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Effects of Basic Fibroblast Growth Factor and a Prostaglandin E2
Receptor Subtype 4 Agonist on Osteoblastogenesis and Adipogenesis
in Aged Ovariectomized Rats
J Ignacio Aguirre,1 Martha E Leal,1 Mercedes F Rivera,1 Sally M Vanegas,1 Marda Jorgensen,2 and Thomas J Wronski1

ABSTRACT: bFGF stimulates osteo- and adipogenesis concurrently at skeletal sites with red but not with
fatty marrow, whereas a PGE2 receptor subtype 4 agonist has bone anabolic effects at both skeletal sites and
decreases adipose tissue within red and fatty marrow.
Introduction: Basic fibroblast growth factor (bFGF) stimulates osteogenesis at skeletal sites with hematopoietic but not with fatty marrow. The prostaglandin E2 (PGE2) receptor subtype 4 agonist (EP4A) stimulates
osteogenesis at the former skeletal sites, but its effects at fatty marrow sites are unknown. In addition, both
bFGF and PGE2 through the EP4 receptor have also been implicated in adipogenesis. However, their specific
effects on bone marrow adipogenesis and the inter-relationship with osteogenesis have never been studied in
vivo.
Materials and Methods: Female Sprague-Dawley rats were ovariectomized (OVX) or sham-operated and
maintained for 1 yr after surgery. OVX rats were then injected daily with bFGF or with EP4A SC for 3 wk.
The osteo- and adipogenic effects of these agents were assessed by histomorphometry and by determining
changes in expression of genes associated with these events by real-time PCR in the lumbar and caudal
vertebrae, bones with a predominance of hematopoietic and fatty marrow, respectively. Expression of
FGFR1–4 and the EP4 receptor were also evaluated by real-time PCR and immunocytochemistry.
Results: bFGF and EP4A stimulated bone formation at skeletal sites with hematopoietic marrow, but only the
later anabolic agent is also effective at fatty marrow sites. The diminished bone anabolic effect of bFGF at the
fatty marrow site was not caused by a lack of cell surface receptors for the growth factor at this site.
Interestingly, whereas EP4A decreased fatty marrow area and the number of adipocytes, bFGF increased
osteogenesis and adipogenesis within the bone marrow.
Conclusions: bFGF can stimulate osteogenesis and bone marrow adipogenesis concurrently at red marrow
sites, but not at fatty marrow sites. In contrast, EP4A stimulates bone formation at skeletal sites with hematopoietic and fatty marrow and simultaneously decreased fatty marrow area and the number of adipocytes in
the bone marrow, suggesting that osteogenesis occurs at the expense of adipogenesis.
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INTRODUCTION

M

currently approved therapies for osteoporosis are antiresorptive agents, which prevent additional bone loss from occurring in patients with established
osteoporosis but are limited in their ability to completely
restore lost bone mass. This limitation has focused attention
on the development of bone anabolic agents such as PTH as
osteoporosis therapies. Preclinical studies have evaluated
potential alternatives to PTH. Basic fibroblast growth factor (bFGF) has a strong stimulatory effect on bone formation in osteopenic ovariectomized (OVX) rats,(1–3) a wellOST OF THE
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accepted animal model for postmenopausal bone loss.(4,5)
Basic FGF has also been shown to have an anabolic capability beyond that of PTH in that the growth factor induces
formation of osteoid spicules within bone marrow devoid of
bone.(6) However, bFGF is ineffective at skeletal sites with
fatty marrow(7) and has adverse side effects, most notably
anemia, which makes its use in humans problematic.
Prostaglandin E2 (PGE2) is another strong stimulator of
bone formation with the ability to restore lost cancellous
bone mass in osteopenic OVX rats.(8,9) However, much like
bFGF, adverse side effects have slowed its development as
an osteoporosis therapy. Fortunately, a strategy has been
advanced to circumvent these side effects by use of a boneselective analog for PGE2. The pharmacological activities
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of PGE2 are mediated through four cell surface receptor
subtypes, EP1–EP4.(10,11) In vitro(12,13) and in vivo(14,15)
studies provide strong support for the contention that the
bone anabolic effect of PGE2 in rodents is mediated mainly
by the EP4 receptor. More recently, Ke et al.(16) found that
the nonprostanoid EP4 receptor selective PGE2 agonist
stimulates cancellous and cortical bone formation at skeletal sites with hematopoietic marrow and restores bone
mass and bone strength in aged OVX rats with established
osteopenia. However, the bone anabolic effects of this agonist have never been studied at skeletal sites with fatty marrow. In addition, PGE2 has been found to decrease fatty
marrow area in the proximal tibial metaphysis of aged
rats(17) and to negatively regulate adipogenesis in 3T3-L1
preadipocyte cells by acting through the EP4 receptor.(18,19)
Therefore, it is important to determine the effect of this
agonist and bFGF on bone marrow adipogenesis and its
relation to osteogenesis.
Osteoblasts and adipocytes are differentiated cells derived
from common marrow mesenchymal progenitors.(20–23)
Early studies from Beresford et al.(23) suggested that there
is an inverse relationship between adipocytic and osteoblastic differentiation and that commitment to one or the other
pathway depends on culture conditions. They also proposed
that the differentiation pathway is determined at the level
of a common precursor in adult marrow. Subsequently,
many in vitro and in vivo studies have substantiated this
contention. For instance, a variety of peroxisome proliferator activated receptor ␥ (PPAR␥) ligands have been shown
to induce bone marrow stromal cell (BMSC) adipogenesis
but also to inhibit osteogenesis.(24) In addition, administration of the PPAR␥ ligand rosiglitazone to intact mice decreased bone mass and osteoblast number, but increased
adipocyte number in the bone marrow.(25) In contrast, lipodystrophic PPAR␥hyp/hyp mice, which display reduced
adipose tissue and fatty marrow volume because of a selective deficit of PPAR␥ in fat, also express a high bone mass
phenotype.(26) Clinical observations have also established
that conditions characterized by decreased bone mass such
as aging, diabetes, and osteoporosis are accompanied by
increased adipose tissue within the bone marrow.(20,27–30)
Although this hypothesis of an inverse relationship between adipogenesis and osteoblastogenesis has dominated
the bone field for over a decade, recent findings have presented a strong challenge to this paradigm.(31) For example,
the PPAR␥ ligands GW0072 and netoglitazone can block
osteoblast differentiation without inducing adipogenesis in
murine cell lines.(24,32)
In vitro studies have shown that bFGF promotes proliferation of BMSCs and their differentiation into osteogenic
cells.(33–36) However, depending on the inducing stimuli in
culture medium, bFGF can eventually induce adipogenic
differentiation and expression of adipocyte-specific genes in
BMSCs.(37,38) More recently, bFGF has also been implicated in the enhancement of adipogenesis in vivo.(39,40)
However, the effect of bFGF on bone marrow adipogenesis
and its link to osteogenesis have never been studied in vivo.
The main goal of the study was to compare the bone
anabolic effects of bFGF and EP4A at skeletal sites with
red and fatty marrow in aged OVX rats by histomorpho-
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metric techniques and quantitative real time RT-PCR. In so
doing, the effects of these anabolic agents on osteogenesis
and adipogenesis in vivo were also studied. The findings
suggest that the inverse relationship between osteoblastogenesis and adipogenesis occurred in EP4A-treated OVX
rats but not in bFGF-treated OVX rats.

MATERIALS AND METHODS
Animals and experimental groups
A total of 35 virgin female Sprague-Dawley rats (Charles
River) that were ∼12 weeks of age and weighed an average
of 240 g on arrival 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, USA). Within 2 wk of their arrival, rats were
anesthetized with an intraperitoneal injection of ketamine
hydrochloride and xylazine at doses of 50 and 10 mg/kg
body weight, respectively. Sham surgeries were performed
in 10 rats, during which the ovaries were exteriorized but
replaced intact. Bilateral ovariectomies were performed in
25 rats from a dorsal approach. The 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%. Sham-operated rats were allowed unlimited access to food (Teklad LM-485 Rat Diet). The food
consumption of OVX rats was restricted to that of shamoperated rats to minimize the increase in body weight associated with OVX.(41) All rats were maintained in this
manner for 1 yr after surgery to allow for the development
of cancellous osteopenia in the OVX groups.(42)
The rats were then divided into the following four experimental groups: the sham-operated (n ⳱ 10) rats served
as the BSL control group, a group of OVX rats (n ⳱ 8)
served as the BSL OVX group, a group of OVX rats (n ⳱
8) was injected daily with bFGF subcutaneously for 3 wk
(OVX + bFGF group), and a group of OVX rats (n ⳱ 9)
was injected daily with the EP4 agonist CP-734432 (EP4A)
subcutaneously for 3 wk (OVX + EP4A group). The bFGF
(Chiron Corp.) was dissolved in a vehicle of PBS and administered subcutaneously at a dose of 1 mg/kg body
weight. The EP4 agonist CP-734432 (Pfizer Global Research and Development) was dissolved in a vehicle of 5%
ethanol and administered subcutaneously at a dose of 3
mg/kg body weight. All rats were injected with demeclocycline (Sigma) at a dose of 15 mg/kg body weight on the 17th
(subcutaneously) and 16th (intraperitoneally) days before
death and with the same dose of calcein (Sigma) on the 7th
(subcutaneously) and 6th (intraperitoneally) days before
death to label actively forming bone surfaces.
All rats were killed when they were between 15 and 16
mo of age. Death was achieved by exsanguination from the
abdominal aorta under ketamine/xylazine anesthesia. Hematocrit was measured at the time of necropsy with a microhematocrit reader (Clay Adams). Lumbar vertebra
(LV) 1 and caudal vertebra (CV) 5 were excised and
cleaned of soft tissue. Their bodies were scraped along the
ventral surface to expose bone marrow, placed in 10%
phosphate-buffered formalin for 24 h, and subsequently
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transferred to 70% ethanol for histological processing. LV
5 and 6 and CV 7 and 8 were excised and cleaned of soft
tissue, and their vertebral processes and intervertebral disks
were removed. The vertebral bodies were immediately
snap-frozen in liquid nitrogen and stored at −80°C for RNA
isolation.

Cancellous bone and adipose
tissue histomorphometry
The LV and CV were dehydrated in ethanol, embedded
undecalcified in modified methyl methacrylate,(43) and sectioned longitudinally with Jung 2065 and 2165 microtomes
(Leica) at thicknesses of 4 and 8 m. The thinner sections
were stained according to the von Kossa method with a
tetrachrome counterstain (Polysciences), whereas the
8-m-thick sections remained unstained for collection of
fluorochrome-based data.
The region of interest for data collection consisted of
vertebral cancellous bone tissue at distances >0.5 mm from
the cranial and caudal growth plates, which excludes the
primary spongiosa. Histomorphometric measurements
were performed with the Bioquant Bone Morphometry
System (R&M Biometrics) and the Osteomeasure/
Trabecular Analysis System (Osteometrics). Structural
variables such as cancellous bone volume and trabecular
thickness, number, and separation were measured in
stained sections at a magnification of ×20. Osteoid volume,
as a percentage of bone tissue area, and osteoblast, osteoid,
and osteoclast surfaces, as percentages of total cancellous
perimeter, were measured in the same sections at ×200.
Fluorochrome-based indices of bone formation, including
mineralizing surface (percent cancellous bone perimeter
with double fluorochrome labels) and mineral apposition
rate were measured at ×200 in the thicker, unstained sections. Bone formation rate (surface referent) was calculated
by multiplying mineralizing surface by mineral apposition
rate.(44) The terminology used was based on recommendations by the Histomorphometry Nomenclature Committee
of the American Society of Bone and Mineral Research.(45)
Adipogenesis was assessed by determining adipose tissue
area, number of adipocytes per bone marrow area, and
adipocyte perimeter in the LV and CV, within the same
region of interest where bone histomorphometry was performed and in the same histologic sections. Because intracellular fat deposits were removed during tissue processing,
adipocytes were identified as unstained, round spaces. Adipose tissue area was expressed as the percentage of the total
bone marrow area occupied by adipocytes. The number of
fat cells was expressed as total adipocytes per bone marrow
area, and adipocyte perimeter, as an indicator of cellular
size, was expressed in microns.

RNA extraction, real-time PCR, and determination
of relative expression of genes associated with
osteoblastogenesis and adipogenesis
Total RNA was extracted and isolated from LV 5 and 6
and CV 7 and 8 by pulverizing the vertebral bodies with a
freezer mill (Spex Certiprep) in a solution of guanidine
thiocyanate. Total RNA was reverse-transcribed in 25 l of

879

a reaction mixture (with ∼11.25 ng of cDNA) that contained
reverse transcription buffer, deoxynucleotide triphosphate
mixture, random primers, and 5 U/l MultiScribe RT, using
the High-Capacity cDNA Archive Kit (Applied Biosystems), at 25°C for 10 min and 37°C for 2 h. RNA was
purified with Turbo DNA-free (Ambion) and cleaned with
the RNeasy MinElute kit (Qiagen). Primers and probes
were obtained from Applied Biosystems for the following
genes: type 1 collagen (Rn00710306_m1), osteocalcin
(Rn00566386-g1), Runx2 (Rn01512296_m1), IGF-I
(Rn01463848_m1), BMP2 (Rn00567818_m1), RANKL
(Rn00580723_m1), COX-2 (Rn00568225_m1), and PPAR␥
(Rn01492271_m1). The PCR reaction was performed in a
7500 Real-Time PCR Detection System (Applied Biosystems). Relative gene expression levels were normalized to
Human Euk 18S rRNA. The fold changes in gene expression were calculated using the ⌬Ct comparative threshold
cycle method (Applied Biosystems).

Expression of FGFR1–4 and EP4 receptor in the
LV and CV
For this purpose, eight aged (11 mo of age) female
Sprague-Dawley rats were obtained from Charles River.
Bilateral ovariectomies were performed in five rats, and
sham surgeries were performed in the remaining three rats
as described above. Extraction of mRNA, real-time PCR,
and determination of relative gene expression for FGFR1
(Rn00577234_m1), FGFR2 (Rn01506943_m1), FGFR3
(Rn00584799_m1), FGFR4 (Rn01441815_m1), and the EP4
receptor (Rn00583420_m1; Applied Biosystems) in the LV
and CV were performed as described above.
In addition, the protein expression of these receptors was
determined in situ in the LV and CV by immunohistochemistry. For this purpose, paraffin-embedded sections (5m)
of these vertebral sites were deparaffinized and rehydrated
through graded alcohols. Endogenous peroxidase was
quenched by treatment with 3% hydrogen peroxide in
methanol for 10 min. Sections were heat antigen retrieved
in 0.1 M citrate buffer, pH 6.0. Nonspecific binding of antibody was blocked with normal rabbit serum (4%) for 20
min before applying primary antibodies. Sections were incubated overnight with polyclonal antibodies directed
against FGFR1 (1.3 g/ml), FGFR2 (1 g/ml), FGFR3 (8
g/ml), FGFR4 (8 g/ml; Santa Cruz Biotechnology), and
the EP4 receptor (4 g/ml; Cayman Chemical) overnight at
4°C in a humidified chamber. Primary antibodies were diluted 1:150 with antibody diluent (Zymed Laboratories).
The antigen was visualized with the ABC technique (Vectastain ABC Elite; Vector Laboratories). Diaminobenzidene (DAB) was used as the chromogen, and the development was halted by immersion in water after 5 min. Batches
of slides (12–25 sections) were processed together to attain
consistency in the degree of substrate development. The
specificity of immunostaining was shown by the absence of
signal in sections incubated with isotype- and concentration-matched control rabbit IgG (Vector Laboratories) instead of the primary antibody. Whole murine embryos
were used as positive controls. Slides were counterstained
with hematoxylin (QS; Vector Laboratories), dehydrated,
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cleared in xylene, mounted in Permount (Fisher Scientific),
and examined by light microscopy.

Statistical analysis
Data are expressed as mean ± SD for each group. The
PRISM 3.02 statistical package was used for data analysis.
Changes in histomorphometric variables and gene expression were analyzed by ANOVA. When ANOVA assumptions regarding normality of data were not met, the nonparametric Kruskal-Wallis test was used. Regardless of the
test used, statistically significant differences among the experimental groups were determined using the Bonferroni
posthoc test. Within each experimental group, a paired
t-test was used to compare changes in histomorphometric
variables and gene expression between the LV and CV.
p < 0.05 was considered significant.

RESULTS
There were no statistically significant differences in body
weight among the experimental groups. Treatment of OVX
rats for 3 wk with bFGF significantly decreased the mean
blood hematocrit level to 17.3 ± 3.0%, in contrast to the
normal hematocrit values (38–43%) observed in all other
groups.(46)

bFGF and EP4A stimulated bone formation at
skeletal sites with hematopoietic marrow, but only
EP4A was effective at fatty marrow sites
The bone anabolic effects of bFGF and EP4A in aged
OVX rats were determined in the LV and CV, bones with
a predominance of hematopoietic and fatty marrow, respectively. Table 1 summarizes the histomorphometric findings,
and Fig. 1 shows representative photomicrographs of the
changes induced by these treatments. BSL OVX rats were
characterized by decreased cancellous bone volume in the
LV, but not in the CV, compared with BSL control rats.
Treatment of aged OVX rats for 3 wk with bFGF and
EP4A did not increase cancellous bone volume at either
skeletal site. However, osteoid volume was markedly increased by bFGF treatment in the LV, but not the CV.
Treatment with EP4A did not affect osteoid volume in the
LV, but significantly increased this variable in the CV.
bFGF markedly increased osteoid and osteoblast surfaces
in the LV, but had no effect on these indices of bone formation in the CV (Fig. 2). In contrast, the EP4 agonist
increased these variables at both skeletal sites. The EP4Ainduced increase was greater in the CV than in the LV, as
observed for osteoid surface (2.6- and 211-fold) and osteoblast surface (2.9- and 119-fold), respectively (Fig. 2). Moreover, EP4A also induced a greater increase in the CV than
the LV in mineralizing surface (43- and 177-fold) and surface-referent bone formation rate (75- and 240-fold), respectively (Fig. 2). The increase in cancellous bone formation rate was caused by increases in both mineralizing
surface and mineral apposition rate (Table 1). An almost
total lack of fluorochrome labeling was observed in cancellous bone of the rats treated with bFGF, as previously reported,(3) because the growth factor impairs bone mineral-

ization. Osteoclast surface was not affected by bFGF
treatment in the LV or CV, whereas this index of bone
resorption was significantly increased by EP4A treatment
in the LV.

EP4 agonist increased expression of genes involved
in osteogenesis at skeletal sites with hematopoietic
and fatty marrow, but bFGF was only effective at
the skeletal site with hematopoietic marrow
Consistent with the histomorphometric findings, bFGF
induced a greater increase in the LV compared with the CV
in mRNA levels (Fig. 3) for collagen type I (11.9- and 2.6fold), osteocalcin (6.8- and 1.5-fold), and Runx2 (5.5- and
2.5-fold). In contrast, EP4A induced a greater increase in
mRNA levels for collagen type I (43.7- and 3.6-fold), osteocalcin (39.8- and 4.3-fold), and Runx2 (5.7- and 2.3-fold)
in the CV compared with the LV, respectively (Fig. 3).
Moreover, bFGF treatment upregulated gene expression
for IGF-I only in the LV, whereas EP4A increased mRNA
levels for IGF-I and BMP-2 in the CV, but not in the LV.
In addition, both bFGF and EP4A increased mRNA levels
for RANKL in the LV and CV, but neither of these treatments affected gene expression for COX2 (data not
shown).
These findings indicate, at the cellular and molecular
level, that EP4A leads to an enhancement in osteoblastogenesis at skeletal sites with hematopoietic and fatty marrow, but bFGF is effective only at the former skeletal sites.

Basic FGF increased adipogenesis in the LV,
whereas EP4A decreased adipogenesis at both the
LV and the CV
The adipogenic effect of bFGF and EP4A was assessed in
the LV and the CV by determining the area of the bone
marrow occupied by adipose tissue, the number of adipocytes, and the perimeter of these adipocytes as an indicator
of cellular size. As expected, OVX significantly increased,
compared with BSL control, fatty marrow area, and the
number of adipocytes, by 4.6- and 4.5-fold, respectively, in
the LV (Fig. 4). In contrast, no significant differences were
observed in the CV. Interestingly, bFGF treatment further
augmented these variables in the LV by 2- and 2.5-fold
compared with the BSL OVX group. However, the adipogenic effect of bFGF was not observed in the CV. In contrast, OVX rats treated with EP4A had reduced fatty marrow area (4.4- and 0.26-fold) and number of adipocytes
(2.9- and 0.27-fold) in the LV and CV, respectively. However, treatment of aged OVX rats with either bFGF or
EP4A did not affect adipocyte size.

bFGF increased the expression of PPAR␥ in the
LV but not in the CV
The mRNA levels for PPAR␥, a gene associated with
adipogenesis, were analyzed in the LV and CV using realtime RT-PCR (Fig. 5). Consistent with the histomorphometric findings, bFGF induced a significant increase in the
mRNA levels for PPAR␥ (2-fold) in the LV but not in the
CV. In contrast, mRNA levels for PPAR␥ did not change in
the LV or the CV with EP4A treatment.
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%
m
#/mm
m
%
%
%
%
%
m/d
m3/m2/d

Units
10
40.5 ± 4.0
63.3 ± 5.1
6.4 ± 0.5
93.6 ± 12.1
0.1 ± 0.1
2.3 ± 1.1
2.2 ± 1.1
0.8 ± 0.6
0.6 ± 0.7
0.9 ± 0.1
0.5 ± 0.6

BSL control
8
22.5 ± 6.2*
53.5 ± 11
4.1 ± 0.4*
190.3 ± 34.7
0.1 ± 0.1
10.4 ± 6.4
10.7 ± 6.3
1.0 ± 0.4
0.4 ± 0.9
0.8 ± 0.1
0.4 ± 0.7

BSL OVX

LV
AND

8
19.8 ± 5.6*
42.3 ± 6.4*
4.7 ± 1.1*
183.4 ± 59.4
16.9 ± 5.4*†§
86.7 ± 4.9*†
55.8 ± 7.7*†
0.7 ± 0.7
0.2 ± 0.2
0.6 ± 0.1
0.1 ± 0.1

9
25.0 ± 10*
68.0 ± 9.4†‡
3.6 ± 1.2*
263.2 ± 194.6
0.2 ± 0.1
27.2 ± 7.8*‡
31.0 ± 7.8*
2.7 ± 1.1*†‡
17.2 ± 5.3*†‡
1.7 ± 0.3*†‡
29.6 ± 11.1*†‡

OVX + EP4A
10
26.5 ± 11.4¶
66.3 ± 15.9
3.9 ± 0.7
200.5 ± 61.3
0.1 ± 0.1
0.2 ± 0.4¶
0.2 ± 0.4¶
0.1 ± 0.1¶
0.1 ± 1.5¶
—
—

BSL control

CV FROM AGED OVX RATS TREATED

OVX + bFGF

LV

IN THE

WK

AND

EP4A

8
18.1 ± 4.3
55.6 ± 4.1
3.3 ± 0.8
265.1 ± 70.6
0.1 ± 0.1††
1.7 ± 2.1††
0.9 ± 1.5††
0.2 ± 0.3††
0.1 ± 0.1††
—
—

OVX + bFGF

CV

WITH bFGF

BSL OVX

3

8
19.1 ± 9.4
59.7 ± 15.5
3.0 ± 0.8
296.7 ± 130
0.1 ± 0.1
0.1 ± 0.2**
0.2 ± 0.3**
0.2 ± 0.2
0.1 ± 0.1**
—
—

FOR

9
22.5 ± 5.4
70.1 ± 10
3.2 ± 0.7
254.7 ± 74.2
1.2 ± 0.7*†‡‡‡
29.6 ± 12.1*†‡
23.9 ± 12.5*†‡
0.2 ± 0.2‡‡
17.8 ± 9.0*†‡
2.5 ± 3.3‡‡
24.6 ± 8.6

OVX + EP4A

Histomorphometric parameters were measured in rats of the following experimental groups: baseline control (BSL control), baseline OVX (BSL OVX), and OVX rats treated for 3 wk with bFGF (OVX + bFGF)
or EP4 (OVX + EP4A). Data are the mean ± SD. Data were analyzed by ANOVA or the Kruskal-Wallis test.
* Significantly different from the BSL control group (p < 0.05).
†
Significantly different from the BSL OVX group (p < 0.05).
‡
Significantly different from the OVX + bFGF group (p < 0.05).
§
Significantly different from the OVX + EP4A group (p < 0.05).
Within each group, a paired t-test was used to compare histomorphometric parameters in LV vs. CV.
¶
Significantly different from the LV of the BSL control group (p < 0.05).
** Significantly different from the LV of the BSL OVX group (p < 0.05).
††
Significantly different from the LV of the from the OVX + bFGF group (p < 0.05).
‡‡
Significantly different from the LV of the OVX + EP4A group (p < 0.05).

n
Cancellous bone volume
Trabecular width
Trabecular number
Trabecular separation
Osteoid volume
Osteoid surface
Osteoblast surface
Osteoclast surface
Mineralizing surface
Mineral appositional rate
Bone formation rate

Measurements

TABLE 1. HISTOMORPHOMETRIC PARAMETERS MEASURED
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FIG. 1. EP4A has a strong bone anabolic effect at skeletal sites
with red (lumbar vertebra) and fatty marrow (caudal vertebra),
but bFGF is effective in stimulating bone formation only at the
red marrow site. Note the marked increase in osteoid (O) and
osteoblasts (arrows) in the lumbar vertebra, but not the caudal
vertebra, from an aged OVX rat treated with bFGF (OVX +
bFGF). In contrast, EP4A treatment of aged OVX rats (OVX +
EP4A) markedly increased osteoblast surface at both skeletal
sites. (von Kossa/tetrachrome stain; original magnification, ×100).
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in the level or pattern of expression of these receptors could
explain the variability in the osteogenic and adipogenic responses observed with bFGF and EP4A. For this purpose,
mRNA levels and protein expression for FGFR1–4 and
EP4 receptor were analyzed in the LV and CV by real-time
PCR and immunocytochemistry, respectively.
We found that aged OVX rats consistently express the
four FGFRs and the EP4 receptor in the LV and the CV
(Fig. 6). Of all FGFRs, FGFR1 and FGFR2 were the most
abundantly expressed at both vertebral sites. Interestingly,
quantitative PCR analysis revealed that mRNA levels for
FGFR1–4 were significantly higher in the CV compared
with the LV by 6.3-, 3.3-, 4.9-, and 13.8-fold, respectively
(Fig. 6). In contrast, no significant difference was observed
in mRNA levels for the EP4 receptor at these different
vertebral sites.
Prominent histological differences exist between the LV
and the CV. The LV has a hypercellular bone marrow, with
a limited amount of adipose tissue, and endocortical and
cancellous bone surfaces that are actively remodeling.
Hence, osteoblasts and osteoclasts are regularly present at
these sites. In contrast, the CV has a hypocellular bone
marrow with most of its space filled with adipocytes. In

FIG. 2. EP4A stimulates bone formation at
skeletal sites with hematopoietic and fatty
marrow, but bFGF is effective only at the
former skeletal site. Mean values for (A) osteoid surface, (B) osteoblast surface, (C)
mineralizing surface, and (D) bone formation rate were determined in LV and CV
from rats of the following experimental
groups: baseline control (BSL control), baseline OVX (BSL OVX), and OVX rats
treated for 3 wk with bFGF (OVX + bFGF)
or with EP4A (OVX + EP4A). Bars indicate
mean ± SD of 8–10 animals. Data were analyzed by ANOVA or the Kruskal-Wallis test.
a
Significantly different from the BSL control
group (p < 0.05). bSignificantly different
from the BSL OVX group (p < 0.05). cSignificantly different from the OVX + bFGF
group (p < 0.05). dSignificantly different from
the OVX + EP4A group (p < 0.05). Within
each experimental group, a paired t-test was
used to compare these histomorphometric
variables in the LV and the CV. 1Significantly different from the LV of the BSL
control group (p < 0.05). 2Significantly different from the LV of the BSL OVX group
(p < 0.05). 3Significantly different from the
LV of the OVX + bFGF group (p < 0.05).

Expression of FGFR1–4 and EP4 receptor in the
LV and CV
We studied the expression of FGFR1–4 and the EP4 receptor in the LV and CV to determine whether differences

addition, endocortical and cancellous bone surfaces are, for
the most part, inactive, and therefore, most of their surfaces
are covered by bone-lining cells, except for the presence of
a few osteoblasts and osteoclasts.
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FIG. 3. bFGF induces a greater expression
of genes involved in osteogenesis in the lumbar vertebra, whereas EP4A induces a
greater expression of these genes in the caudal vertebra. Expression of (A) collagen-1,
(B) osteocalcin, (C) Runx2, (D) IGF-1, (E)
BMP-2, and (F) RANKL was analyzed in the
LV and CV of aged OVX rats using real-time
RT-PCR. Bars indicate fold increase (mean
± SD of 8–10 animals) with the BSL OVX
group designated as 1. Data were analyzed
by ANOVA. aSignificantly different from
the BSL OVX group (p < 0.05). bSignificantly different from the OVX + bFGF
group (p < 0.05). Within each experimental
group, a paired t-test was used to compare
the expression of these genes in the LV vs.
the CV. 1Significantly different from the LV
of the bFGF group (p < 0.05). 2Significantly
different from the LV of the OVX + EP4A
group (p < 0.05).

FIG. 4. bFGF increases structural variables of fatty marrow in the lumbar vertebra of aged OVX rats, whereas EP4A decreases these
variables to the level of the baseline control group. (A) Adipose tissue area, (B) adipocyte number, and (C) adipocyte perimeter were
determined in the bone marrow of the LV and CV from rats of the following experimental groups: baseline control (BSL control),
baseline OVX (BSL OVX), and OVX rats treated for 3 wk with bFGF (OVX + bFGF) or EP4A (OVX + EP4A). Bars indicate
mean ± SD of 8–10 animals. Data were analyzed by ANOVA. aSignificantly different from the BSL control group (p < 0.05).
b
Significantly different from the BSL OVX group (p < 0.05). cSignificantly different from the OVX + bFGF group (p < 0.05).
d
Significantly different from the OVX + EP4A group (p < 0.05). Within each experimental group, a paired t-test was used to compare
these histomorphometric variables in the LV and the CV. 1Significantly different from the LV of the BSL control group (p < 0.05).
2
Significantly different from the LV of the BSL OVX group (p < 0.05). 3Significantly different from the LV of the OVX + bFGF group
(p < 0.05). 4Significantly different from the LV of the OVX + EP4A group (p < 0.05).
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FIG. 5. bFGF increases the expression of PPAR␥ in the lumbar
vertebra of aged OVX rats, whereas EP4A has no effect on the
expression of this adipogenic gene. The expression of PPAR␥ was
analyzed in the LV and CV of aged OVX rats by real-time RT-PCR.
Bars indicate fold increase (mean ± SD of five animals) with the
BSL OVX group designated as 1. Data were analyzed by ANOVA.
a
Significantly different from the BSL OVX group (p < 0.05). bSignificantly different from the OVX + bFGF group (p < 0.05).

The immunocytochemical study substantiated the predominance of FGFR1 and FGFR2 at both vertebral sites
(Fig. 7). However, the distribution of these receptors differed qualitatively as a result of the histological differences
observed between these two vertebral sites. In the LV, a
moderate to high immunoreactivity was observed, particularly for FGFR1 and FGFR2, in different cell populations
located within the bone marrow and also in osteoblasts on
cancellous bone surfaces (Fig. 7). In the CV, a moderate
expression of FGFRs, particularly for FGFR1 and FGFR2,
was observed in adipocytes, which occupy almost the whole
bone marrow space. On cancellous bone surfaces, bonelining cells, the predominant cells observed at both skeletal
sites, showed a very low and variable level of expression of
FGFRs. The EP4 receptor was highly expressed in the LV,
preferentially by different cell populations within the bone
marrow and by osteoblasts and bone lining cells on cancellous bone surfaces (Fig. 7). In the CV, the EP4 receptor was
frequently expressed by adipocytes and stromal cells in the
adipose tissue. In addition, and as occurs in the LV, a moderate immunoreactivity for the EP4 receptor was regularly
observed in bone-lining cells on cancellous bone surfaces.

DISCUSSION
In this study, we show, at the tissue and molecular levels,
the effects of bFGF and EP4A on bone formation and adipogenesis at skeletal sites with hematopoietic and fatty
marrow. bFGF was found to be a strong stimulator of osteo- and adipogenesis in the LV, a skeletal site with hematopoietic marrow, but not in the CV, a skeletal site with
fatty marrow. In contrast, EP4A increased bone formation
but decreased fatty marrow area and adipocyte number at

FIG. 6. mRNA levels for receptors FGFR1–4 and EP4 in the
lumbar vertebra and caudal vertebra. The mRNA levels for (A)
FGFR1, (B) FGFR2, (C) FGFR3, (D) FGFR4, and (E) the EP4
receptor were analyzed in the LV and CV of aged OVX rats by
real-time RT-PCR. Bars indicate fold increase (mean ± SD of
8–10 animals) with the LV designated as 1. Data were analyzed by
ANOVA. 1Significantly different from LV (p < 0.05).

both vertebral sites. Our findings are consistent with previous bone histomorphometric observations in which bFGF
was found to increase bone formation at skeletal sites with
hematopoietic(2,3,6) but not with fatty marrow.(7) Moreover,
this study represents, to our knowledge, the first in vivo
report to show that the growth factor also has a concomitant strong adipogenic effect at a skeletal site with hematopoietic marrow.
It has been established that osteoblasts and adipocytes
are derived from common bone marrow mesenchymal progenitors.(20–23) For many years, a paradigm has been well
accepted that an inverse relationship exists between adipogeneses and osteogenesis, suggesting the possibility that
commitment to the adipocyte differentiation pathway occurs at the expense of osteoblast numbers and osteogenic
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FIG. 7. Expression of FGFRs
and the EP4 receptor in lumbar and caudal vertebrae of
aged OVX rats. Note the moderate to high immunoreactivity
(brown precipitate) observed
in osteoblasts (black arrows)
and in different cell populations located within the bone
marrow (arrowheads) for (A
and D) FGFR1 and (B and E)
FGRF2 in the LV. In the CV, a
low and variable immunoreactivity in bone lining cells (red
arrows) and a moderate expression in adipocytes (Ad) are
observed for (G and J) FGFR1
and (H and K) FGFR2.
FGFR3 and FGFR4 are also
expressed at both vertebral
sites but the immunoreactivity
is notably lower (data not
shown). Regarding the EP4 receptor, note the high expression preferentially in osteoblasts (black arrows) and by
different cell populations
within the bone marrow (arrowheads) in (C and F) the LV
and by bone-lining cells (red
arrows) and adipocytes (Ad) in
the CV (I and L) (original
magnification, ×400).

function.(47) Moreover, many studies have shown that this
reciprocal regulation occurs at the level of a common precursor in adult bone marrow.(23,48–50)
This paradigm is also supported by clinical observations
that conditions characterized by decreased bone mass such
as aging, diabetes, and osteoporosis are also accompanied
by increased adipose tissue in the bone marrow.(20,27–30) In
addition, it has been shown in vitro that, depending on the
inducing stimuli, bFGF is capable of stimulating BMSCs to
proliferate and differentiate into osteogenic cells(34–36,51) or
to enhance adipogenic differentiation and expression of
adipocyte-specific genes in these cells.(37,38) Our study,
however, supports the contention that differentiation into
these two lineages can take place simultaneously in vivo in
aged OVX rats treated with bFGF.
The biological effects of FGFs are established by intracellular signal transduction initiated by binding to and activating a family of four receptor tyrosine kinases(52,53) designated the high affinity FGF receptors FGFR1-FGFR4.(54)
bFGF binds to FGFR1–4.(54) Our study showed that, although aged OVX rats had higher mRNA levels for
FGFR1–4 in the CV compared with the LV, both vertebral
sites consistently expressed the four FGFRs, with FGFR1
and FGFR2 being the most abundantly expressed at both
vertebral sites. Therefore, the lack of bone anabolic effects

of bFGF at the fatty marrow site is not caused by a low
incidence or lack of cell surface receptors for the growth
factor at this site. Osteoblasts and different cell populations
present in the bone marrow, including hematopoietic cells,
megakaryocytes, and very likely BMSCs, are the cell types
that show the highest immunoreactivity to FGFRs, in particular to FGFR1 and FGFR2 in the LV. These cell types
are rarely observed in the CV where the expression of
FGFRs is mainly observed in adipocytes, the cell type that
predominates in the bone marrow. Taken together, these
data suggest that the growth factor induces bone formation
by acting directly on osteoblasts and possibly induces osteoblast and adipocyte differentiation by targeting marrow
mesenchymal progenitors.
Our finding of increased gene expression for RANKL in
the LV and CV of bFGF-treated OVX rats is consistent
with previous reports showing that the growth factor induces osteoclast formation(55) and stimulates bone resorption(56) in vitro. bFGF can stimulate osteoclast function
directly(57) and also by a mechanism that requires prostaglandin synthesis.(55,58) bFGF stimulates prostaglandin production through a transcriptional induction of COX2,(58,59)
but our in vivo study did not detect increased mRNA expression of COX2 in OVX rats treated for 3 wk with bFGF.
However, the possibility that COX2 gene expression may
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have been upregulated transiently during the early stages of
bFGF treatment cannot be ruled out. Despite the bFGFinduced increase in gene expression for RANKL, our histomorphometric analysis revealed that osteoclast surface
was not different in bFGF-treated OVX rats compared with
baseline control rats. It is important to note that osteoclasts
are rarely found adjacent to unmineralized bone surfaces.
Therefore, although bFGF seems to stimulate osteoclastogenesis at the molecular level, the observed lack of an effect
on osteoclast surface may be secondary to the extensive
osteoid surface (>80%) displayed by bFGF-treated OVX
rats.
This study also showed that EP4A stimulated bone formation regardless of bone marrow composition. For the
most part, the anabolic effects observed in the lumbar vertebra of aged OVX rats are consistent with those described
by Ke et al.(16) Nevertheless, substantial differences exist in
histomorphometric indices of bone resorption between
these studies. Whereas a significant increase in bone resorption accompanied the increased bone formation in our
study, a significant decrease in bone resorption was reported by these investigators. The increased osteoclast surface observed in this study was confirmed at the molecular
level by showing a 4-fold increase in mRNA levels for
RANKL in the EP4A-treated OVX rats. Moreover, a recent study by our group showed that this agonist increases
both bone formation and resorption in the proximal tibia,
another skeletal site with hematopoietic marrow.(46) The
reason for the discrepancy with the study of Ke et al. is
unclear. However, it is possible that these differences could
be caused by variations in the administration period of the
EP4 agonist (3 versus 6 wk), age of the rats (16 versus 13.5
mo at the end of experiment), or duration of OVX (12
versus 8.5 mo) between ours and the study of Ke et al.,
respectively.
The anabolic effect of EP4A at a skeletal site with fatty
marrow (CV) was shown not only at the tissue level by
histomorphometry, but also at the molecular level. In fact,
EP4A induced a greater increase in the expression of genes
associated with osteoblastogenesis in the CV compared
with the LV. This study is the first to show that, as opposed
to bFGF, EP4A not only stimulates bone formation at a
fatty marrow site, but also has a more prominent bone anabolic effect at skeletal sites with fatty marrow than with
hematopoietic marrow. This finding with the EP4 agonist is
consistent with reports that PGE2 is highly effective at skeletal sites with yellow marrow(9) and has a strong bone anabolic effect in aged rats,(17) in which the fat content of the
bone marrow is increased compared with younger individuals.(47) Despite the strong stimulation of bone formation,
cancellous bone volume was not increased in either the LV
or CV of EP4A-treated OVX rats, probably because of a
simultaneous increase in bone resorption in these animals.
Another finding was that EP4A simultaneously decreased fatty marrow area and the number of adipocytes in
the LV and CV, suggesting a decrease in adipogenesis.
However, we were unable to corroborate this at a molecular level because we found no differences in gene expression for PPAR␥ in the EP4A-treated OVX rats compared
with BSL OVX rats. However, consistent with our histo-
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morphometric findings in EP4A treated rats, PGE2 has
been found to decrease fatty marrow area in the proximal
tibial metaphysis of aged rats(17) and to negatively regulate
adipogenesis in 3T3-L1 pre-adipocyte cells by acting
through the EP4 receptor.(18,19) Taken together, these data
support the contention that EP4A stimulates bone formation at the expense of adipogenesis. Immunostaining indicates that EP4A directly stimulates osteoblasts along bone
surfaces. Moreover, because EP4A has bone anabolic effects at the LV and CV and adipocytes and bone-lining cells
are distinctive cell types expressing the EP4 receptor at
both vertebral sites, it is reasonable to suggest that EP4A
induces bone formation by inducing transdifferentiation of
adipocytes into osteoblasts(60) or, as occurs with PTH, by
inducing transdifferentiation of bone lining cells into osteoblasts.(61) However, further studies will be needed to explain the mechanism by which EP4A induces bone formation even at sites with low bone turnover and with very low
numbers of mesenchymal progenitors in the bone marrow.
These studies will have important clinical implications because there are common fracture sites in osteoporotic patients with yellow marrow, such as the ulna and radius,(62)
which could respond satisfactorily to this anabolic agent.
In conclusion, we showed that bFGF is a strong stimulator of osteo- and adipogenesis at a skeletal site with hematopoietic marrow but not with fatty marrow. In contrast,
EP4A stimulated bone formation but decreased fatty
marrow area and adipocyte number at both vertebral sites
regardless of marrow composition, suggesting that this
anabolic agent enhances osteogenesis at the expense of
adipogenesis.
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