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Retinoids Stimulate Periosteal Bone Resorption by Enhancing
the Protein RANKL, a Response Inhibited by Monomeric
Glucocorticoid Receptor™
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Increased vitamin A (retinol) intake has been suggested to
increase bone fragility. In the present study, we investigated
effects of retinoids on bone resorption in cultured neonatal
mouse calvarial bones and their interaction with glucocortico-
ids (GC). All-trans-retinoic acid (ATRA), retinol, retinalalde-
hyde, and 9-cis-retinoic acid stimulated release of 45Ca from
calvarial bones. The resorptive effect of ATRA was character-
ized by mRNA expression of genes associated with osteoclast
differentiation, enhanced osteoclast number, and bone matrix
degradation. In addition, the RANKL/OPG ratio was increased
by ATRA, release of “’Ca stimulated by ATRA was blocked by
exogenous OPG, and mRNA expression of genes associated with
bone formation was decreased by ATRA. All retinoid acid recep-
tors (RARa/fB/y) were expressed in calvarial bones. Agonists
with affinity to all receptor subtypes or specifically to RAR«
enhanced the release of *>*Ca and mRNA expression of Ranki,
whereas agonists with affinity to RARf/y or RARy had no
effects. Stimulation of Rankl mRNA by ATRA was competi-
tively inhibited by the RAR« antagonist GR110. Exposure of
calvarial bones to GC inhibited the stimulatory effects of
ATRA on **Ca release and Rankl mRNA and protein expres-
sion. This inhibitory effect was reversed by the glucocorticoid
receptor (GR) antagonist RU 486. Increased Rankl mRNA
stimulated by ATRA was also blocked by GC in calvarial
bones from mice with a GR mutation that blocks dimerization
(GR*™ mice). The data suggest that ATRA enhances perios-
teal bone resorption by increasing the RANKL/OPG ratio via
RARa« receptors, a response that can be inhibited by mono-
meric GR.
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Vitamin A (retinol) plays an essential role in numerous bio-
logical processes. These include such things as vision; the pro-
liferation, differentiation, and apoptosis of cells; organ develop-
ment and function; and the immune system (1-5). Numerous
malformations and impaired vision, growth, organ function,
and reproduction are noted with vitamin A deficiency (1-4).

Supplementation of the diet with vitamin A is a common
occurrence in developed countries. In recent years, there has
been debate over whether increased intake of vitamin A might
promote skeletal fragility. Some studies have shown that high
vitamin A intake and serum retinol levels are associated with an
increased incidence of hip fracture or decreased bone mass
(6-9). Other studies have shown no deleterious effects on bone
mass and fracture risk and, in some instances, protection from
bone loss when vitamin A is increased (10, 11).

Glucocorticoids (GCs)® are used extensively as anti-inflam-
matory agents, but unfortunately, the compounds have a num-
ber of undesirable side effects. A rapidly developing side effect
of GC therapy is GC-induced osteoporosis, which represents
the most common form of secondary osteoporosis (12—14).
GC-induced osteoporosis is suggested to occur in two phases.
An initial, rapid phase of bone loss is thought to be due to
excessive bone resorption. This is followed by a second, slower
phase believed to be due primarily to decreased bone formation
(12).

GCs have been observed to oppose vitamin A in numerous
biological systems (15-19), including bone (20). Previous stud-
ies have shown that both GCs and vitamin A derivatives (reti-
noids) are good stimulators of periosteal bone resorption, but
when these compounds are added together, decreased resorp-
tion occurs (20). Neither the bone cells nor the mechanism(s)
responsible for this negative co-operation have been defined.

Effects of vitamin A are mediated primarily by two families of
nuclear hormone receptors, retinoic acid receptors (RARs) and

3 The abbreviations used are: GC, glucocorticoid; ATRA, all-trans-retinoic acid;
CT, calcitonin; DEX, dexamethasone; GR, glucocorticoid receptor(s); M-CSF,
macrophage colony-stimulating factor; OPG, osteoprotegerin; RA, retinoic
acid; RANKL, receptor activator of nuclear factor «B ligand; RAR, retinoic
acid receptor; RXR, retinoic acid X receptor; D3, 1,25(0H),-vitamin D3; PTH,
parathyroid hormone 1-34; AHPrBP, 3-amino-1-hydroypropylidene-1,1-
bisphosphonate; TTNPB, 4-[(E)-2-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-
2-naphthalenyl)-1-propenyllbenzoic acid.
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the retinoid X receptors (RXRs) (21). Each receptor family is
made up of three isoforms (o, B, and ), produced by separate
genes (22). All-trans-retinoic acid (ATRA), the major biologi-
cally active derivative of vitamin A, binds RAR partners of RAR/
RXR heterodimers (22). Activated RAR/RXR heterodimers
function as transcription factors, activating specific RA
response elements for transcriptional regulation of target genes
(21, 22).

GCs are believed to exert their actions primarily by genomic
mechanisms utilizing the glucocorticoid receptor (GR) (23).
The unligated GR is found in the cytoplasm of cells as a com-
ponent of a protein complex composed of heat shock proteins,
chaperons, and mitogen-activated protein kinases. Ligation of
GR leads to dissociation from the complex and translocation
into the nucleus. Within the nucleus, GR can alter gene expres-
sion by several mechanisms, including GR dimers activating
gene transcription by binding to promoters of GR-regulated
genes and interaction of GR monomers with transcription fac-
tors, such as AP-1, NF-kB, IRF-3, and STATS5 (23).

The effect of vitamin A on osteoclastogenesis and bone
resorption has been studied the most thoroughly in rodent
models (20, 24 -26). Here, the action of ATRA is thought to be
2-fold. In neonatal mouse calvariae (20, 25), ATRA has been
observed to be a potent stimulator of osteoclast formation and
bone resorption. This is in contrast to studies with bone mar-
row cells and bone marrow macrophages, which show inhibi-
tion of osteoclastogenesis by ATRA and other retinoid deriva-
tives (24). These studies suggest that ATRA may stimulate
periosteal bone resorption while inhibiting cancellous bone
resorption and are in good agreement with in vivo experiments
in rodent models showing that retinoid administration leads to
skeletal loss due to significant stimulation of periosteal resorp-
tion, which occurs at the same time that cancellous bone
resorption is inhibited (26).

Osteoclasts are large multinucleated tartrate-resistant acid
phosphatase-positive cells responsible for bone resorption.
Macrophage colony-stimulating factor (M-CSF) and receptor
activator of nuclear factor kB ligand (RANKL) are products of
stromal cells/osteoblasts that play key roles in regulating oste-
oclast formation (27-30). M-CSF binds to its receptor c-FMS
and supports osteoclast survival, whereas RANKL enhances
osteoclast differentiation and function by binding to RANK on
osteoclast progenitor cells (27-30). Mice that are deficient in
M-CSF, RANKL, or RANK do not have functional osteoclasts
and develop osteopetrosis. Osteoprotegerin (OPG), a soluble
protein released from stromal cells/osteoblasts, is another key
factor regulating osteoclastogenesis (27—30). OPG functions as
a decoy receptor for RANKL, blocking interaction between
RANKL and RANK. Multiple fractures, numerous osteoclasts,
and decreased trabecular bone volume are characteristic of
mice with a targeted deletion of Opg.

GCs increase the RANKL/OPG ratio and increase bone
resorption in neonatal mouse calvariae (31). ATRA has been
reported to increase mRNA expression of RANKL in primary
human osteoblast-like cultures and decrease mRNA expression
and protein formation of OPG in MG-63 osteosarcoma cells
(32). This suggests that osteoclastogenesis stimulated by reti-
noids may be due to an increased RANKL/OPG ratio; however,
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there are presently no data from bone or bone culture systems
showing that vitamin A or derivatives can bring about changes
in expression of RANKL and OPG that promote osteoclast for-
mation and bone resorption.

In the current study, we have used neonatal mouse calvariae
(a periosteal bone model) to investigate 1) how retinoids
increase periosteal osteoclast formation and bone resorption
and 2) how GCs inhibit this stimulation.

EXPERIMENTAL PROCEDURES

Materials—Mouse OPG fused to human IgG; Fc (OPG/Fc
chimera), Escherichia coli-derived mouse RANKL Lys'*®-
Asp®'® (catalog no. 462-TEC), the ELISA kits for mouse
RANKL and mouse OPG, and recombinant human interleu-
kin-1 receptor antagonistic protein were purchased from
R&D Systems; ATRA, 9-cis-RA, TTNPB (Ro 13-7410)
(4-[(E)-2-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-naphthale-
nyl)-1-propenyl]benzoic acid), A7980 (AC-41848) (1-[2,4-
dichlorophenyl)methyl-6,7,8,9-tetrahydro-3-phenyl-5H-imi-
dazol[1,2-a]azepinium bromide hydrate), dexamethasone,
hydrocortisone, RU 486 (17-hydroxy-11-(4-dimethylamino-
phenyl)17-(1-propynyl)-estra-4,9-dien-3-one), retinol, retinal-
aldehyde, and essentially fatty acid-free bovine serum albumin
were from Sigma; GR110 (Ro-41-5253) (4-[(E)-2-(7-heptoxy-
4,4-dimethyl-1,1-dioxo-2,3-dihydrothiochromen-6-yl)prop-1-
enyl]benzoic acid), GR103 (N-(4-hydroxyphenyl)retinamide),
and GR104 (AM-580) (4-[(5,6,7,8-tetrahydro-5,6,8,8-tetra-
methyl-2-naphthalenyl)carboxamido]benzoic acid were from
Biomol; bovine parathyroid hormone 1-34 (PTH) was from
Bachem; a-modification of minimum essential medium and
fetal calf serum (FCS) were from Invitrogen; CrossLabs® for
Culture ELISA (CTX) was from Immunodiagnostics a/s; L-[5-
3H]proline was from PerkinElmer Life Sciences; [**Ca]CaCl,
was from Amersham Biosciences; oligonucleotide primers
were from Invitrogen or Applied Biosystems; the HotStar Taq
polymerase kit was from Qiagen Ltd.; the Kapa™ Probe Fast
quantitative PCR kit and Kapa2G™ Robust HotStart Ready
Mix were from Kapa; the PCR core kit was from Roche Applied
Science; fluorescent labeled probes (reporter fluorescent dye
VIC at the 5'-end and quencher fluorescent dye TAMRA at the
3’-end), high capacity cDNA reverse transcription kit, Power
SYBR® Green PCR Master Mix, and the kits for quantitative
real-time PCR were from Applied Biosystems; the RNAque-
ous®-4PCR kit was from Ambion Inc. (Austin, TX); culture
dishes, multiwell plates, and glass chamber slides were from
Nunc Inc,; and suspension culture dishes were from Corning
Glass. Synthetic salmon calcitonin was a kind gift from Alejan-
dra Martinez (Novartis Pharma AG); 1,25(OH),-vitamin
D3 (D3) was a kind gift from Hoffmann-La Roche (Basel,
Switzerland); 3-amino-1-hydroypropylidene-1,1-bisphospho-
nate (AHPrBP) was a gift from Henkel KGaA (Diisseldorf, Ger-
many); and indomethacin was a gift from Merck. D3, ATRA,
9-cis-RA, 13-cis-RA, TTNPB, A7980, GR103, GR104, GR110,
and indomethacin were dissolved in ethanol. All other com-
pounds were dissolved in either phosphate-buffered saline or
culture medium.

Animals—CsA mice from our own inbred colony were used
in most experiments if not otherwise stated. Mice with the GR
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mutated and incapable of homodimerization (GR™) and cor-
responding wild type mice were also used. These mice have
been described previously (33) and were backcrossed to the
FVB/N background (34). Animal care and experiments were
approved and conducted in accordance with accepted stan-
dards of humane animal care and used as deemed appropriate
by the Animal Care and Use Committee of Umea University.

Bone Organ Cultures—Mouse calvarial bone cultures were
used for a bone resorption assay and for PCR analysis and
ELISA measurements. Parietal bones from 5-7-day-old mice
were microdissected and cut into either calvarial halves or four
pieces (35). The bones were preincubated for 18-24 h in
a-modification of minimum essential medium containing 0.1%
albumin and 1 wmol/liter indomethacin (36). Following prein-
cubation, the bones were extensively washed and subsequently
cultured for up to 120 h in multiwell culture dishes containing
1.0 ml of indomethacin-free medium with or without test sub-
stances. The bones were incubated in the presence of 5% CO, in
humidified air at 37 °C.

Measurements of Mineral Release—Mineral mobilization
was assessed by analyzing the release of *>Ca from bones prela-
beled in vivo and dissected in quarters 4 days after injection of
isotope. In most experiments, 2—3-day-old mice were injected
with 1.5 uCi of **Ca, and the amounts of radioactivity in bone
and culture medium were analyzed by liquid scintillation at the
end of the culture period. For the time course experiments, the
mice were injected with 12.5 uCi of *°Ca, and radioactivity was
analyzed at different time points by withdrawal of small
amounts of culture medium. Isotope release was expressed as
the percentage release of the initial amount of isotope (calcu-
lated as the sum of radioactivity in medium and bone after
culture) (35). In some experiments, the data were recalculated,
and the results were expressed as a percentage of the control,
which was set at 100%. This allowed for accumulation of data
from several experiments.

Measurements of Matrix Degradation—Bone matrix degra-
dation was assessed by analyzing the release of *H from calvarial
halves to culture medium. Mice were prelabeled 4 days before
dissection with 10 uCi of [*H]proline to label type 1 collagen,
the main protein in bone matrix. The bones were dissected,
preincubated, and cultured in a-modification of minimum
essential medium with or without test substances as described
above. The amount of °H in the medium at the end of the exper-
iments was analyzed by liquid scintillation. At the end of the
culture period, the bones were hydrolyzed, and the radioactiv-
ity in the hydrolysates and media was analyzed. The release of
*H ([*H]proline plus [PH]hydroxyproline) parallels the release
of [*H]hydroxyproline and thus is a reliable indicator of colla-
gen breakdown (37). In separate experiments, matrix degrada-
tion was assessed by analyzing the amount of type I collagen
degradation fragments in culture media released from calvarial
halves cultured as described above by using a commercially
available ELISA.

Immunohistochemistry—At the end of culture, calvarial
bones were fixed in 4% phosphate-buffered paraformaldehyde,
decalcified in 10% EDTA in Tris buffer, pH 6.95, and embedded
in paraffin. Sections were cut, deparaffinized, fixed in cold ace-
tone, and subsequently treated with 3% H,O, in PBS and an
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avidin/biotin blocking kit. After blocking with protein block,
sections were incubated with unlabeled polyclonal rabbit anti-
mouse cathepsin K (38) diluted 1:700 or normal rabbit serum as
a negative control. After blocking with normal goat serum,
biotin-labeled goat anti-rabbit serum was used as secondary
antibody and was followed by incubation with the VEC-
TASTAIN ABC kit and DAB substrate kit. All sections were
counterstained with Mayer’s hematoxylin and evaluated
using a Leica Q500MC microscope (Leica, Cambridge, UK)
by an observer blinded to the identity of the sections. The
numbers of cathepsin K-positive multinucleated cells per
section were determined.

Gene Expression—RNA was isolated from calvarial halves
using the RNAqueous-4 PCR kit, according to the manufactur-
er’s instructions. Single-stranded cDNA was synthesized from
0.1-0.5 ug of total RNA using a high capacity cDNA reverse
transcription kit. To ensure that there was no genomic DNA
in the samples, negative controls that did not contain
MultiScribe™ reverse transcriptase were included. Expres-
sion of mRNA was determined using semiquantitative RT-
PCR or quantitative real-time PCR.

Semiquantitative RT-PCR analysis of the mRNA expression
of Calcr (calcitonin receptor gene), Acp5 (acid phosphatase
gene), Ctsk (cathepsin K gene), Rankl, Rank, Opg, and M-csfwas
performed using either a HotStar Taq polymerase kit, a PCR
core kit, or the Kapa2G ™! Probe Fast quantitative PCR kit and
compared at the logarithmic phase of the PCR. Sequences of the
primers have been given previously (39 —41).

Quantitative real-time PCR analysis of Rankl, Rank, Opg,
Calcr, Acp5, Ctsk, Akpl (alkaline phosphatase gene), and Ocn
(osteocalcin gene) was performed using the Kapa™ Probe Fast
quantitative PCR kit with primers and probe as described in
detail previously (40, 41). Quantitative real-time PCR analysis
of Rara, Rar, Rarvy, M-csf, c-Fms, and /-6 (interleukin-6 gene)
was performed using a premade primer-probe mix from
Applied Biosystems, whereas analysis of /-1 (interleukin-183
gene) and Tnf-a (tumor necrosis factor-a gene) used SYBR
Green. The amplifications were performed using a 384-well
thermal cycler. Control assays included samples in which the
reverse transcription reaction had been omitted and did not
show any amplification (data not shown). To control for varia-
bility in amplification due to differences in starting mRNA con-
centrations, B-actin was used as an internal standard. The rel-
ative expression of target mRNA was computed from the target
cycle threshold values and B-actin cycle threshold values using
the standard curve method (62).

RANKL and OPG Protein Analyses—The protein synthesis
of RANKL and OPG was assessed by measuring the levels of
RANKL and OPG in calvarial bones and culture media using
commercially available ELISA kits. Calvarial bones were dis-
sected from 6-7-day-old mice (CsA) and divided into two
halves along the sagittal suture. After preincubation, calvarial
halves were individually incubated in 24-well plates in the
absence or presence of test substances for 48 h. Calvarial cells
were lysed with 0.2% Triton X-100, and the extracted bone
samples and culture media were analyzed using the manufac-
turer’s protocols for the ELISAs. The sensitivities of the immu-
noassays are 5 pg/ml.
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FIGURE 1. Retinoids stimulate osteoclast differentiation and bone resorption in organ cultured mouse calvarial bones. A, ATRA (10~ 7 m) and D3 (108
M) stimulated “>Ca release from calvarial bones in a time-dependent manner. B, release of *°Ca from calvarial bones cultured for 120 h with ATRA was
concentration-dependent. C, releases of *°Ca from calvarial bones cultured for 120 h with retinol and 9-cis-RA were concentration-dependent. D, release of the
type | collagen degradation fragment (CTX) to medium by ATRA (10~ m) for assessment of bone matrix degradation in 120-h culture. £, sustained and transient
inhibitions of *°Ca release by the bisphosphonate (BP) AHPrBp (10~ *m) and salmon calcitonin (10~ m), respectively, in calvarial bones cultured for 120 h with
ATRA (10~ 7 m). Shown are decreases of Calcr, Acp5, and Ctsk mRNA in calvarial bones cultured for 120 h with ATRA (107 m), assessed by both semiquantitative
RT-PCR (F) and quantitative real-time PCR (G-/). Values are means of four or five observations (A, D, E, G-I) or 12-18 observations (B and C). Error bars, S.E. (when

larger than the radius of the symbol).

Statistical Analyses—All statistical analyses were performed
using one-way analysis of variance with Levene’s homogeneity
test and post hoc Bonferroni’s test or, where appropriate, Dun-
nett’s T3 test, or using the independent sample ¢ test (SPSS for
Windows; SPSS Inc., Chicago, IL). All experiments were per-
formed at least twice with comparable results, and all data are
presented as means * S.E.

RESULTS

Stimulation of Osteoclastic Bone Resorption in Mouse Cal-
varial Bones by Retinoids—Enhanced resorption of periosteal
bone by vitamin A is suggested to increase bone fragility. Initial
experiments were performed to evaluate the effect of ATRA
and related compounds using mouse calvariae, a periosteal
bone model. ATRA (107 M) caused a time-dependent in-
creased release of **Ca in cultured neonatal mouse calvarial
bones that was significant (p < 0.05) at 24 h (Fig. 1A). The
resorptive effect of ATRA was very similar to that obtained at
an optimal concentration (10~® M) of D3. D3 and PTH were
employed as positive controls in the studies. Both are well char-
acterized hormonal stimulators of calvarial bone resorption.
When different concentrations of ATRA (10”2 to 107 m)
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were evaluated after incubation for 120 h, significant *°Ca
release was observed at 10~ ° M and above, with half-maximal
stimulation (ECs,) equaling ~3 X 10~ m (Fig. 1B). Retinol and
9-cis-RA also dose-dependently stimulated **Ca release in cal-
varial bones, with calculated EC,, values of 3 X 10™® M and
10~ ? M, respectively (Fig. 1C). In separate experiments, retina-
laldehyde was also observed to be a good stimulator of *°Ca
release in calvarial bones (data not shown).

At 120 h, stimulation of mineral release by 107 M ATRA was
associated with a 2.4-fold stimulation of matrix degradation, as
assessed by the release of the type I collagen degradation frag-
ment (CTX) from bones to media (Fig. 1D). This was in good
agreement with results from experiments where matrix degra-
dation was assessed by analyzing the release of >H from bones in
which bone matrix collagen had been prelabeled in vivo with
[*H]proline. In these experiments, ATRA (10~ 7 M) caused a
2.3-fold enhancement of °H release, an observation similar to
stimulations seen with D3 and PTH at optimally effective con-
centrations (10~ ® m) (supplemental Fig. 14).

The stimulation of *>Ca release by ATRA (10~ 7 m) was inhib-
ited by salmon CT (10~° M) and the nitrogen-containing bis-
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FIGURE 2. ATRA (10~7 m) increased osteoclast formation in mouse calvar-
ial bones cultured for 120 h. Shown are cathepsin K-stained osteoclasts in
ATRA (1077 m)-stimulated calvarium (A) and the number of osteoclasts in
unstimulated and ATRA (10~ m)-stimulated calvarial bones (B).
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phosphonate, AHPrBP (10~ * m) (Fig. 1E), two different but well
documented inhibitors of osteoclast activity (42, 43). The
hormone CT inhibits osteoclast function by stimulating
cAMP formation and increasing cytosolic Ca®>* in oste-
oclasts (44), whereas nitrogen-containing bisphosphonates
inhibit key enzymes in the mevalonate/cholesterol biosyn-
thetic pathway in osteoclasts (45). Both compounds showed
a strong inhibitory effect at 24 h, but the inhibition by CT
was partially lost at 120 h, whereas that of AHPrBP was
maintained for 120 h. Semiquantitative RT-PCR revealed
that the enhancement of mineral and matrix degradation
caused by ATRA was accompanied by enhanced mRNA
expression at 48 h of the osteoclastic genes Calcr, AcpS, and
Ctsk (Fig. 1F), an observation confirmed by quantitative real-
time PCR (Fig. 1, G-I).

ATRA Stimulates Formation of Cathepsin K-positive Oste-
oclasts in Mouse Calvarial Bones—Direct confirmation of the
osteoclastogenic action of ATRA was obtained by immuno-
staining of multinucleated bone surface ostoclasts for cathepsin
K (Fig. 2A4), the major collagenolytic enzyme in osteoclasts (46).
Cathepsin K is highly expressed in multinucleated osteoclasts,
and immunostaining revealed that treatment of calvarial bones
with ATRA (10~7 m) for 120 h resulted in a 2-fold (p < 0.05)
increase in osteoclast number (Fig. 2B).

Stimulation of Bone Resorption in Calvarial Bones by
ATRA Is Due to Enhanced RANKL—M-CSF, RANKL, and
OPG play essential roles in osteoclastogenesis, and experi-
ments were performed to evaluate expression of these regu-
lators and their receptors. In calvarial bones incubated with
ATRA (10~ 7 m) for 10 h, analysis of gene expression by semi-
quantitative RT-PCR revealed that mRNA expression of
Rankl was clearly enhanced, whereas the mRNA expression
of Opg was decreased and that of Rank was unaffected (Fig.
3A). Additionally, the mRNA expression of c-Fms was
enhanced, and that of M-csfwas decreased by treatment with
ATRA (Fig. 34).

Quantitative real-time PCR showed that ATRA (10~7 m)
caused a time-dependent increase of Rankl mRNA expres-
sion, which was delayed for 4 h, maximal at 12 h (8-fold
stimulation), and then gradually leveled off at 48 h (2-fold
stimulation) (Fig. 3B). ATRA caused a rapid decrease of Opg
mRNA, which was maximal at 2 h (50% inhibition), remained
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inhibited for at least 12 h, and then leveled off with no sig-
nificant effect observed at 48 h (Fig. 3C). A time-dependent
enhancement of c-Frms mRNA was also noted with ATRA
(Fig. 3D), whereas M-csf mRNA was time-dependently
decreased over 48 h (Fig. 3E). No effect on Rank mRNA was
seen at any time point (data not shown). The effect of ATRA
on Rankl mRNA was concentration-dependent, with stimu-
lation seen at concentrations similar to those causing
enhanced *°Ca release (Fig. 3F).

An increased RANKL/OPG ratio enhances osteoclastogen-
esis and bone resorption. When the protein level of RANKL was
analyzed at 48 h, it was observed that ATRA (10~ M) caused a
6.5-fold enhancement of RANKL protein in calvarial bones and
a 20-fold increase in culture medium (Fig. 3G). In contrast, the
protein level of OPG in bones and culture medium was unaf-
fected by ATRA (Fig. 3H).

The importance of RANKL for the bone-resorptive effect of
ATRA was assessed by adding OPG (300 ng/ml) to calvarial
bones stimulated by ATRA (10~7 m). OPG substantially inhib-
ited both the increased *°Ca release (Fig. 3/) and the mRNA
expression of Ctsk (Fig. 3]) stimulated by ATRA but did not
affect Rankl mRNA (Fig. 3K).

ATRA Does Not Affect Bone Resorption Induced by RANKL—
We have reported recently that ATRA inhibits osteoclast dif-
ferentiation and formation in osteoclast progenitor cell cul-
tures from mouse bone marrow stimulated by RANKL (24). In
the present study, we tested to see if ATRA could affect *>Ca
release in mouse calvarial bones stimulated to resorb by recom-
binant RANKL. It was observed that ATRA did not antagonize
RANKL in calvarial bones (Fig. 4). Thus, in contrast to bone
marrow cells, ATRA does not impair osteoclastogenesis in
mouse calvariae.

ATRA Does Not Stimulate Bone Resorption via Prostaglan-
dins or Osteotropic Cytokines—Calvarial bones produce prosta-
glandins and express several cytokines that can stimulate bone
resorption, including IL-6, TNF-«, and IL-1. To assess if the
resorptive effect of ATRA in the calvarial bones was secondary
to stimulation of prostaglandins or of cytokines known to stim-
ulate RANKL and bone resorption, we analyzed the mRNA
expression of the inducible cyclooxygenase enzyme, Cox-2
(cyclooxygenase-2 gene), together with I-6, Tnf-a, and II-13, in
bones stimulated by ATRA for 1-48 h. ATRA had no effect on
the mRNA expression of any of these genes at any time point
(data not shown), nor was *°Ca release induced by ATRA
affected by the cyclooxygenase enzyme inhibitors, indometha-
cin, flurbiprofen, and naproxen (supplemental Fig. 24) or the
interleukin-1 receptor antagonistic protein (supplemental
Fig. 2B).

ATRA Inhibits Expression of Genes Associated with Bone
Formation—In addition to stimulating periosteal bone resorp-
tion, retinoids have been suggested to decrease subperiosteal
bone formation (26). When osteoblast genes associated with
bone formation were evaluated, it was found that ATRA time-
dependently inhibited the mRNA expression of Ocn (Fig. 54).
Furthermore, mRNA expressions of additional osteoblast genes
associated with bone formation, Akp1, Runx2, Osterix, and Pro-
collagen a1(1), were substantially decreased by ATRA after 48 h
of culture (Fig. 5, B-E).
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FIGURE 3. The stimulation of bone resorption by ATRA in cultured mouse calvarial bones is due to increased RANKL. ATRA (10~ 7 m) enhanced the
mRNA expression of Rankl and c-Fms and decreased Opg and M-csf mRNA but did not affect Rank mRNA in calvarial bones cultured in the presence of

the retinoid for 10 h (A). Increased Rankl mRNA (B) and decreased Opg

mRNA (C) in calvarial bones cultured with ATRA (10”7 m) for 48 h were

time-dependent and transient. Enhanced mRNA expression of c-Fms (D) and decreased expression of M-csf (E) elicited by ATRA (10~ 7 m) progressed with
time. Up-regulation of Rankl mRNA in the calvarial bones by ATRA was concentration-dependent (F). Stimulation of calvarial bones with ATRA (10~ m)
for 48 h increased RANKL protein in bones and in the culture medium (G) without affecting OPG protein in bones or in medium (H). The stimulation of
“5Ca release from calvarial bones by ATRA (10~7 m) was abolished by co-treatment with recombinant OPG (300 ng/ml) (/). OPG decreased the increased
mRNA expression of Ctsk (J) stimulated by ATRA (10~ m) in calvarial bones without affecting Rankl mRNA (K). Values are means of four or five

observations. Error bars, S.E. (when larger than the radius of the symbol).

Stimulation of Bone Resorption and RANKL in Mouse Cal-
varial Bones Is Mediated by RARa—We showed in an earlier
study that RARa mediated the inhibition by ATRA of oste-
oclastogenesis in mouse bone marrow cells stimulated by
RANKL (24). In the current experiments, a range of RAR ago-
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nists and an antagonist were used to determine which receptor
was responsible for the stimulation of resorption by ATRA in
neonatal mouse calvariae.

Quantitative real-time PCR analysis showed that calvarial
bones expressed Rara, Rarf, and Rary mRNA and that

YASENB)\ VOLUME 286-NUMBER 36-SEPTEMBER 9, 2011



ATRA (107 M) caused a time-dependent, substantial (15-
fold) stimulation of RarB mRNA, with no effects on Rara or
Rary mRNA expression (Fig. 6A4). Enhancement of Rarf

*%k%

.

**k%
Control ATRA RANKL RANKL

+
ATRA

FIGURE 4. ATRA does not affect RANKL-stimulated bone resorption.
Mouse calvarial bones were cultured for 120 h in the absence (control) or
presence of either ATRA (107 m), RANKL (10 ng/ml), or their combination,
and “*°Ca release was analyzed as a parameter of bone resorption. Values are
means of five observations. Error bars, S.E.
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mRNA by ATRA was dependent on the concentration of
ATRA (Fig. 6B).

The importance of RAR receptor subtypes was assessed by
culturing calvariae in the presence of different agonists. ATRA
(RARa/B/y), TTNPB (pan-RAR agonist) (47), and GR104
(RARw) (48) concentration-dependently stimulated *°Ca re-
lease from the calvarial bones with similar potencies (Fig. 5C).
In contrast, A7980 (RARYy) (49) and GR103 (RARB/7) (50) did
not affect *°Ca release (Fig. 6C).

Assessment of gene expression showed that 10~7 M concen-
trations of ATRA, TTNPB, and GR104, but not A7980 or
GR103, enhanced Rankl mRNA in calvarial bones at 24 h (Fig.
6D). None of the agonists affected the mRNA expression of Opg
(data not shown).

The concentration-dependent stimulatory effect of ATRA
(3 X 10~ ?and 10" ® m) on Rankl mRNA was reversed by 107 M
of the RAR« antagonist GR110 (51) in a competitive manner
(Fig. 6E). ATRA had no effect on Opg mRNA in either the pres-
ence or absence of GR110 (data not shown). Like ATRA, GR104
increased RANKL protein (Fig. 5F) but had no significant effect
on OPG protein (Fig. 6G).
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FIGURE 5. ATRA decreased mRNA expression in cultured mouse calvarial bones of genes associated with extracellular matrix formation and mineralization.
ATRA (107 m) time-dependently decreased the mRNA expression of Ocn (A). ATRA also decreased the mRNA expression of Akp1 (B), Runx2 (C), Osterix (D), and
Procollagen a1 (E) in bones treated with the retinoid for 48 h. Values are means of four observations. Error bars, S.E. (when larger than the radius of the symbol).
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Stimulation of **Ca Release and RANKL in Mouse Calvarial
Bones by ATRA Is Antagonized by Glucocorticoids—Numerous
studies have shown that glucocorticoids oppose effects of reti-
noids, but the mechanisms responsible for this are unclear (15—
20). We have reported previously that glucocorticoids increase
RANKL and stimulate resorption in neonatal mouse calvarial
bones (31). In the current study, we found that DEX reduces, in
a concentration-dependent manner, *Ca release stimulated by
ATRA (10”7 M) and 9-cis-RA (10~ 7 M) in neonatal mouse cal-
variae. The concentration of DEX causing this inhibition (ICs,
of ~30 nmMm) is the same as the concentration of DEX that mar-
ginally stimulated (IC5, of ~30 nMm) **Ca release (Fig. 74). In
addition, *’Ca release induced by ATRA (1077 M) was
decreased by hydrocortisone (IC;, of ~100 nm) (supplemental
Fig. 2A). In contrast to the inhibition noted with glucocortico-
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ids, no inhibition of **Ca release was observed when either
ATRA (107 M) or 9-cis-RA (10”7 M) was added to calvarial
bones treated with varying concentrations of D3 or PTH (sup-
plemental Fig. 2, B and C). When DEX (10 m) was added to
bones stimulated by different ATRA and 9-cis-RA concentra-
tions, there was a shift of the dose-response curves to the right
(Fig. 7, Band C).

In an effort to better understand the inhibitory interaction of
glucocorticoids and retinoids, calvarial bones were either
treated with ATRA and DEX separately or co-cultured with the
two agents for periods of 0—24 and 24 —72 h. Release of *°Ca in
bones co-treated for 72 h with DEX and ATRA was significantly
decreased at 24 —72 h in comparison with bones only exposed to
ATRA (Table 1). In contrast, when bones were cultured in the
presence of ATRA for 24 h and then co-cultured for an addi-
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FIGURE 7. DEX antagonizes the stimulatory effect of retinoids on bone resorption and RANKL in mouse calvarial bones, effects dependent on
activation of the GR. DEX concentration-dependently decreased the stimulatory effects of 1077 m ATRA and 9-cis-RA) on **Ca release, at the same concen-
trations causing amodest stimulation of **Ca release in mouse calvarial bones (A). The inhibitory effect of DEX (10~ °m) on **Ca release induced by retinoids was
seen at a wide range of concentrations of ATRA (B) and 9-cis-RA (C). The inhibitory effect of DEX (10° m) on ATRA (107 m)-induced **Ca release was reversed
by the glucocorticoid receptor antagonist RU 486 (10 m) (D). DEX (10~ ®m) enhanced Rank/ mRNA by itself while reducing ATRA (10~ 7 m)-induced Rank/ mRNA
(E). DEX (10~ wm) enhanced Opg mRNA, but no interaction with ATRA (107 M) was observed (F). The stimulatory effect of the RARa-specific agonist GR104 (107
M) on Rankl mRNA was reduced by DEX (10~ m) (G). DEX (10~ 7 m) enhanced RANKL protein in mouse calvarial bones and decreased the stimulatory effect of
ATRA (10~ 7 M) on bone RANKL protein (H), whereas no interaction was observed on bone OPG protein (/). Values are means of four or five observations (D-/) or
10-12 observations (A-C). Error bars, S.E. (when larger than the radius of the symbol).

and then co-cultured with ATRA and the osteoclastic inhibitor
TABLE 1 calcitonin (43, 44) for the subsequent 48 h, significant inhibi-
Comparison of interactions between ATRA and dexamethasone upon  ;,, by calcitonin was noted (Table 1). These results indicate

*3Ca release from mouse calvarial bones h . b 1 . . h
Values are means + S.E. for 10 bones. that resorption can be suppressed at later time points but that

Additions” T5Ca reloase the critical time window for interference by DEX occurs in the
0-24h 24-72h 0-24h 24-72h first phase of ATRA action.
" % The glucocorticoid receptor antagonist RU 486 (10~ ° m) (52)
79+02 13.8 + 0.4 significantly decreased *°Ca release stimulated by DEX (10~ °
b b . . . .
2% A E,}ﬁ% A ;3‘28 4i+0:85 ;gg n égb M) in calvarial bones but did not affect the resorptive response
DEX + ATRA DEX + ATRA 9.9 + 0.1"b 259 + 1.0:"' to ATRA (1077 m; Fig. 7D). Importantly, RU 486 reversed the
2%& 2¥§i 1 ]s)CETXd 13‘8 i (l)'gh ig'g i %;b inhibition of ATRA-stimulated **Ca release caused by DEX
“DEX, ATRA, and synthetic salmon calcitonin were added to final concentrations (Flg 7D) This indicates that the il’lhibitOI‘y effect of DEX on
of 1 wmol/liter, 0.1 umol/liter, and 1 nmol/liter, respectively. resorption stimulated by ATRA is mediated bY the GR.

? Significantly different from control (p < 0.05). _z —6
¢ Significantly different from ATRA alone (p < 0.01). Both ATRA (10 M) and DEX (10 M) enhanced Rankl
¢ Synthetic salmon calcitonin. mRNA in the calvarial bones (Fig. 7E). When calvarial bones

were co-treated with ATRA (10~ M) and DEX (10~ m), the

tional 48 h (24~72 h) in the presence of both ATRA and DEX, expression of Rankli mRNA was decreased relative to the
the *°Ca release that occurred during the 0—24 h and 24—72h  expressions observed with the individual compounds (Fig. 7E).
incubations was not different from the *°Ca release that In contrast, ATRA did not affect Opg mRNA. DEX caused a
occurred in the bones exposed only to ATRA (Table 1). How-  2-fold stimulation, and co-treatment with ATRA and DEX was
ever, when bones were cultured with ATRA for the first 24 h  not different from DEX treatment alone (Fig. 7F). When the
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FIGURE 8. Inhibitory effect of DEX on ATRA-induced Rankl mRNA is
dependent on the monomeric GC. Stimulatory effects of ATRA and DEX on
Rankl mRNA as well as the inhibitory effect of DEX on ATRA induced Rank/
mRNA were observed in calvarial bones from mice having a glucocorticoid
receptor mutation rendering the receptor unable to dimerize (GRY™) as well
as in bones from corresponding wild type mice (GRY™ WT) (A). DEX stimu-
lated Opg mRNA in calvarial bones from GRY™ and GR™ wild type mice
without interaction with ATRA being observed (B).

RAR« agonist GR104 (10~ 7 M) was evaluated, it was found that
Rankl mRNA was increased by GR104 alone but that co-treat-
ment with DEX (10~ m) resulted in a diminished response (Fig.
7G), similar to the findings with ATRA.

In agreement with the mRNA expression data, expression of
RANKL protein in calvarial bones was increased by ATRA
(1077 m) but decreased by co-treatment with DEX (10~ ¢ m)
(Fig. 7H). RANKL protein in culture medium was also increased
by ATRA but decreased by DEX co-treatment (data not
shown). Neither ATRA, DEX, nor ATRA plus DEX significantly
affected OPG protein in the calvarial bones (Fig. 7). Stimula-
tion of RANKL protein by GR104 (107 m) was also suppressed
by DEX (10~ ¢ m) (data not shown).

Dimerization of Glucocorticoid Hormone Receptor Is Not
Necessary for Inhibition by DEX of ATRA-induced RANKL—In-
hibition of ATRA by DEX is most likely mediated by either
homodimerized GR or monomeric GR (23). ATRA (10~ m)
and DEX (10~° M) caused 7—10-fold and 3—4-fold increases,
respectively, of Ranki mRNA in wild type calvarial bones and in
bones from mice where the GR is mutated (GR*™) and incapa-
ble of homodimerization (Fig. 84). Stimulation of Rankl mRNA
by ATRA was substantially reduced by co-treatment with DEX
in bones from both wild type and GR*™ mice (35) (Fig. 84).
ATRA caused a slight decrease of Opg mRNA expression in
bones from wild type mice, and DEX increased Opg mRNA
~2.5-fold in wild type and GR*™ mice (Fig. 7B), whereas values
of Opg mRNA for co-treatment of ATRA and DEX were no
different from DEX alone (Fig. 8B). These results suggest that
the monomeric GR was responsible for the inhibition of ATRA.

DISCUSSION

Increased vitamin A intake has been suggested to result in
thinner, more fragile bones (6 —9). One mechanism proposed to
play arole in this increased fragility is enhanced periosteal oste-
oclastogenesis (26). In the present study, neonatal mouse cal-
varial bone (a periosteal bone model) was employed to evaluate
the effects of vitamin A and derivatives on osteoclast formation
and function.

Vitamin A, retinaldehyde, ATRA, and 9-cis-RA were all
found to be potent stimulators of *>Ca release in cultured neo-
natal mouse calvarial bones. Retinaldehyde, which serves as an
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intermediate in the irreversible production of ATRA from ret-
inol, had not been observed previously to be a stimulator of
bone resorption. In addition to **Ca release, increased bone
matrix breakdown and mRNA expression of genes associated
with osteoclastogenesis (Calcr, Acp5, and Ctsk) were observed
with ATRA treatment. The **Ca release elicited by ATRA in
calvarial bones was also decreased by two well known inhibitors
of osteoclast-mediated bone resorption, the amino bisphos-
phonate, AHPrBP (42), and the polypeptide hormone, salmon
CT (43).

Unlike the sustained inhibition noted with AHPrBP, inhibi-
tion by CT was transient, which is characteristic of the “escape”
phenomenon known to occur with CT (43). The inhibition by
AHPrBP and salmon CT, combined with the stimulatory effects
of ATRA, suggests that the resorption observed with vitamin A
and the retinoids was due to stimulation of osteoclast differen-
tiation and function.

Stimulation of osteoclastic bone resorption by most agents is
thought to be indirect and due to stimulation of an increased
RANKL/OPG ratio in osteoblasts/stromal cells (27-30). Stim-
ulation of an increased RANKL/OPG ratio by ATRA was clearly
observed in the present study. Although Opg mRNA was tran-
siently decreased by ATRA, there was no change in OPG pro-
tein. In contrast, both Rankl mRNA and RANKL protein were
found to be significantly elevated in calvariae by ATRA. The
importance of RANKL for the bone-resorptive effect of ATRA
was further confirmed by showing that an excess of exogenous
OPG inhibited both mineral mobilization and osteoclast gene
expression stimulated by ATRA without affecting Rankl
mRNA. Earlier experiments showing increased Rankl mRNA in
primary human osteoblast-like cultures and decreased mRNA
expression and protein formation of OPG in MG-63 osteosar-
coma cells had suggested that an increased RANKL/OPG might
be important for the action of ATRA (32), but the present study
is the first to show a clear linkage between an increased
RANKL/OPG ratio and osteoclast formation and bone resorp-
tion by ATRA.

At the time of dissection, low numbers of osteoclasts are
present in the 6 —7-day-old calvariae used for study. These are
lost during the preculture period, when the calvarial bones
are exposed to basic medium and indomethacin. During subse-
quent treatment with osteoclastic stimuli, enhanced resorption
is due to increased multinucleated osteoclast formation from
mononucleated osteoclast progenitor cells (53). In addition to
increasing the RANKL/OPG ratio, enhancing expression of
osteoclastic genes (Calcr, Acp5, and Ctsk), and stimulating *°Ca
release and bone matrix breakdown, immunohistochemical
analysis revealed that ATRA treatment of calvarial bones
resulted in a 2-fold increase in multinucleated cathepsin
K-staining bone surface osteoclasts.

Inflammatory cytokines, such as IL-6, TNFq, and 1I-1f3, as
well as prostanoids, especially PGE,, are known to be good
stimulators of bone resorption, including calvarial bone resorp-
tion (54). In the present study, we evaluated if resorptive actions
of retinoids might be indirect and mediated by such things as
prostanoids or osteotropic cytokines. There was no indication
that the stimulation of osteoclastogenesis and bone resorption
by ATRA was mediated by these agents. Increased mRNA
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expressions of the cytokines and COX-2 were not noted with
ATRA treatment. Furthermore, no effect of prostaglandin
inhibitors or the interleukin-1 receptor antagonist protein was
observed in experiments with ATRA.

RARs can be activated by ATRA and 9-cis RA, whereas RXRs
are activated by 9-cis RA. RARs form heterodimers with RXRs,
and these heterodimers and RXR homodimers function as tran-
scription factors, activating RA response elements in the pro-
moter regions of target genes. Most retinol signaling in cells is
thought to be mediated by ATRA binding to RAR in RAR/RXR
heterodimers. Equally potent stimulations of calvarial **Ca
release had been reported previously for ATRA and 9-cis-RA
(25). In the present study, **Ca releases stimulated by ATRA
and 9-cis-RA were similar, with EC,, values equaling 3 X 10~°
M and 10~ ° M, respectively. It is still not clear if 9-cis-RA is
formed physiologically in cells and what role this isomer may
play as a specific ligand for RXR (22). Vitamin A and retinalde-
hyde were observed to be less potent stimulators of **Ca release
than either ATRA or 9-cis-RA, perhaps reflecting a require-
ment for metabolism of these compounds to ATRA.

Constitutive mRNA expression of the ATRA receptor sub-
types (RARa, RARB, and RAR<y) was observed in calvarial
bones. ATRA increased expression of RARB, but the signifi-
cance of this is unclear at present. An earlier study employing a
pan-RAR-antagonist and a RARB/y agonist suggested that
RARP/y was responsible for stimulation of Ranki mRNA by
ATRA in human primary osteoblast cultures (32); however, no
evaluation using a range of RAR agonists to study RANKL for-
mation and bone resorption had been accomplished. The pres-
ent study employed a pan-RAR-agonist; RARa, RARYy, and
RARP/7y agonists; and a RAR« antagonist to confirm that *>Ca
release and RANKL mRNA and protein stimulated by ATRA in
neonatal mouse calvariae were RARa-mediated.

There are many examples of GCs opposing retinoid actions
in biological systems, but the mechanisms involved have not
been defined (15-20). The current study indicates that the neg-
ative interaction of GCs with retinoids is dependent on mono-
meric GR decreasing RANKL formation in neonatal mouse
calvariae.

DEX was observed to decrease Rankl mRNA, RANKL pro-
tein, and *Ca release in calvarial bones when co-cultured with
ATRA. Inhibition of **Ca release by DEX was noted in the first
24 of 72-h cultures, suggesting that a relatively early event in
osteoclast differentiation was being blocked by the GC. The
action of DEX to oppose ATRA-induced bone resorption was
inhibited by RU 486.

The GC antagonist, RU 486, (mifepristone), has both anti-
progesterone and anti-GC activity (52) and has been used as a
GC antagonist in the treatment of Cushing syndrome (56). The
relative binding activity of RU 486 at the GR is estimated to be
approximately 3 times that of DEX and 10 times that of hydro-
cortisone. Inhibition by RU 486 suggests that the suppression of
ATRA activity in calvarial bones by GC was mediated by the
GR.

Inhibition of ATRA by GC was also observed in calvariae
from GRY™ mice. GRY™ mice are mice that have the point
mutation A4586T introduced into the GR D-loop (33). GR in
GR¥™ mice cannot homodimerize and activate GC response
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elements in regulatory sequences of GC target genes but can
function by protein-protein interaction and modulate the func-
tion of other transcription factors, such as AP-1, NF«B, IRF-3,
and STATS5 (57). Suppression of the activity of these transcrip-
tion factors by monomeric GC is thought to play an important
role in the anti-inflammatory actions of GC, whereas many side
effects of GC have been hypothesized to be due to GR
homodimerization (33, 58, 59). A recent study has suggested
that monomeric GR can interact with AP-1 to cause inhibition
of IL-11 in osteoblasts (34), and it is possible that interaction of
monomeric GR with transcription factors may be responsible
for GC decreasing the stimulation of RANKL and osteoclasto-
genesis by ATRA.

In vivo experiments with increased ATRA intake in rodents
have found significant bone loss attributed to periosteal resorp-
tion occurring at the same time that cancellous bone resorption
is suppressed (26). In an earlier in vitro study, we found an
RARa-mediated inhibition of osteoclastogenesis in RANKL-
stimulated bone marrow cells treated with ATRA (24); how-
ever, when ATRA was added to calvariae treated with RANKL
in the current experiments, no inhibition of **Ca release was
noted. This observation, coupled with the potent RARa-medi-
ated stimulation of osteoclastogenesis and bone resorption
observed in calvarial bones, suggests that differences in perios-
teal and bone marrow microenvironments may be responsible
for the different responses to ATRA or, alternatively, that dif-
ferent periosteal and bone marrow osteoclast precursors may
be present and respond differently to ATRA.

Retinoids appear to have different actions at various stages of
osteoblastogenesis, and there is not good agreement presently
on the effects of retinoids in osteoblasts. A recent study has
suggested that vitamin A regulates Bmp2 (bone morphogenetic
protein 2 gene) mRNA expression and plays an important role
in osteoblastogenesis and bone formation (60), but retinoids
have also been reported to decrease bone formation, including
subperiosteal bone formation (26). In the present study,
decreases in mRNA expression of osteoblast genes (Ocn, Akp1,
Runx?2, Osterix, and Procollagen 1) in calvarial bone following
ATRA treatment suggested that retinoids may not only
increase bone resorption in calvariae but probably decrease
bone formation as well.

If cortical bone thinning and suppression of osteoclastogen-
esis in cancellous bone play prominent roles in fracture inci-
dence in humans following increased intake of vitamin A, this
would be substantially different from conditions, such as post-
menopausal osteoporosis and glucocorticoid excess, where the
increased incidence of fracture is due primarily to cancellous
bone loss. These different paradigms for bone fragility may help
explain some of the differing outcomes in studies evaluating
vitamin A intake and fracture risk. In support of this view, a
recent hypervitaminosis A study in rodents has suggested that
increased bone fragility associated with thinning of cortical
bone may occur with little decrease in bone mass (61).

In conclusion, the data from the current study confirm the
resorptive effects of vitamin A and derivatives such as ATRA in
periosteal bone and suggest that this stimulation of osteoclast
formation and bone mineral and matrix breakdown is due to
enhanced RANKL formation and an increased RANKL/OPG
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ratio. Experiments employing synthetic compounds targeted to
RAR receptors suggested that calvarial responses stimulated by
ATRA were mediated by RARa. Moreover, it was determined
that the monomeric GR was responsible for glucocorticoids
opposing the stimulation of RANKL and periosteal osteoclast
formation and bone resorption by ATRA.
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