Table 3 Standardized partial regression coefficient () for PCS, MCS, and subscales as
dependent variables by multivariate regression analysis.

PCS MCS PF RP BP GH VT SF RE MH

FES -0.42* -0.12 -042¢%* -042* -0.27* -0.25* -0.30* -0.24* -0.27¢* -0.27*
Age 0.08 -0.06 0.10 0.06 007 -0.04 -0.11 0.07 -0.04 0.01
BMI 0.06 0.07 0.07 0.02 0.15 0.05 0.05 0.11 -0.02 0.18*
Total
number of

i -0.13 -000 -003 -008 -0.19*% -013 -003 -0.16 -0.05 0.01
complicating
conditions
MMSE -0.13 011 -0.08 -0.04 -0.17 -0.02 001 -0.05 0.11 -0.00
Subscore of

0.04 001 004 005 -0.00 009 0.08 -005 -0.01 0.08

transfer
Subscore of

) 0.14 001 019 021* 002 -012 004 004 014 004
locomotion
R’ 0.33 003 033 0.33 0.19 0.09 0.13 0.11 0.12 0.15

FES=Falls Efficacy Scale, BMI=Body-mass index; MMSE=Mini-Mental State
Examination.
*p<0.05
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Abstract We previously reported that basic fibroblast
growth factor (FGF-2) stimulates the release of vascular
endothelial growth factor (VEGF) via p44/p42 mitogen-
activated protein (MAP) kinase and stress-activated protein
Kinase/c-Jun N-terminal kinase (SAPK/INK) in osteoblast-
like MC3T3-E1 cells. In the present study, we investigated
the effect of platelet-derived growth factor-BB (PDGF-BB)
on FGF-2-induced VEGF release in MC3T3-El cells.
PDGF-BB significantly enhanced the FGF-2-stimulated
VEGF release. The amplifying effect of PDGF-BB was
dose dependent in the range between 0.1 and 30 ng/ml.
AG1295, a selective inhibitor of PDGF receptor kinase,
which reduced the autophosphorylation of PDGF receptor-
B. suppressed the enhancement by PDGF-BB without
affecting the FGF-2 effect. PDGF-BB failed to strengthen
the FGF-2-induced phosphorylation of p44/p42 MAP kinase
or SAPK/INK. The amplification by PDGF-BB of FGF-2-
stimulated VEGF release was reduced by PD98039, a spe-
cific inhibitor of MEK, or SP600125, a specific inhibitor of
SAPK/ANK. These results strongly suggest that PDGF-BB
potentiates FGF-2-stimulated VEGF release at a point
downstream [rom p44/p42 MAP kinase and SAPK/INK in
osteoblasts
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Introduction

Bone metabolism is strictly regulated by two functional
cells. osteoblasts and osteoclasts, which are responsible for
hone formation and bone resorption. respectively [1]. It has
been shown that osteoblasts synthesize basic fibroblast
growth factor (FGF-2), and FGF-2 is embedded in bone
matrix |2.3]. FGF-2 expression in ostcoblasts is detected
during fracture repair [4). Therefore. 1t 15 recogmzed that
FGF-2 may play a pivotal role in fracture healing, bone
remodeling, and osteogenesis |[5]. We have previously
reported that FGF-2 autophosphorylates FGF receptors |
and 2 among four structurally related high-affinity recep-
tors, possessing an intrinsic protein tyrosine kinase activity
in osteoblast-like MC3T3-El cells [6]. In addition. we
reported that FGF-2 stimulates induction of heat shock
protein 27 in these cells [7].

Bone remodeling carried out by osteoblasts and osteo-
clasts 1s accompanied with angiogenesis and capillary out-
growth [8.9]. Because capillary endothelial cells provide the
microvasculature during bone remodeling. it is generally
recognized that the activities of osteoblasts, osteoclasts. and
capillary endothelial cells are closely coordinated and regu-
late bone metabolism [10]. These functional cells are con-
sidered 1o influence one another via humoral factors as well
as by direct cell-to-cell contact. It is well known that vascu-
lar endothelial growth factor (VEGF) 15 an angiogenic
growth factor highly specific for vascular endothelial cells
[11]. As for bone metabolism, 11 has been shown thart inac-
tivation of VEGF causes complete suppression of blood
vessel invasion concomitant with impaired trabecular bone
formation and expansion of hypertrophic chondrocyte zone
in mouse tibial epiphyseal growth plate |12]. Evidence 1s
accumulating that osteoblasts among bone cells produce
and secrete VEGF in response 1o various physiological
agents [11.13-15]. We have previously shown that FGF-2
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stmulates VEGF release in osteoblast-like MC3T3-EI
cells. and that among the mitogen-activated protein (MAP)
kinase superfamily [16]. p44/p42 MAP kinase and stress-
activated protein kinase/c-Jun N-terminal kinase (SAPK/
JNK) act as positive regulators in the VEGF release [17.18].
These findings led us to speculate that VEGF secreted from
osteoblasts may plav a pivotal role in the regulation of bone
metabolism |[10.19]. However, the exact mechanism under-
Ivimg VEGE synthesis and its release in osteoblasts remains
to by clarified.

Plitelet-derived growth factor (PDGF) is a mitogenic
factor. which mainly acts on connective tissue cells [20.21].
PDGF occurs as five different isoforms [21]. PDGF iso-
forms were initially isolated from human platelets, but have
been shown to be synthesized and released from a variety
ol cell types including ostecosarcoma and osteoblasts
[20.22.23]. As for bone metabolism, PDGF-BB reportedly
stimulates osteoblast proliferation and induces bone resorp-
tion [23]. It 1s recognized that PDGF. released during plate-
let aggregation. plays an important role in fracture healing
as a sysltemic factor and that PDGF also regulates bone
remodeling as a local factor [23]. We have previously
reported that PDGF-BB activates phosphatidylcholine-
hydrolyzing phospholipase D via tvrosine kinase activation,
resulting i protein Kinase C activation in osteoblast-like
MOIT3-ET cells [24]. In additon. we recently showed that
phosphandyhinositol - 3-kinase  negatively regulates  the
PDGF-BB-stimulated interleukin-6 synthesis in these cells
[25]. However, the exact role of PDGF-BB in osteoblasts
has not yet been fully clarified.

In the present study. we investigated the effect of PDGF-
BB on FGF-2-stimulated VEGF release in osteoblast-like
MC3T3-El cells. We here show that PDGF-BB upregulates
FGF-2-stimulated VEGF release in MC3T3-El cells. and
that PDGF-BB acts at a point downstream from p44/p42
MAP Kinase and SAPK/INK.

Materials and methods

Materials

FGF-2. PDGF-BB. and mouse VEGF enzyme immunoas-
say kit were purchased from R&D Systems (Minneapolis,
MN, USA). AGI295 (6.7-dimethyl-2-phenylguinoxaline).
PDY805Y. and SP600123 were obtained from Calbiochem-
Novabiochem (La Jolla. CA. USA). Phospho-specific
PDGF receptor-P antibodies. PDGF receptor-f§ antibodies,
phospho-specific p44/p42 MAP kinase antibodies, p44/p42
MAP kinase antibodies, phospho-specific SAPK/JINK anti-
bodies. and SAPK/INK antibodies were purchased rom
Cell Signaling (Beverly, MA, USA). The ECL Western
blotting detection system was purchased from Amersham
Biosciences (Piscataway, NJ, USA). Other materials and
chemicals were obtained from commercial sources. AG1295,
PDY8059. and SP600125 were dissolved in dimethyl sulfox-
ide (DMSO). The maximum concentration ol DMSO was
(1.1%. which did not affect the assay for VEGF or Western
blot analysis.

Cell culture

Cloned osteoblast-like MC3T3-E1 cells. which have been
derived from newborn mouse calvaria |26], were maintained
as previously described [27]. Briefly, the cells were cultured
in c-minimum essential medium (e-MEM) containing 10%
fetal calf serum (FCS) at 37°C in a humidified atmosphere
of 5% CO.J95% air, The cells were seeded into 35-mm- (5
» 10"} or 90-mm- (5 x 10°) diameter dishes in a¢-MEM con-
taining 10% FCS. Alter 5 days. the medium was exchanged
for o-MEM containing (.3% FCS. The cells were used for
experiments after 48 h. When indicated. the cells were pre-
treated with AG1295, PDY805Y, or SP600125 for 60 min.

VEGF assay

The cultured cells were pretreated with PDGF-BB for
60 min, and then stimulated by various doses of FGF-2 in
1 ml o-MEM containing 0.3% FCS for the indicated periods,
When indicated. the cells were pretreated with AGI1295,
PDY805Y. or SP600125 for 60 min. The conditioned medium
was collected at the end of the incubation, and the VEGF
concentration was measured by enzyme-linked immunoas-
say (ELISA) kit.

Western blot analysis

The cultured cells were stimulated by FGF-2 or PDGF-BB
in «-MEM containing (.3% FCS for the indicated periods.
The cells were washed twice with phosphate-buffered
saline and then lysed, homogenized, and sonicated in a
lysis buffer containing 62.5mM Tris/HCl. pH 6.8. 2%
sodium dodecyl sulfate (SDS), 50 mM dithiothreitol, and
10% glycerol. The cytosolic fraction was collected as a
supernatant after centrifugation at 125000 g for 10 min at
4°C. Sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE) was performed by Lacmmli [28]
in 10% polyacrylamide gel. Western blotting analysis was
performed as described previously [29] by using phospho-
specific PDGF receptor-p antibodies, PDGF receptor-p
antibodies, phospho-specific pdd/p42 MAP kinase anti-
bodies. p44/p42 MAP kinase antibodies, phospho-specific
SAPK/INK antibodies. or SAPK/INK antibodies, with per-
oxidase-labeled antibodies raised in goat against rabbit IgG
being used as second antibodies. Peroxidase activity on the
polyvinylidene fluoride (PVDF) sheet was visualized on
X-ray film by means of the ECL Western blotting detection
system. When indicated, the cells were pretreated with
PDGF-BB for 60 min.

Determination

The absorbance of enzyme immunoassay samples was mea-
sured at 450 nm with EL 340 Bio Kinetic Reader (Bio-Tek
Instruments. Winooski. VT, USA). The densitometric anal-
ysis was performed using Molecular Analyst/Macintosh
(Bio-Rad Laboratories. Hercules, CA, USA).
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Statistical analysis

The data were analyzed by analysis of variance (ANOVA)
followed by the Bonferroni method for multiple compari-
sons between pairs, and a P < 0.05 was considered signifi-
cant. All data are presented as the mean £ SEM of triplicate
determinations, Each experiment was repeated three times
with similar results.

Results

Effect of PDGF-BB on FGF-2-induced VEGF release in
MC3T3-El cells

PDGF-BB, which by itself did not affect the VEGF levels,
significantly potentiated the FGF-2-stimulated VEGF
release in a time-dependent manner in osteoblast-like
MC3T3-E1 cells (Fig. 1). The amplifving effect of PDGF-
BB on the VEGF release was dose dependent in the range
between 0.1 and 30 ng/ml (Fig. 2). PDGF-BB (30 ng/ml)
caused about 200% enhancement of the FGF-2 effect on
VEGF release.

Effect of AG1295 on the amplification by PDGF-BB of
the FGF-2-induced VEGF release in MC3T3-E| cells

PDGF receptor has an intrinsic protein tyrosine kinase
activity [20]. To elucidate whether the upregulating effect
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Fig. 1. Effect of platelet-derived growth factor-BB (PDGF.BB) on
fibroblast growth factor (FGF)-2-stimulated vascular endothelial
growth tactor (VEGF) synthesis in MCAT3-E | cells. The cultured cells
were pretreated with 30 ng/ml PDGF-BB (A, 2.} or vehicle (@, O} for
60 min. and then stimulated by 70 ng/ml FGF-2 (®. &) or vehicle (.
L) for the indicated periods. Each value represents the mean £ SEM
of triphicate determinations. Similar results were obtained with two
additonal and different cell preparations. *F < 0.05. compared 1o the
value of FGF-2 alone
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of PDGF-BB on FGF-2-induced VEGF release 1s mediated
through the activation of PDGF receptor kinase in MC3T3-
El cells. we examined the effect of AGI1295. a specitic
inhibitor of PDGF-receptor kinase |30]. on the enhance-
ment by PDGF-BB. AG1295 significantly suppressed the
amplification by PDGF-BB of FGF-2-induced VEGF
release whereas it had no effect on the FGF-2-induced
VEGF release (Table 1). We found that AG1295, which by
itsell had little effect on the phosphorylation of PDGF
receptor-f. actually attenuated the PDGF-BB-induced
phosphorvlation of PDGF receptor-p (Fig. 3).

Eftects of PDGF-BB on the FGF-2-induced
phosphorylation of p44/p42 MAP kinase or SAPK/INK in
MC3T3-EI cells

We have previously shown that p44/pd2 MAP kinase and
SAPK/INK play roles as positive regulators in the FGF-
2-stimulated VEGF release in osteoblast-like MC3T3-E|
cells [17,18]. To clarify whether the enhancement by PDGF-
BB of the FGF-2-stimulated VEGF release is an event
via activation of p44/p42 MAP kinase or SAPK/INK in
these cells, we next examined the effect of PDGF-BB on
the FGF-2-induced phosphorylation of p44/p42 MAP
kinase or SAPK/INK. However, PDGF-BB failed to affect
the FGF-2-induced phosphorylation of pd44/p42 MAP
kinase (Fig. 4). In addition, the FGF-2-induced phosphory-
lation of SAPK/INK was not enhanced by PDGF-BB (data
not shown).

VEGF (x10? pg/ml)

UJ)—O=-—0—0—0—0_4_

0 0.4 1 3 10 30
PDGF-BB (ng/ml)

Fig. 2. Dose-dependent effect of PDGF-BB on FGF-2-stimulated
VEGF synthesis in MC3T3-E1 cells. The cultured cells were pretreated
with varous doses of PDGF-BB for 60 min, and then sumulated by
70 ng/ml FGF-2 (@) or vehicle (O) for 24 h. Each value represents the
mean £ SEM of triplicate determinations. Similar resulis were obtained
with two additional and different cell preparations. *P < 0,05, com-
pared 1o the value of FGF-2 alone
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11K
Table 1. Effect of AGI295 on the enbancement by PDGF-BB of FGF-
2stimulated VEGF release in MC3IT3-EL cells

AGI295 PDGE-BB FGF-2 VEGF (pe/ml)

= . <18

1191 + 67
<78

- 3335 = 141°
£ . = <78

1158 £ 75
+ <718

2520 + 135*

The vultured cells were pretreated with 0.7 uM AG 1295 or vehicle for
timn, and then incubated with 30 ng/ml PDGF-BB or vehicle o
Al nun. The cells were subsequently stimulated by 70 ng/ml FGF-2 or
wehicle for 24 b, Each value represents the mean £ SEM of inplicate
Jelerminations. Similar results were obtained with two additional and
ditterent cell preparations. * P < (.05, compared to the control: **P <
005, compared to the value of FGF-2 alone: *** P < 0,05, compared to
the value of FGF-2 with PDGF-BB pretreatment

PDGF-BB. platelet-denived growth factor-B: FGF-2. fibroblast prowth
factor 2; VEGF, vascular endothelial growth factor
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Fig. 3. Effvcl ot AGL2YS on the PDGF-BB-induced autophosphoryla-
tion of PDGF receptor-foin MC3T3-EI cells. The cultured cells were
pretreated with (1.7 uM AG 1295 or vehicle for 60 min, and then stimu-
lated by 30 ng/iml PDGF-BB or vehicle for 60 min. The extracts of cells
were subjected to SDS-PAGE with subsequent Western bloting anal-
vsis with antibodies against phospho-specific PDGF receptor-i or
PDGF receptor-f. The histogram shows guantitative representations
ol the levels of PDGF-BB-induced phosphorylation obtained from
laser densitometnic analvsis of three independent experiments. Each
value represents the mean £ SEM of triplicate determinations. Similar
results wore obtained with two additional and differem cell prepara-
tons. “F < W05, compared to the value of PDGF-BB alone

Effects of PD9805Y or SP600125 on the amplification by
PDGF-BB of the FGF-2-induced VEGF release in
MC3T3-E1 cells

We further examined the effect of PD9805Y, a specific
inhibitor of MEKI/2. upstream kinases that activate p44/
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300 "
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Fig. 4. Effcct of PDGF-BB on FGF-2-induced phosphorylation of pd4/
p42 MAP kinase in MC3T3-El cells, The cultured cells were pre-
treated with various doses of PDGF-BB for 60 min, and then stimu-
lated by 30 ng/ml FGF-2 or vehicle for 20 min. The extracts of cells
were subjected 10 SDS-PAGE with subsequent Western blotting anal-
ysis with antibodies against phospho-specific p4d/pd2 MAP kinase or
pddipd2 MAP kinase. The histogram shows quantitative represen-
tations of the levels of FGF-2-induced phosphorylation obtained
from laser densitometric analysis of three mdependent expenments.
Each value represents the mean £ SEM of triplicate determinations.
Similar results were obtained with two additional and different cell
preparations

p42 MAP kinase [31], on the enhancement by PDGF-BB.
PDY80SY significantly suppressed the enhancement by
PDGF-BB of the FGF-2-induced VEGF release in addition
to the effect of FGF-2 alone. In addition, SP600125, a spe-
cific SAPK/INK inhibitor |32], also reduced the enhance-
ment by PDGF-BB of the VEGF release (Table 2).

Discussion

In the present study. we demonstrated that PDGF-BB,
which by itself had no effect on the levels of VEGF, sig-
nificantly enhanced FGF-2-stimulated VEGF release in
osteoblast-like MC3T3-E1 cells. FGF-2 significantly elicited
VEGF release within 2 h afier the stimulation. and the
enhancement by PDGF-BB was also observed within 2 h.
On 1the other hand, the levels of VEGF release induced by
FGF-2 and the enhancement by PDGF-BB were stepped
up after 8 h and sustained until 24 h after the stimulation.
It is possible that both transcriptional processes and post-
transcriptional reactions are involved in the VEGF release



