for less than 2 weeks in the presence
of ascorbic acid and organic phosphate, reveal
cell growth, and differentiation resulting in the
formation of macroscopic three-dimensional
nodules of calcified cartilage [Sautier et al.,
1993]. Using this system, we showed that the
synthetic glucocorticoid DEX increased proteo-
glycan sulfatation, alkaline phosphatase activ-
ity, and calcium deposition, three parameters of
chondrocyte extracellular matrix maturation
and mineralization, DEX effects being greater
in more differentiated cells. In these chondro-
cyte primary cultures, it is obvious that DEX
could not exert its differentiating effects before
the extracellular matrix was engaged into its
maturation program. Such a result is in agree-
ment with previous reports in which glucocorti-
coids have been shown to increase proteoglycan
synthesis in rabbit costal chondrocytes [Kato
and Gospodarowicz, 1985; Takano et al., 1985],
amodelwhich conversely to ours, doesnotmine-
ralize. Furthermore, the present maximally
effective concentration (10 nM) and EC50 (1 nM)
place this response unambiguously within the
physiological range. Indeed, DEX appears to
have a more efficient glucocorticoid activity
when compared to corticosterone, the major
glucocorticoid circulating in rat [Thompson
et al., 1980]. The concentration found to cause
a maximal response in 17.5-day-old-fetal rat
chondrocytes was therefore similar to the
plasma level of free glucocorticoids they would
have been exposed to in vivo [Cohen, 1973].
Thus, this in vitro study suggests that gluco-
corticoids are implicated in endochondral mine-
ralization process during late gestation period.
One pathway of glucocorticoid action is the
regulation of the IGF/IGFBP system. As IGFBP
modulation plays a primordial role in IGF
biological effects, the characterization of the
IGFBPproductionwas performed in our culture
model.

To the best of our knowledge, the analysis
of IGFBP released by chondrocytes isolated
from fetal rat nasal septum has never been
performed before; in rat, only IGFBPs secreted
by cultured adult articular chondrocytes has

been analyzed [Kiepe et al., 2001]. In the pre-
sent study, under serum-free conditions, in
conditioned media obtained in basal conditions,
IGFBP-2 to -6 were detected. In situ reports in
murine rib growth plate cartilage suggest that
only mRNAs of IGFBP-5 and -6 are expressed,
primarily in the early stages of chondrogenesis
[Wang et al., 1995]. But more recent studies,
concerning ovine fetal epiphyseal growth plate,
revealed the presence ofmRNA for IGFBP-2 to -
6 [De los Rios and Hill, 1999]. These results do
not preclude the specific site of IGFBP produc-
tion at the level of rat nasal septum. Further
study will be necessary to clarify the origin of
the differences observed in various species,
types of cartilage, maturation stage or experi-
mental procedure. In the present work impor-
tant amounts of IGFBPs (-2 to -6) were secreted
byculturedratnasal septumchondrocytes, even
in basal conditions, conversely to that found
in other chondrocyte models, as for example in
newborn rabbit growth plate [Koedam et al.,
2000]. Thus differences may be related either
to species-specific variations, rabbit [Koedam
et al., 2000], versus rat (this study) or to site-
specificity of cartilage associated with their
differential origins, neural crest (this study)
versus mesoderm (all other studies).

GCs as well as IGFs have important effects
onmineralized tissues, often opposite on IGFBP
regulation, and thus the IGF/IGFBP system is
believed to be implicated in the pathway of
glucocorticoid action [Canalis, 1998; Jux et al.,
1998].Thephysiological roles of IGFBPs inmany
cell types have been reported but the regulation
by physiological glucocorticoid concentrations
of released IGFBPs has not been investigated
before in rat chondrocytes in culture. We found
that Dex addition, at the initiation period of
extracellular matrix maturation, induced in a
dose-dependent manner a biphasic effect on
IGFBP-3 (stimulatory until 10 nM at physiolo-
gical concentrations), a down-regulation of
IGFBP-2, -5 and the 24 kDa band (possibly
IGFBP-4), and an up-regulation of IGFBP-6.
In newborn rabbit costal chondrocyte cultures
when stimulated by DEX, a similar regulation
pattern of IGFBP-5 and the peculiar biphasic
one of IGFBP-3 are found [Koedam et al., 2000].
In fetal ovine chondrocyte cultures, cortisol
decreased the abundance of IGFBP-2 and -5
mRNAs and peptide release and increased
IGFBP-3 mRNAs, but observed only at supra-
physiological concentrations of glucocorticoids
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[De los Rios and Hill, 2000] when compared
to the circulating concentrations in ovine fetus
[Li et al., 1993]. Thus, a local modulation of
IGFBP balance by glucocorticoids within the
septum nasal cartilage could regulate IGF
bioavailability and action, if we referred to
already described IGF/IGFBP mode of action
[reviewed in Collett-Solberg and Cohen, 2000].
IGFBP proteolysis generated IGFBP degrada-
tion products. The residual ability of these
IGFBP fragments to bind IGF-I and -II may or
may not be physiologically significant depend-
ing on their concentration. Indeed, despite their
weak affinities for IGFs, they might allow a
competition with IGF-receptor and IGFBP
native forms or develop their intrinsic activities
[Binoux et al., 2000].
In our cultured fetal chondrocytes under-

going terminal differentiation, the down-regu-
lation of IGFBP-2 byDEX,whichwasmainly on
its 18 kDa degraded form, may have a physio-
logical significance during chondrogenic differ-
entiation. Little data are available about
IGFBP-2 regulation in growth plate in vivo as
well as in vitro. The precise regulation by DEX
of IGFBP-3 and its 30 kDa carboxy-truncated
fragment, in the present study, may be relevant
and related to an important role of this IGFBP
during extracellular matrix mineralization.
IGFBP-3 can promote or inhibit growth, effects
being either IGF-mediated or IGF-independent
[Collett-Solberg and Cohen, 2000]. In a mesen-
chymal chondrogenic cell line, IGF-indepen-
dent and IGF-dependent effects of IGFBP-3 on
chondrocyte proliferation associated with chon-
drocyte differentiation are evidenced [Spagnoli
et al., 2000]. The present maturation stage-
specific results suggest that only the IGF-depen-
dent effect of IGFBP-3 was DEX-regulated.
Indeed, IGFBP-3 DEX regulation was absent
when matrix maturation was not engaged and
IGFBP-3 DEX regulation was present when
matrix maturation was engaged. Besides, the
increase of chondrocyte biomineralization cor-
related with IGFBP-3 regulation and occur-
red apparently without affecting proliferation.
Also, conversely to IGFBP-3, IGFBP-5 was
decreased byDEXand its degradation fragment
accumulated. Although the role of IGFBP-5 in
articular chondrocytes is uncertain, it is possi-
ble that the IGFBP-5 protease acts on IGFBP-5
to release bioactive IGF peptides. In cultured
epiphyseal rat chondrocytes, the 20 kDa de-
gradation fragment inhibits cell proliferation

whereas intact IGFBP-5 stimulates this process
[Kiepe et al., 2001]. Divergent results were
obtained in cultured human osteoblast-like
cells, where the 23 kDa carboxy-truncated
fragment of IGFBP-5 stimulated mitogenesis
[Andress and Birnbaum, 1992]. Thus, in our
culture model, where the amino-terminal form
of IGFBP-5 accumulated under DEX stimula-
tion, the ratio between intact and degraded
IGFBP-5 formsmay be important in preserving
the cartilage-to-bone developmental sequence
necessary for endochondral mineralization.
The opposite regulation of IGFBP-3 and -5 by
DEX is in agreement with the results obtained
in immortalized human chondrocytes where
the balance IGFBP-3/-5 influences chondrocyte
proliferation and thereby cartilage metabolism
[Matsumoto et al., 1996b]. Concerning IGFBP-
6, its increase by DEX is in agreement with the
one found in rat osteoblasts [Gabbitas and
Canalis, 1996]. O-glycosylation of IGFBP-6
impedes its degradation [Bach, 1999]. Prena-
tally, IGFBP-6 mRNA identification in rat
and mouse development shows that IGFBP-6
mRNAs are expressed in sites of cell differen-
tiation and proliferation [Cerro et al., 1993].
However, it is noteworthy that IGFBP-6 is
associated with quiescence or non-proliferation
in many in vitro systems, showing its possible
role as an autocrine inhibitor of cell prolifera-
tion [reviewed in Bach, 1999]. Our results
suggest that DEX could act as a differentiating
agent by increasing IGFBP-6 levels which may
tightly regulate the effects of IGF-II.

In conclusion, in primary cultures of chon-
drocytes derived from fetal rat nasal septum
cartilage, the precise regulation of IGFBPs and
their degradation fragments considering their
physiological functions, seemed to be in favor
of Dex differentiating effects. The differential
regulation of IGFBPs expressed by cartilage
may be relevant to the pleiotrophic effects of
glucocorticoids. The nasal septum being essen-
tial for thegrowth of the face, the developmental
DEX regulation of IGFBP balance could allow
an equilibrated balance between proliferation
and differentiation and thus promote a normal
craniofacial growth.
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Himmele R, Mehls O, Tönshoff B. 2001. Intact IGF-
binding protein-4 and -5 and their respective fragments
isolated from chronic renal failure serum differentially
modulate IGF-I actions in cultured growth plate chon-
drocytes. J Am Soc Nephrol 12:2400–2410.

Koedam JA, Hoogerbrugge CM, van Buul-Offers SC. 2000.
Differential regulation of IGF-binding proteins in
rabbit costal chondrocytes by IGF-I and dexamethasone.
J Endocrinol 165:557–567.

Lalou C, Silve C, Rosato R, Segovia B, Binoux M. 1994.
Interactions between insulin-like growth factor-I (IGF-I)
and the system of plasminogen activators and their
inhibitors in the control of IGF binding protein-3
production and proteolysis in human osteosarcoma cells.
Endocrinology 135:2318–2326.

Li J, Saunders JC, Gilmour RS, SilverM, Fowden AL. 1993.
Insulin-like growth factor-II messenger ribonucleic acid
expression in fetal tissues of sheep during late gestation:
Effects of cortisol. Endocrinology 132:2083–2089.

Liu XJ, Malkowski M, Guo Y, Erickson GF, Shimasaki S,
Ling N. 1993. Development of specific antibodies to rat
insulin-like growth factor-binding proteins (IGFBP-2 to
-6): Analysis of IGFBP production by rat granulosa cells.
Endocrinology 132:1176–1183.

Matsumoto T, Gargosky SE, Kelley K, Rosenfeld RG.
1996a. Characterization of an insulin-like growth factor
binding protein-5 protease produced by rat articular
chondrocytes and a neuroblastoma cell line. Growth
Regul 6:185–190.

Matsumoto T, Gargosky SE, Oh Y, Rosenfeld RG. 1996b.
Transcriptional and post-translational regulation of
insulin-like growth factor binding protein-5 in rat
articular chondrocytes. J Endocrinol 148:355–369.

Matsumoto T, Tsurumoto T, Goldring MB, Shindo H. 2000.
Differential effects of IGF-binding proteins, IGFBP-3 and
IGFBP-5, on IGF-I action and binding to cell membranes
of immortalized human chondrocytes. J Endocrinol 166:
29–37.

McCarthy T, Casinghino S, Centrella M, Canalis E. 1994.
Complex pattern of insulin-like growth factor binding
protein expression in primary rat osteoblast enriched
cultures: Regulation by prostaglandin E2, growth hor-
mone, and insulin-like growth factors. J Cell Physiol 160:
163–175.

Menuelle P, Babajko S, Plas C. 1999. Insulin-like growth
factor (IGF) binding proteins modulate the glucocorti-
coid-dependent biological effects of IGF-II in cultured
fetal rat hepatocytes. Endocrinology 140:2232–2240.

Morales TI. 1997. The role and content of endogenous
insulin-like growth factor binding proteins in bovine
articular cartilage. Arch Biochem Biophys 343:164–
172.

Moses AC, Nissley SP, Short PA, Rechler MM, White RM,
Knight AB, Higa OZ. 1980. Increased levels of multi-
plication stimulating activity, an insulin-like growth in
fetal rat serum. Proc Natl Acad Sci USA 77:3649–3653.

Olney RC, Mougey EB. 1999. Expression of the components
of the insulin-like growth factor axis across the growth
plate. Mol Cell Endocrinol 156:63–71.

Olney RC, Smith RL, Kee Y, Wilson DM. 1993. Production
and hormonal regulation of insulin-like growth factor
binding proteins in bovine chondrocytes. Endocrinology
133:563–570.

Olney RC, Wilson DM, Mohtai M, Fielder PJ, Smith RL.
1995. Interleukin-1 and tumor necrosis factor-a increase
insulin-like growth factor binding protein-3 (IGFBP-3)
production and IGFBP-3 protease activity in human
articular chondrocytes. J Endocrinol 146:279–286.

Rousseau GG. 1984. Control and gene expression by
glucocorticoid hormones. Biochem J 224:1–12.

Salmon WD, Daughaday WH. 1957. A hormonally con-
trolled serum factor which stimulates sulfate incorpora-
tion by cartilage in vitro. J Lab Clin Med 49:825–836.

Sautier JM, Nefussi JR, Forest N. 1993. In vitro differ-
entiation and mineralization of cartilaginous nodules
from enzymatically released rat nasal cartilage cells. Biol
Cell 78:181–189.

Scott JH. 1953. The cartilage of the nasal septum. A
contribution to the study of facial growth. Br Dental J 95:
37–43.

Silbermann M, von der Mark K, Maor G, van Menxel M.
1987. Dexamethasone impairs growth and collagen
synthesis in condylar cartilage in vitro. Bone Miner 2:
87–106.

Spagnoli A, Hwa V, Horton WA, Lunstrum GP, Roberts Jr
CT, Chiarelli F, Torello M, Rosenfeld RG. 2000. Anti-
proliferative effects of insulin-like growth factor binding
protein-3 (IGFBP-3) in mesenchymal chondrogenic cell
line RCJ3.1C5.18. J Biol Chem 276:5533–5540.

Sunic D, Belford DA, McNeil JD, Wiebkin OW. 1995.
Insulin-like growth factor binding proteins (IGFBPs) in
bovine articular and ovine growth-plate chondrocyte
cultures: Their regulation by IGFs and modulation of
proteoglycan synthesis. BBA 1245:43–48.

Sunic D, McNeil JD, Rayner TE, Andress DL, Belford DA.
1998. Regulation of insulin-like growth factor binding
protein-5 by of insulin-like growth factor-1 and inter-
leukin-1a in ovine chondrocytes. Endocrinology 139:
2356–2362.

Takano T, Takigawa M, Suzuki F. 1985. Stimulation by
glucocorticoids of the differentiated phenotype of chon-
drocytes and the proliferation of rabbit costal chondro-
cytes in culture. J Biochem 97:1093–1100.

TakigawaM, Okawa T, PanH-O, Aoki C, Takahashi K, Zue
J-D, Suzuki F, Kinoshita A. 1997. Insulin-like growth
factors I and II are autocrine factors in stimulating
proteoglycan synthesis, a marker of differentiated chon-
drocytes, acting through their respective receptors on a
clonal human chondrosarcoma-derived chondrocyte cell
line, HCS2/8. Endocrinology 138:4390–4400.

Thompson E, Venetianer A, Gelharter TD, Hager G,
Granner DK, Norman MR, Schmidt TJ, Harmon JM,
Roy AK, Clark JH. 1980. Multiple actions of glucocorti-
coids studied in cell culture systems. In: Roy AK , Clark
JH , editors. Gene Regulation by Steroid Hormones. New
York: Springer-Verlag. p 126–152.

Chondrocyte, Dexamethasone, IGFBP, Mineralization 921



Trippel SB. 1992. Role of the insulin-like growth factors
in the regulation of chondrocytes. In: Adolphe M, editor.
Biological regulation of chondrocytes. Boca Raton: CRC
Press. p 161–190.

Underwood LE, D’Ercole AJ. 1984. Insulin and insulin-
like growth factors/somatomedins in fetal and neo-
natal development. Clin Endocrinol Metab 13:69–
89.

Vetter U, Zapf J, Heit W, Helbing G, Heinze E, Froesh ER,
Teller WM. 1986. Human fetal and adult chondrocytes:
Effects of insulin-like growth factors-I and -II, insulin,

and growth hormone on clonal growth. J Clin Invest
44:1903–1908.

Wang E, Wang J, Chin E, Zhou J, Bondy CA. 1995. Cellular
patterns of insulin-like growth factor system gene
expression in murine chondrogenesis and osteogenesis.
Endocrinology 136:2741–2751.

Wang Y, Spatz MK, Kannan K, Hayk H, Avivi A,
Gorivodsky M, Pines M, Yayon A, Lonai P, Givol D.
1999. A mouse model for a achondroplasia produced by
targeting fibroblast growth factor receptor 3. Proc Natl
Acad Sci USA 96:4455–4460.

922 Nadra et al.


