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Abstract
Prostaglandin E2 receptor subtype 4 agonists (EP4A) and basic fibroblast growth factor (FGF2)
stimulate bone formation, but their effects on bone resorption are controversial. To provide additional
insight into the skeletal effects of EP4A and FGF2, their regulation of expression of genes associated
with bone formation and resorption in aged ovariectomized (OVX) rats and in cultured mouse bone
marrow cells was determined. RNA was isolated from lumbar vertebrae of OVX rats (16 months of
age) treated daily for 3 weeks with FGF2 or EP4A and processed for quantitative real time-PCR
analyses. mRNA expression for the receptor activator of NF-κB ligand (RANKL) and cathepsin K
(CTSK), but not osteoprotegerin (OPG), were upregulated by both FGF2 and EP4A. Addition of
FGF2 and EP4A to the medium of cultured mouse bone marrow cells increased the formation of
tartrate resistant acid phosphatase (TRAP) positive cells, upregulated the expression of RANKL and
CTSK, and downregulated expression for OPG. EP4A also increased the formation of actin rings,
an indicator of osteoclast activation, in a dose dependent manner in osteoclasts cultured on bone
slices and triggered the formation of pits as revealed by a pitting assay. Gene expression for osterix
(OSX) and IGF-2, genes associated with bone formation, was significantly greater in FGF2-treated
OVX rats compared with EP4A-treated OVX rats. These findings at the molecular level are consistent
with previous tissue-level histomorphometric findings, and at the doses tested, support the contention
that FGF2 has a stronger bone anabolic effect than EP4A. The results of these in vivo and in vitro
analyses clarify the effects of FGF2 and EP4A on bone formation and resorption, and provide insight
into differences in the efficacy of two potential bone anabolic agents for restoration of lost bone mass
in the osteopenic, estrogen-deplete skeleton.
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INTRODUCTION
Osteoporosis is a disorder characterized by low bone mass and structural deterioration of bone
tissue, leading to bone fragility and an increased susceptibility to fractures (1). This bone
disorder affects approximately 44 million Americans, the great majority of whom are
postmenopausal women (2). Most current osteoporosis therapies are anti-resorptive agents with
a limited ability to restore lost bone mass to premenopausal levels. This limitation has focused
attention on the development of bone anabolic agents for augmenting bone mass in osteoporotic
patients. Human parathyroid hormone (PTH 1–34) is currently the only anabolic agent
approved by the FDA for the treatment of osteoporosis (3). PTH has a strong stimulatory effect
on bone formation, but does not restore lost cancellous bone mass completely in severely
osteopenic rats, probably due to lack of adequate numbers of bone spicules to serve as a
foundation for new bone formation (4). This phenomenon has not been described in
osteoporotic patients treated with PTH, but has been observed in severely osteoporotic patients
treated with another bone anabolic agent, sodium fluoride (5).

Basic fibroblast growth factor (FGF2) is being evaluated as an alternative bone anabolic agent
with osteogenic capabilities beyond that of PTH. More specifically, FGF2 has been shown to
induce formation of new bone spicules within bone marrow devoid of bone (6). It is a
pluripotent and pleiotropic member of a family of polypeptides that controls the proliferation
and differentiation of various cell types, and plays a major role in tissue development, repair,
and regeneration (7). In vitro, FGF2 has been shown to induce proliferation of osteoblasts and
bone marrow stromal cells and to stimulate osteogenesis in bone marrow cells obtained from
both young and adult intact rats and from early adolescent ovariectomized (OVX) rats (8).
However, the in vitro findings have sometimes been contradictory in that the biological effects
of FGF2 may depend on the stage of differentiation of osteoblasts, interactions with other
cytokines, and the length and mode of exposure to the growth factor in culture (9).

In vivo, FGF2 haplo-insufficiency in mice results in decreased bone mass, which indicates that
FGF2 plays an important role in bone formation and is critical for the attainment of peak bone
mass (10). Short-term systemic administration of FGF2 has strong bone anabolic effects in
young intact rats (11) and markedly increases bone formation and augments cancellous bone
mass in OVX rats (12–17).

The effects of FGF2 on bone resorption are less certain. In vitro, FGF2 is reported to either
inhibit (18–20) or stimulate (21) osteoclast formation. In vivo, systemic FGF2 administration
has led to either unchanged (6,22) or decreased bone resorption (13,23). We have found that
osteoclast surface, an index of bone resorption, was markedly decreased in the lumbar vertebrae
and proximal tibiae of FGF2-treated OVX rats (14,15,23). Also, treatment of OVX rats with
FGF2 appeared to have no effect on gene expression for some cytokines associated with bone
resorption such as IL-6, IFN-y and TGF-β (16). However, additional molecular analyses of
osteoclast specific markers may provide insight into the effects of FGF2 on bone resorption.

Prostaglandin E2 (PGE2) is another strong stimulator of bone formation, but gastrointestinal
side effects have slowed its development as an osteoporosis therapy (24,25). However, an EP4
receptor selective agonist (EP4) has been identified that appears to have the desirable
stimulatory effects on bone formation with minimal gastrointestinal side effects (26). The
finding of decreased cancellous bone mass and formation in EP4 receptor knockout mice is
consistent with a role for this receptor in the regulation of bone formation (27). Furthermore,
an EP4 agonist has been shown to prevent cancellous bone loss in OVX rats (26) and to
stimulate bone formation and restore bone mass and strength in older OVX rats with established
cancellous osteopenia (28). However, similar to FGF2, the effects of the EP4 agonist on bone
resorption are controversial. Ke et al. (28) reported that histomorphometric indices of bone
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resorption were decreased by EP4 treatment in OVX rats whereas other investigators found
that bone resorption was increased in aged OVX rats treated with the agonist (23). Therefore,
the purpose of this study was to provide additional insight into the skeletal effects of FGF2
and EP4 by comparing their regulation of expression of genes associated with bone formation
and resorption in aged OVX rats and in cultured mouse bone marrow cells.

MATERIALS AND METHODS
Animals and treatment groups

A total of 24 virgin female Sprague Dawley rats (Charles River, Wilmington, MA) that were
approximately 90 days of age and weighed an average of 240g were used in this study. All
animal procedures were approved by the Institutional Animal Care and Use Committee at the
University of Florida (Gainesville, FL). Within 2 weeks of their arrival, rats were anesthetized
with an IP injection of ketamine hydrochloride and xylazine at doses of 50 mg/kg and 10 mg/
kg body weight (BW), respectively. All rats were ovariectomized bilaterally from a dorsal
approach. Animals were kept in pairs under standard laboratory conditions with a 13-h light,
11-h dark cycle and a constant temperature of 25°C and humidity of 48%. The food
consumption of OVX rats was restricted to minimize the increase in body weight associated
with ovariectomy (29). All rats were maintained for one year after surgery to allow for the
development of cancellous osteopenia in the OVX animals. A group of baseline (BSL) OVX
rats was sacrificed at 1 year postovariectomy when the animals were 15 months of age. Within
2 days of sacrifice of the BSL OVX group, rats from the OVX + FGF2 group (N = 8) were
injected SC daily for 3 weeks with FGF2 (Chiron Corp., Emeryville, CA). The growth factor
was dissolved in a vehicle of phosphate-buffered saline and administered at a dose of 1 mg/kg
BW. Rats from the OVX + EP4 group (N = 8) group were injected SC daily for 3 weeks with
the EP4 agonist CP-734432, which was obtained from Pfizer Global Research and
Development, Groton Laboratories (Groton, CT), dissolved in a vehicle of 5% ethanol, and
administered at a dose of 3 mg/kg BW.

The OVX + FGF2 and the OVX + EP4 groups were sacrificed when the animals were nearly
16 months old. Euthanasia was achieved by exsanguination from the abdominal aorta under
ketamine/xylazine anesthesia. Lumbar vertebrae 1 and 2 were subjected to histological
processing as previously described (30). Lumbar vertebrae 5 and 6 were excised, cleaned of
soft tissue, and their vertebral processes and intervertebral disks were removed. The vertebral
bodies were then immediately snap-frozen in liquid nitrogen and stored at −80°C for RT-PCR
analysis.

In vivo RNA Isolation and Quantitative Real Time-PCR
Lumbar vertebral bodies were individually homogenized with a Certiprep freezer mill (Spex,
Edison, NJ) followed by extraction of their total RNA using a modified guanidine thiocyanate-
phenol-chloroform extraction method (31). RNA pellets were then dissolved in nuclease-free
water (not DEPC-treated) (Ambion, Austin, TX). RNA concentration was determined using
NanoDrop ND1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE), followed
by evaluation of RNA integrity by capillary electrophoresis with an Agilent 2100 Bioanalyzer
(Agilent Technologies, Foster City, CA). This RNA quantification and quality evaluation was
performed at the Interdisciplinary Center for Biotechnology Research Microarray Core,
University of Florida (Gainesville, Fl). RNA was treated with Turbo DNA-free (Ambion), to
remove contaminating DNA. RNA was further cleaned with the RNeasy Min Elute Clean Up
kit 50 from Qiagen (Valencia, CA). RNA concentration and evaluation of the quality were
determined again as described above. A complementary cDNA template was constructed from
total RNA (1 μg) by reverse transcription using 50 μl of RNA solution mixed with 50 μl of
High Capacity cDNA Archive Kit (ABI, Foster City, CA). The corresponding cDNA generated
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in the reverse transcription step was diluted 1:10 in nuclease- free water. Eleven ng were used
as a template for Real Time PCR analysis in a total volume of 25 μl, which contained the
respective TaqMan Gene Expression Assay probes and primers (ABI) and TaqMan Universal
PCR Master Mix (ABI). The following genes were evaluated: COX-2 (Rn00568225_m1),
VEGF (Rn00582935_m1), TGF-β1 (Rn00572010_m1), OSX (Rn01761789_m1), IGF-2
(Rn00580426_m1), OPG (Rn00563499_m1), RANKL (Rn00589289_m1) and CTSK
(Rn00580723_m1). The Real Time PCR analysis was performed with an ABI 7500 Real Time
PCR system. Each sample was run in triplicate wells on the sample plate to permit statistical
evaluation between groups. Relative gene expression levels were normalized to Human Euk
18S rRNA (20x) from ABI (Foster City, CA) to perform relative quantification of genes
involved with osteogenesis and osteoclastogenesis by using the (ddCt) comparative threshold
cycle (CT) method. The data for the treatment groups are expressed as fold change relative to
the BSL OVX group.

In vitro mouse marrow culture and TRAP assay
Generation of osteoclasts—Swiss-Webster mice (8–20 gram) were killed by cervical
dislocation. Femora and tibiae were dissected from adherent tissue, and marrow was removed
by cutting both the proximal and distal ends of the bones, inserting a syringe with a 25 gauge
needle, and flushing the marrow using αMEM medium plus 10% fetal bovine serum (αMEM
D10). The marrow was washed twice with αMEM D10 and 1×106 cells/cm2 were plated in 24
well culture dishes in 1 ml of αMEM D10. The cells were treated with 60 nM of the EP4 agonist
(EP4A), 100 ng/ml of FGF2 (PreproTech Inc, Rocky Hill, NJ), or 10−8M 1,25-
dihydroxivitamin D3 (1,25D3, Invitrogen, Ca) for 7 days or remained untreated as negative
controls. Eighty percent of the medium was replaced on day 3 and fresh EP4A, FGF2, or
1,25D3 was added at this time. All cultures were maintained at 37°C in a humidified atmosphere
of 5% CO2 in air. After 7 days in culture, osteoclasts appeared and these cells were fixed with
2% paraformaldehyde, permeabilized with 0.5% Triton X-100, washed with PBS 1X, and
stained for tartrate-resistant acid phosphatase activity (TRAP, Sigma Chemical Co. St. Louis,
MO). TRAP+ cells were counted with an inverted microscope (x200). The cells that stained
positive for TRAP in the cytoplasm and had one nuclei were counted as TRAP+ mononuclear
cells, cells with 2–10 nuclei were counted as TRAP+ multinuclear cells, and cells with more
that 10 nuclei were counted as TRAP+ giant cells.

We also compared the osteoclastogenic effects of PGE2 with those of EP4A since this agonist
activates one of the receptors implicated in bone resorption that is also activated by PGE2. The
experiment was performed with mouse bone marrow cells following the procedures mentioned
above. The cells were treated with 60 nM of EP4A, 10−8M 1,25D3, or 10−6M PGE2 (Sigma)
for 7 days. As a control to inhibit endogenous PGE2, we added 10−6M COX-2 inhibitor NS-398
(Cayman Chemical, Ann Arbor, MI).

Assays for osteoclast activity
Bone resorptive activity was measured by determining the number of actin rings formed by
osteoclasts and by directly measuring the number and size of pits formed by osteoclasts on
devitalized mouse cortical bone slices (1 cm2 × 0.1 mm). To measure actin rings, marrow cells
that had been cultured for 5 days with 10−8M 1,25D3 on tissue culture plates were scraped and
plated onto bone slices in 24-well dishes. Cells were cultured for 5 days in α-MEM plus 10%
HIFCS, 1,25D3, and 60nM or 600nM of EP4 agonist. After incubation, cells were fixed with
2% formaldehyde in PBS for 20 min, permeabilized with 1% Triton X-100 for 10 min, and
stained with Texas Red-tagged phalloidin (Sigma) to detect the actin rings (32). The total
number of actin rings were counted per 1 mm2 bone slice. Pits were determined by examining
bone slices using differential interference contrast optics. Three random 180,000 μm2 photos
of each slice were taken, the images were transferred to Adobe photoshop, and a grid was

Leal et al. Page 4

Bone. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



superimposed over each picture. Area resorbed was determined by counting the number of grid
intersections over pits divided by total grid intersections. Pits were defined as contiguous
excavations regardless of the number of facets.

RNA isolation from mouse bone marrow cultures and quantitative Real Time– PCR
To obtain RNA from mouse bone marrow cultures, the cells were plated in sterile dishes with
10 ml αMEM D10 medium and treated under the same conditions described above. After 7
days, the cells were harvested in 1 ml of Trizol reagent (Invitrogen, Carlsbad, CA) followed
by detailed protocol steps for RNA isolation from the supplier. DNases treatment and RNA
clean up and RT-PCR conditions were the same as mentioned for lumbar vertebral samples.
The following genes were evaluated: RANK (Mm00437135_m1), RANKL
(Mm00441908_m1), OPG (Mm00435452_m1), CTSK (Mm0048036_m1), and COX-2
(Mm00478372). Each sample was run in triplicate wells on the sample plate to permit statistical
evaluation between different groups of treatment. Relative gene expression levels were
normalized to Human Euk 18S rRNA (20x) from ABI (Foster City, CA) to perform relative
quantification of genes by using the (ddCt) comparative threshold cycle (CT) method. The data
for the treatment groups are expressed as fold change relative to the untreated group as
calibrator.

Statistical Analysis
Data are expressed as the mean ± SD for each group. SAS statistical software (StatView) was
used for data analysis. Statistical differences in relative gene expression between treated (OVX
+FGF2 and OVX+EP4A) and the untreated control group (BSL OVX) were determined by
one-way ANOVA followed by the post hoc Fisher PLSD test. Probabilities (p) less than 0.05
were considered statistically significant. Values for TRAP+ mononuclear, multinuclear, and
giant osteoclastic cells in the 3 groups and the statistical differences in relative gene expression
from in vitro treated and untreated cultures were compared by one-way analysis of variance
(ANOVA) followed by the Newman-Keuls test for multiple comparisons of pairs of means.

RESULTS
Daily treatment of aged OVX rats for 3 weeks with FGF2 and EP4A did not induce weight
loss compared to BSL OVX rats. As previously described (23), FGF2-treated OVX rats were
anemic with blood hematocrit levels below 20%. OVX rats treated with EP4A did not exhibit
signs of gastrointestinal side effects such as diarrhea.

Histomorphometric findings
Bone histomorphometric data from the lumbar vertebral bodies of the 3 groups of rats have
been previously published (30). Briefly, FGF2 treatment of OVX rats markedly increased
osteoblast and osteoid surfaces by 5- to 8-fold compared with the BSL OVX group. These
indices of bone formation were increased to a greater extent in FGF2-treated OVX rats
compared with EP4A-treated OVX rats, which exhibited 2- to 3-fold increases in osteoblast
and osteoid surfaces. Osteoclast surface (Figure 1) was significantly increased by at least of
factor of 3 in EP4A-treated OVX rats compared with BSL OVX rats, but FGF2 treatment did
not increase this index of bone resorption. In view of these effects on bone formation and
resorption, FGF2, but not EP4A, increased cancellous bone matrix (bone + osteoid) in aged
OVX rats to the level of vehicle-treated control rats (30).

In vivo quantitative Real Time - PCR
We previously determined (30) that treatment of OVX rats with FGF2 and EP4A significantly
upregulated expression of the following genes associated with bone formation: type 1 collagen
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(11.9 and 3.6 fold, respectively), osteocalcin (6.8 and 4.3 fold), and Runx2 (5.5 and 2.3 fold).
FGF2 and EP4A also upregulated IGF-1 (1.8 and 1.5 fold), but neither treatment affected gene
expression for BMP-2.

In view of these findings, we investigated the effects of both treatments on the expression of
additional genes known to influence bone turnover. FGF2 and EP4A induced a significant
increase in gene expression for Osx (4.4 fold and 1.9 fold respectively) relative to the BSL
OVX group (Figure 2A). mRNA levels for IGF-2, a growth factor reported to be equally potent
in stimulating cell proliferation as IGF-I, was also significantly increased relative to the BSL
OVX group in aged OVX rats treated with FGF2 (1.6 fold change), but not with EP4A (Figure
2B). On the other hand, neither FGF2 nor EP4A affected gene expression for TGF-β1 (Figure
2C).

We also evaluated the effect of both treatments on gene expression for COX-2 and VEGF
(Figure 3). Neither FGF2 nor EP4A affected COX-2 expression at the doses used in this in
vivo experiment (Figure 3A). In comparison to the BSL OVX group, there was a significant
2.2 fold increase in gene expression for VEGF in response to FGF2 treatment. VEGF gene
expression was also significantly increased by 1.6 fold in OVX rats treated with EP4A (Figure
3B).

We previously found that mRNA levels for RANKL were increased significantly by 5.5 fold
in FGF2-treated OVX rats compared with the BSL OVX group and by 2.4 fold in EP4A-treated
OVX rats (30). In the current study (Figure 4), gene expression for cathepsin K was increased
in aged OVX rats by both FGF2 (2.4 fold) and EP4A (2.2 fold) relative to the BSL OVX group.
In addition, gene expression for osteoprotegerin, the decoy receptor for RANKL and a
physiological inhibitor of cathepsin K, was not significantly affected by treatment with either
FGF2 or EP4A. These results indicate that FGF2 and EP4A induce osteoclastogenesis in a
process compatible with the RANK/RANKL/OPG signaling pathway and stimulate osteoclast
activity by increasing gene expression for cathepsin K.

Evaluation of in vitro osteoclast-like cell formation by TRAP assay and osteoclast activity by
pitting assay

EP4A treatment caused a significant increase in the number of mononuclear, multinuclear, and
giant osteoclasts in bone marrow culture compared with the number of TRAP+ osteoclasts
formed in untreated control cultures (Figure 5A). EP4A stimulated formation of TRAP+

mononuclear cells more than formation of TRAP+ multinuclear and giant cells. Furthermore,
there was no significant difference in the increase in the number of TRAP+ mononuclear,
multinuclear, and giant osteoclasts between marrow cultures treated with EP4A and 1,25D3.
Interestingly, co-treatment of mouse marrow cultures with EP4A and 1,25D3 enhanced the
number of TRAP+ mononuclear (P<0.001), multinuclear (P<0.01), and giant cells (P<0.05)
compared to treatment with 1,25D3 alone. These in vitro findings regarding the stimulatory
effects of EP4A on osteoclast formation are consistent with our in vivo histomorphometric and
gene expression findings in aged OVX rats treated with EP4A. Similar effects on
osteoclastogenesis were found in mouse bone marrow cultures treated with FGF2 (Figure 5B).
There were significant increases in the numbers of FGF2-stimulated TRAP+ mononuclear,
multinuclear, and giant cells compared with the number of these osteoclastic cells in untreated
bone marrow cultures. We also found that co-treatment of mouse marrow cultures with FGF2
and 1,25D3 significantly decreased the formation of TRAP+ cells compared to treatment with
1,25D3 alone as a positive control.

As shown in Figure 6, the stimulatory effects of EP4A, PGE2, and 1,25D3 on osteoclast
differentiation were statistically significant relative to cell cultures treated with the COX-2
inhibitor alone, which suppressed endogenous PGE2. There was no significant difference in
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osteoclast differentiation between cultures treated with PGE2 and EP4A. Additionally, when
the cell culture was treated with PGE2 in combination with the COX-2 inhibitor, there was no
significant difference on osteoclast differentiation compared with treatment with PGE2 alone.
When the cell culture was treated with EP4A in combination with the COX-2 inhibitor, there
was a significant decrease in TRAP+ giant osteoclast formation, but not in TRAP+ mono- and
multinuclear cells, when compared to treatment with EP4A alone. However, there was a
significant reduction in TRAP+ mononuclear, multinuclear, and giant osteoclast formation in
cultures treated with 1,25D3 in combination with the COX-2 inhibitor compared with
1,25D3 alone.

Osteoclastic bone resorption is associated with the formation of actin rings that result from the
reorganization of the actin cytoskeleton of osteoclasts (32). EP4A caused a dose dependent
increase in the number of actin rings compared with 1,25D3 alone (Figure 7A–D). Consistent
with these results, we found that 600 nM of EP4A significantly increased the number of pits
and % area resorbed compared with 1,25D3 (Figure 7E).

Quantitative Real Time– PCR in mouse bone marrow cultures
As shown in Figure 8, RANKL gene expression was upregulated significantly by 3.6 fold
(P<0.001) relative to the calibrator in mouse bone marrow cultures treated with EP4A alone,
by 2.2 fold in cultures treated with FGF2 alone, by 10.8 fold in cultures treated with 1,25D3
alone, by 13.1 fold in cultures co-treated with EP4A and 1,25D3, and by 6.5 fold in cultures
co-treated with FGF2 and 1,25D3. The upregulation of RANKL in the co-treated cultures was
significantly greater when compared to the upregulation by treatment with EP4A and FGF2
alone. Similarly, gene expression for cathepsin K was increased significantly 1.4 fold by
treatment with EP4A and 1,25D3 alone, and the combination of both treatments significantly
enhanced the upregulation of this gene by 1.9 fold (P<0.001) relative to control and single
treatments. FGF2 alone or in combination with 1,25D3 failed to affect CTSK expression. In
addition, both EP4A and FGF2 downregulated gene expression for osteoprotegerin (OPG), the
decoy receptor for RANKL. Gene expression for RANK, the RANKL receptor, was slightly
reduced in the presence of EP4A, FGF2, 1,25D3, or in combination.

As shown in Figure 9, EP4A, 1,25D3, and both agents in combination induced a statistically
significant increase in COX-2 gene expression (1.7, 1.9, and 1.8 fold changes, respectively)
relative to control. In contrast, FGF2 did not affect COX-2 gene expression in the bone marrow
cultures, and inhibited COX-2 expression in the presence of 1,25D3.

DISCUSSION
FGF2 and EP4 agonists are well known to stimulate bone formation (12–15,26,28,30), but
their effects on bone resorption are controversial. Although some in vitro studies indicate that
FGF2 enhances osteoclastogenesis (19,21), osteoclast surface, a histomorphometric index of
bone resorption, is unchanged (30) or even decreased (13,14,23) in OVX rats treated with the
growth factor. Regarding EP4 agonists, Ke et al. (28) reported, in contrast to our previous study
(30), a decrease in osteoclast surface in EP4A-treated OVX rats. The results of the current
study help resolve this controversy by indicating that both FGF2 and EP4A induced expression
of genes associated with bone resorption in vivo as well as stimulated osteoclastogenesis in
vitro. In the lumbar vertebral body of aged OVX rats, gene expression for RANKL and
cathepsin K, but not OPG, were upregulated by FGF2 and EP4A treatment. These findings
indicate that both agents stimulated osteoclastogenesis and the activity of these bone resorbing
cells in vivo. Furthermore, addition of FGF2 and EP4A to the medium of cultured mouse bone
marrow cells increased the formation of TRAP+ mono- and multinuclear cells committed to
the osteoclast lineage, upregulated gene expression for RANKL and cathepsin K, and
downregulated gene expression for OPG. EP4A also increased the formation of actin rings in
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osteoclasts cultured on bone slices and enhanced the resorptive activity of these cells as
revealed by a pitting assay. These data are consistent with EP4A stimulating osteoclast
formation, activation, and bone resorption, and are consistent with the findings that EP4A
stimulates RANKL and inhibits OPG. These in vivo and in vitro findings indicate that both
FGF2 and EP4A have a stimulatory effect on bone resorption.

The above molecular and cellular evidence for enhanced osteoclastogenesis by EP4A is
consistent with the histomorphometric finding of a 2.7-fold increase in osteoclast surface in
EP4A-treated OVX rats. On the other hand, despite similar evidence for a stimulatory effect
on osteoclastogenesis by FGF2, histomorphometric analysis revealed that osteoclast surface
was unaffected by systemic treatment with the growth factor. This inconsistency may be a
consequence of the high percentage (>80%) of cancellous bone surfaces lined by osteoid in
FGF2-treated OVX rats, since osteoclasts are rarely found adjacent to such unmineralized bone
surfaces. FGF2 is known to impair bone mineralization (13,14), which probably results in low
calcium concentrations in the bone microenvironment. In vitro studies have shown that
osteoclastic survival is markedly reduced in calcium-free medium (33), and conversely, high
extracellular calcium levels stimulate osteoclast-like cell formation in osteoblast-containing,
mouse bone cell cultures (34). Therefore, the inconsistent results generated by the molecular
and histomorphometric analyses in FGF2-treated OVX rats may be due, at least in part, to low
calcium levels along osteoid-lined, cancellous bone surfaces.

In mouse bone marrow cultures, both EP4A and FGF2 enhanced the formation of TRAP+
mono- and multinuclear cells. However, these agents had a much smaller effect on the
formation of TRAP+ giant cells representative of mature osteoclasts. This finding suggests
that EP4A and FGF2 have their primary effect on the initial commitment of bone marrow cells
to the osteoclast lineage. In addition, the observed increase in gene expression for cathepsin K
indicates that both FGF2 and EP4A stimulate osteoclastic activity as well as osteoclastogenesis.
This finding regarding EP4A is not surprising in view of a previous report that the stimulatory
effect of PGE2 on bone resorption in vitro is mediated mainly by the EP4 receptor (35).

Since 1,25D3 is well known to stimulate osteoclastogenesis in vitro (36), it seemed appropriate
to compare its effects with those of FGF2 and EP4A on this process. FGF2 increased the
numbers of mono- and multinucleated TRAP+ cells, but not to the same extent as 1,25D3, and
the magnitude of the increase in these osteoclastic cells was reduced in the marrow cell cultures
co-treated with FGF2 and 1,25D3. QRT-PCR analyses of gene expression in these cells
revealed that FGF2 and EP4A as well as 1,25D3 upregulated RANKL and downregulated OPG.
Furthermore, co-treatment of marrow cell cultures with EP4A and 1,25D3 had a greater
stimulatory effect on the formation of mono- and multinuclear TRAP+ cells, greater increases
in gene expression for RANKL and cathepsin K, and a greater downregulation of OPG than
treatment with either agent alone. These findings suggest that EP4A and 1,25D3 stimulate bone
resorption via a common pathway, namely the RANK/RANKL/OPG signaling pathway. In
addition, our observation of increased gene expression for COX-2 by EP4A and 1,25D3
treatment in mouse bone marrow cell cultures suggests an interactive role for the COX-2
signaling pathway in the regulation of osteoclastogenesis by these agents.

In view of the current finding that EP4A induces COX-2 in vitro and a similar, previous finding
in cultured mouse osteoblastic cells (37), we evaluated the potential for endogenous
prostaglandin production to contribute to the stimulatory effects of this agonist as well as
1,25D3 on osteoclastogenesis in mouse bone marrow cells. Co-treatment with a COX-2
inhibitor diminished the increase in all 3 types of TRAP+ cells induced by 1,25D3, which
indicates that this hormone works, at least in part, through endogenous prostaglandin synthesis
and the COX-2 pathway. In contrast, the stimulatory effect of PGE2 on osteoclastogenesis was
not affected by co-treatment with a COX-2 inhibitor, and only the EP4A-induced formation
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of TRAP+ giant cells, but not the mono- and multinuclear TRAP+ cells, was decreased by co-
treatment with this inhibitor. These findings indicate that PGE2 stimulates osteoclastogenesis
downstream from COX-2. Regarding EP4A treatment, the initial increase in commitment of
bone marrow cells to the osteoclast lineage (TRAP+ mono- and multinuclear cells) appears to
occur downstream from COX-2, but the EP4A-induced differentiation of giant TRAP+ cells
may depend, in part, on endogenous prostaglandin synthesis and the COX-2 pathway. The
observed increase in gene expression for COX-2 induced by EP4A in mouse bone marrow
cells is consistent with this latter finding.

Our previous study (30) demonstrated that several genes associated with bone formation such
type I collagen, osteocalcin, and Runx2 were upregulated in the lumbar vertebral body of aged
OVX rats treated with FGF2 and EP4A. In particular, the transcription factor Runx2 appears
to be a downstream target for FGF2 and EP4A signaling that may mediate the transactivation
of downstream genes characteristic of osteoblast differentiation and function such as
osteocalcin and type I collagen. The current study expanded on these findings by determining
that FGF2 and EP4A treatment also increased gene expression for osterix, which is a
transcription factor involved in the control of Runx2 function and the regulation of bone
formation. The observed upregulation of osterix was significantly greater in FGF2-treated
OVX rats compared with EP4A-treated OVX rats. This was also the case for genes such type
I collagen and Runx2 (30). These findings at the molecular level are consistent with the tissue-
level histomorphometric findings (30), and add further support to the contention that FGF2
has a stronger bone anabolic effect than EP4A (23).

One of the limitations of the study is that only one dose of FGF2 and EP4A was tested, and
the possibility that a different dose of EP4A may have induced an anabolic effect comparable
to that of FGF2 cannot be ruled out. Another limitation is that the in vivo portion of the study
was performed in rats, whereas the osteoclastogenesis studies were performed in mouse bone
marrow cells. Therefore, potential species differences in the skeletal responses to FGF2 and
EP4A may complicate comparisons between the in vivo and vitro findings. However, FGF2
has similar bone anabolic effects without stimulating bone resorption in OVX rats and mice
(30,38). To our knowledge, the skeletal effects of EP4A treatment have not been reported in
mice, but the observation of osteopenia and decreased bone formation in EP4 receptor knockout
mice (27) is consistent with a stimulatory effect of an EP4 agonist on bone formation in this
species.

In view of the well known angiogenic effects of FGF2 (39), it is not surprising that OVX rats
treated with the growth factor exhibited increased gene expression for VEGF. Based on reports
that osteoblastic cells express VEGF and its receptors (40) and that this growth factor is
associated with osteogenesis (41), VEGF may play a role in the marked increase in bone
formation induced by FGF2 treatment. Interestingly, gene expression for IGF-I, which is
known to induce VEGF in osteoblast-like cells (42), was also increased in FGF2-treated OVX
rats (30). Furthermore, the current study showed that these animals were characterized by
increased gene expression for IGF-2, which is a known stimulator of bone formation (43).
Therefore, the strong bone anabolic effect of FGF2 most likely involves interactions with
signaling pathways for other growth factors such as VEGF and the IGFs. On the other hand,
gene expression for TGF-β1, another TGF-β family member that plays an important role in
bone formation (44), was unaffected by treatment with FGF2 and EP4A. This finding regarding
TGF-β1 is somewhat unexpected in that FGF2 has been reported to upregulate gene expression
for TGF-β1 in osteoblast-like cells in vitro (45) and in intact rats treated with FGF2 for 7 days
(22). However, this discrepancy may be a consequence of the longer duration of FGF2
treatment (3 weeks) in the current study, which does not allow for detection of early changes
in gene expression in response to FGF2. This may also be the reason for the lack of an effect
of FGF2 and EP4A on gene expression for COX-2 in bone tissue from aged OVX rats, despite
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evidence that this gene is induced by EP4A and FGF2 in vitro (37,46) and involved in the
regulation of bone resorption (47).

In summary, the current study generated in vivo and in vitro evidence for a stimulatory effect
of FGF2 and EP4A on osteoclastogenesis. Regarding FGF2, this effect is evident at the
molecular level in vivo and in cultured mouse bone marrow cells, but is masked in vivo at the
tissue level by excessive osteoid on cancellous bone surfaces, which is not conducive to the
attachment of mature osteoclasts. Therefore, treatment with FGF2 is strongly anabolic in favor
of bone formation and a marked accumulation of new bone matrix. EP4A treatment was also
found to induce molecular events associated with osteoclastogenesis, but in contrast to FGF2,
this was reflected by an increase in osteoclast numbers and bone resorption in aged OVX rats
treated with this agent. Therefore, the observed increase in bone formation was in balance with
the increase in bone resorption so that EP4A failed to increase cancellous bone mass in these
animals. These in vivo and in vitro findings provide insight into differences in the efficacy of
two potential bone anabolic agents for restoration of lost bone mass in the osteopenic, estrogen-
deplete skeleton.
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Figure 1.
Cancellous bone tissue in the lumbar vertebral body of an aged OVX rat treated for 3 weeks
with the EP4 agonist, which induced formation of large, multinucleated osteoclasts (arrow)
within resorptive lacunae. EP4 treatment increased osteoclast surface, an index of bone
resorption, by nearly three-fold compared with baseline OVX rats. (Von Kossa/tetrachrome
stain; original magnification, X400).
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Figure 2.
Effects of FGF2 and EP4 on the expression of A. OSX, B. IGF-2, C. TGF-β1, in lumbar
vertebral bodies from of the following groups: Baseline OVX (BSL OVX), and OVX rats
treated for 3 weeks with FGF2 (OVX+FGF2) or EP4 (OVX+EP4). Bars indicate mean ± SD
of 5 animals. aSignificantly different from the BSL OVX group (P<0.05). bSignificantly
different from the OVX+FGF2 group (P<0.05).

Leal et al. Page 14

Bone. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Effects of FGF2 and EP4 on the expression of A. COX-2 and B. VEGF, in lumbar vertebral
bodies from of the following groups: Baseline OVX (BSL OVX), and OVX rats treated for 3
weeks with FGF2 (OVX+FGF2) or EP4 (OVX+EP4). Bars indicate mean ± SD of 5
animals. aSignificantly different from the BSL OVX group (P<0.05).
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Figure 4.
FGF2 and EP4 regulate the expression of A. RANKL, B. OPG, and C. CTSK mRNAs
associated with bone resorption in lumbar vertebral bodies from ovariectomized (OVX) rats.
Figures present fold changes relative to r18s from of the following experimental groups:
Baseline OVX (BSL OVX), and OVX rats treated for 3 weeks with FGF2 (OVX+FGF2) or
EP4 (OVX+EP4). Values are the mean ± SD from 5 OVX rats per group. aSignificantly
different from BSL OVX (P<0.05).
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Figure 5.
Effects of FGF2, EP4, and 1,25-dihydroxivitamin D3 (1,25D3) on osteoclast formation. Mouse
bone marrow was cultured with FGF2, EP4, 1,25D3, FGF2 + 1,25D3 and EP4 + 1,25D3 for 7
days. TRAP-positive cells were identified as mononuclear (one nucleus), multinuclear (2–10
nuclei), or giant (>10 nuclei) cells. Values are expressed as the mean ± SD for triplicate
cultures. aSignificantly different from control (untreated mouse bone marrow culture)
(P<0.05). bSignificantly different from mouse bone marrow culture treated with 1,25D3 alone
(P<0.05).
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Figure 6.
Effects of COX-2 inhibitor on osteoclast differentiation. Mouse bone marrow cells were
cultured with EP4, PGE2, 1,25D3, or EP4 + 1,25D3 with and without COX-2 inhibitor
(NS-398) for 7 days. TRAP-positive cells were identified as mononuclear (one nucleus),
multinuclear (2–10 nuclei), or giant (>10 nuclei) cells. No TRAP+ giant cells were detected
in the cultures treated with the COX-2 inhibitor alone. Values are expressed as the mean ± SD
for triplicate cultures. aSignificantly different from control (COX-2 inhibitor-treated mouse
bone marrow culture) (P<0.05). bSignificantly different from mouse bone marrow culture
treated with EP4 + COX-2 inhibitor (P<0.05). CSignificantly different from mouse bone
marrow culture treated with 1,25D3 + COX-2 inhibitor (P<0.05).
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Figure 7.
Effects of EP4 and 1,25D3 on the formation of actin rings and resorptive pits on bone slices.
Marrow cells that had been cultured for 5 days with 1,25D3 were scraped and plated on bone
slices. Pits were determined by examining bone slices using differential interference contrast
optics. A. Cultures treated with 1,25D3 alone, B. Cultures treated with 60 nM EP4 + 1,25D3,
C. Cultures treated with 600 nM EP4 +1,25D3 with arrows showing the actin rings. Scale bar
= 25 μm, D. Quantitation of the actin rings showing that their formation in response to EP4 is
dose dependent, E. Quantitation of the pitting is shown in the bar graph. Values are expressed
as the mean ± SD of 5 measurements. aSignificantly different from culture treated with
1,25D3 (P<0.05).
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Figure 8.
Effects of FGF2 and EP4 on the expression of A. RANKL, B. RANK, C. OPG, and D. CTSK
mRNA in mouse bone marrow cells. Cultures were treated with FGF2, EP4, 1,25D3, FGF2 +
1,25D3 or EP4 + 1,25D3. Figures represent the fold induction relative to the untreated bone
marrow culture. aSignificantly different from control (untreated mouse bone marrow culture)
(P<0.05). bSignificantly different from mouse bone marrow culture treated with 1,25D3 alone
(P<0.05).
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Figure 9.
Effects of FGF2 and EP4 on gene expression for COX-2 in mouse bone marrow cells. Cultures
were treated with FGF2, EP4, 1,25D3, FGF2 + 1,25D3 or EP4 + 1,25D3. Figures represent the
fold induction relative to the untreated bone marrow culture (control). aSignificantly different
from control (P<0.05).

Leal et al. Page 21

Bone. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


