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ABSTRACT
Human osteoblast-like cells (HOB) produce vascular endothelial

growth factor (VEGF), the steady state level of which is stimulated by
1,25-dihydroxyvitamin D3 [1,25-(OH)2D3]. As osteoblasts and endo-
thelial cells are proximally located in skeletal tissue, we investigated
the anabolic effects of 1,25-(OH)2D3 and VEGF on HOB cocultured
with endothelial cells.

When HOB with high alkaline phosphatase (Al-P) activity and
human umbilical vein endothelial cells (HUVEC) with little activity
were cultured together, Al-P activity increased, accompanied by an
increase in cell number. When HOB and HUVEC were cultured sep-
arately, 1,25-(OH)2D3 did not directly stimulate [3H]thymidine in-
corporation into HUVEC, but stimulated it in the presence of HOB.
VEGF did not directly stimulate the Al-P activity of HOB but stim-
ulated it in the presence of HUVEC. The conditioned medium of HOB
stimulated the proliferation of HUVEC, and this was partially
blocked by anti-VEGF antibody. Conversely, the conditioned medium
of HUVEC increased Al-P activity and [3H]thymidine incorporation

into HOB, and this was partially blocked by antiinsulin-like growth
factor I antibody and BQ-123, a specific antagonist of the endothelin-1
(ET-1) receptor. 1,25-(OH)2D3 stimulated the release of VEGF and
ET-1 from HOB and HUVEC, respectively. Furthermore, the 1,25-
(OH)2D3-induced release of VEGF was enhanced in HOB cocultured
with HUVEC. A quantitative reverse transcription-PCR study re-
vealed that genes for VEGF receptors (Flt-1 and KDR) were expressed
in HUVEC, but not in HOB, and that 1,25-(OH)2D3 increased the
levels of expression of VEGF receptor genes in endothelial cells only
when cocultured with HOB.

In summary, we demonstrated that 1,25-(OH)2D3 exerts an ana-
bolic effect on osteoblasts by enhancing their production of VEGF,
which stimulates its receptors on endothelial cells, followed by in-
creased production of osteotropic growth factors, such as insulin-like
growth factor I and ET-1. These in vitro findings suggest that the
VEGF/VEGF receptor system may be involved in both bone formation
and bone remodeling in vivo. (Endocrinology 138: 2953–2962, 1997)

VITAMIN D and its analogs are currently being used in
many countries, particularly Japan, for the treatment

of osteoporosis (1, 2). However, the cellular and molecular
mechanisms underlying the induction of osteogenesis by
1,25-dihydroxyvitamin D3 [1,25-(OH)2D3] are still poorly un-
derstood (3, 4). Recently, we demonstrated that vascular
endothelial growth factor (VEGF) messenger RNA (mRNA)
is expressed by human osteoblast-like cells and that its
steady state level is stimulated by 1,25-(OH)2D3 (5), suggest-
ing that VEGF synthesized by osteoblasts in response to
1,25-(OH)2D3 is involved in bone formation, presumably via
a VEGF receptor-mediated process (6). This hypothesis is
supported by recent in vitro findings that the levels of ex-
pression of VEGF mRNA are also enhanced by PGE, insulin-
like growth factor I (IGF-I), and PTH (5, 7, 8), which are
capable of stimulating bone formation when administered
continuously or intermittently in vivo (9, 10).

VEGF, a homodimeric protein with a signal peptide, stim-
ulates specifically endothelial cell proliferation by binding to
VEGF receptors (Flt-1 and KDR) that are expressed exclu-
sively on the cells (11, 12). In view of the recent findings that
endothelial cells produce growth factors for osteoblasts, such
as endothelin-1 (ET-1) and IGFs (13, 14), and that osteoblasts
express receptors for ET-1 and IGF-I (15, 16), it is highly likely
that a mutual communication system exists between them, as
demonstrated in liver and thyroid (17, 18).

This hypothesis is substantiated by histological findings
indicating that osteoblasts and osteoprogenitor cells are al-
ways located adjacent to endothelial cells in blood vessels at
sites of new bone formation (19–21). In embryonic skeletal
tissue, osteogenesis and angiogenesis are temporally related
(22). Furthermore, older subjects and patients with osteopo-
rosis have decreased blood vessels in their skeletal tissue,
accompanied by a parallel decrease in osteoblasts (23–25).
These in vivo findings also suggest that angiogenesis and
osteogenesis are mutually interdependent (26, 27), and that
endothelial cells may accelerate bone formation through an-
giogenesis as well as in bone remodeling.

Therefore, we employed a coculture system of human
osteoblast-like cells (HOB) and human umbilical venous en-
dothelial cells (HUVEC), and investigated 1) whether osteo-
blast function is enhanced by coculture with endothelial
cells; 2) if so, what osteotropic growth factors are involved in
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the interaction between osteoblasts and endothelial cells; and
3) whether the anabolic effects of 1,25-(OH)2D3 on HOB are
enhanced by coculture with HUVEC. Furthermore, using
quantitative reverse transcription-PCR (RT-PCR) (28), we
investigated the effects of 1,25-(OH)2D3 on expression of
VEGF receptor genes on endothelial cells.

Materials and Methods

Materials

Tissue culture plates were purchased from Nunc (Roskilde, Den-
mark). Cell culture medium (aMEM) and reagents were supplied by Life
Technologies (Grand Island, NY). FCS was purchased from Filtron
(Brooklyn, Australia). 1,25-(OH)2D3 was obtained from Wako Pure
Chemical Industries (Tokyo, Japan). IGF-I was purchased from Becton
Dickinson Labware (Bedford, MA). Recombinant human VEGF was
obtained from Pepro Tech (Rocky Hill, NJ). Human ET-1, ET-2, and ET-3
were obtained from Cosmo Bio Co. (Tokyo, Japan). IGF-I and ET-1 were
dissolved in PBS containing 0.2% BSA and stored in aliquots at 280 as
stock solution. Dilutions of the stock solution were prepared immedi-
ately before use. ET-A receptor antagonist (BQ-123) (26) was purchased
from Research Biochemical International (Natick, MA) (29). Anti-IGF-I
monoclonal and anti-VEGF polyclonal antibodies were obtained from
Oncogene Science (Uniondale, NY) and Santa Cruz Biotechnology (San-
ta Cruz, CA), respectively. [Methyl-3H]thymidine was obtained from
Amersham Corp. (Arlington Heights, IL). [g-32P]ATP was purchased
from Amersham (Downers Grove, IL). Nylon filters were purchased
from Schleicher and Schuell (Tokyo, Japan). Reagents for DNA synthesis
and AmpliTaq DNA polymerase were obtained from Life Technologies
(Gaithersburg, MD). Reverse transcriptase and T4 polynucleotide kinase
were purchased from Takara (Kyoto, Japan). All chemicals were of
reagent grade and were purchased from Sigma Chemical Co. (St. Louis,
MO).

Cell cultures

HOB were cultured from trabecular bone explants obtained at the
time of orthopedic procedures performed on patients who had no ev-
idence of metabolic bone disease. The bone fragments were washed
extensively and repeatedly with culture medium to remove adherent
marrow cells and to expose the trabecular surface of the bone. Small bone
chips (1 3 1 3 1 mm) were then placed in culture flasks (75 cm2), each
containing 15 ml aMEM supplemented with 10% heat-inactivated FCS,
penicillin (100 U/ml), and streptomycin (50 mg/ml; aMEM-10% FCS),
and cultured at 37 C in a humidified atmosphere with 5% CO2. Cell
outgrowth from the trabecular bone surfaces was apparent after 5 days,
and the osteoblast-like cells became confluent after 10–14 days of cul-
ture. Cell passages were performed by incubating confluent cells in
0.25% trypsin diluted in calcium- and magnesium-free PBS and replating
the cells at a density of 1:3. Experiments were usually performed with
HOB subcultured at the fourth to eighth passage. Under the culture
conditions employed, HOB produced alkaline phosphatase (Al-P) ac-
tivity for more than 10 passages (30).

HUVEC were obtained from Kurabo (Osaka, Japan). The cells were
cultured in the manufacturer’s recommended medium (E-BM) supple-
mented with 2% FBS, recombinant human EGF (10 ng/ml), hydrocor-
tisone (1 mg/ml), bovine brain extract (12 mg/ml), gentamicin (50 mg/
ml), and amphotericin-b (50 ng/ml) (supplemented E-BM). When cells
reached subconfluence or confluence, they were cultured in aMEM-10%
FCS containing 1 nm VEGF at 37 C in 95% air-5% CO2. Under the present
culture conditions, the cells continued to proliferate for more than 5
days. Preliminary experiments revealed that HUVEC, when cultured in
aMEM-10% FCS without VEGF, continued to incorporate [3H]thymi-
dine for 24–36 h and showed rapidly decreased uptake by 48 h. Exper-
iments were performed using endothelial cells at the third to sixth
passage from different donors.

Coculture of HOB and HUVEC with direct contact

HOB were plated in a 24-multiwell dishes at 2–4 104
3 cells/well in

1 ml aMEM-10% FCS. After 24 h, when the cell reached 50% confluence,

HUVEC were added to each well at 2–4 3 104 cells in 200 ml aMEM-10%
FCS without VEGF. In control culture, the same volume of aMEM-10%
FCS was added. On the following day, 1,25-(OH)2D3 (dissolved in 10%
ethanol) or VEGF was added to HUVEC, HOB, and HOB cultured with
HUVEC. The final ethanol concentration in the culture medium was
below 0.1%. After 2–4 days of culture, the cell number and Al-P activity
in HUVEC, HOB, and HOB cocultured with HUVEC were determined
as described previously (30).

In the same experiments, [3H]thymidine (2 mCi/ml) was added to
each culture well, and the cells were cultured for an additional 5 h. Then,
the cell monolayer was washed with Hanks’ solution (pH 7.4) and
extracted with cold 5% trichloroacetic acid. The resulting precipitates
were washed with ethanol-ether (volume ratio, 4:1) and solubilized with
1 n sodium hydroxide. The radioactivity was determined with a liquid
scintillation counter (LSC-3500, Aloka, Tokyo, Japan). All determina-
tions were performed in quadruplicate.

Coculture of HOB and HUVEC without direct contact

In several experiments, HUVEC and HOB were cultured in the same
well, but separately, by placing a 0.4-mm filter insert (12 mm in diameter;
Millipore, Nunclon). In this coculture system, each well was composed
of double chambers, consisting of an outer chamber (24-multiwell plate)
and an inner Millcell-CM chamber. In the inner chamber, HUVEC (2–4 3

104) were seeded in 0.5 ml aMEM-10% FCS, and 1 ml aMEM-10% FCS
containing HOB was poured into the outer chamber. At 50% confluence
of HOB, the inserts containing HUVEC were placed in wells of HOB. In
control cultures, the cell inserts without HOB were also placed in the
control wells. After an additional 2–4 days of culture, Al-P activity and
cell number were measured.

Effects of conditioned medium of HOB (HOB-CM) on

[3H]thymidine incorporation into HUVEC

HOB were cultured in aMEM-10% FCS until they reached confluence.
Then, the medium was changed to fresh aMEM-10% FCS, and the cells
were cultured for an additional 3 days. At the end of the incubation
period, the HOB-CM was centrifuged at 200 3 g for 5 min at room
temperature, followed by filtering through a 0.45-mm Millipore filter.
The supernatants were used immediately or frozen at 220 C until further
assay. In a few experiments, HOB-CM was obtained by culturing HOB
in aMEM-10% FCS supplemented with 10 nm 1,25-(OH)2D3 for 3 days.

HUVEC were grown in 24-multiwell dishes containing 1 ml supple-
mented E-BM until 70–80% confluence. Then, the medium was changed
to aMEM-10% FCS containing various concentrations of HOB-CM. After
an additional 1–2 days of culture, [3H]thymidine incorporation into
HUVEC was determined.

To investigate which growth factors are involved in the anabolic
effects of HOB-CM on HUVEC, HUVEC were cultured in aMEM-10%
FCS supplemented with 50% HOB-CM and various concentrations of
anti-VEGF-antibody (31). After 2 days of culture, [3H]thymidine was
added, and after an additional 5 h of culture, [3H]thymidine incorpo-
ration was determined.

Effects of HUVEC-conditioned medium on HOB

HUVEC were grown in the supplemented E-BM on 75-cm2 plastic
dishes (Nunclon) until they reached confluence. The confluent mono-
layers (;4 days after the dishes had been seeded) were washed twice
with Hanks’ solution (pH 7.4), and the medium was replaced with
aMEM-10% FCS supplemented with 1 nm VEGF. The conditioned me-
dium (HUVEC-CM) was obtained as described above.

HOB were plated at a density of 4 3 104 cells/well in 24-multiwell
dishes. After the cells had reached 50% confluence, the medium was
changed to aMEM-10% FCS supplemented with various concentrations
of HUVEC-CM. Cultures were carried out for 1–4 days, and then Al-P
activity and cell number were determined.

To investigate which growth factors are involved in the anabolic
effects of HUVEC-CM on osteoblast-like cells, HOB were cultured in
aMEM-10% FCS supplemented with 50% HUVEC-CM and various con-
centrations of anti-IGF-I antibody and/or BQ-123, a specific inhibitor of
the ET-1 receptor. After 2 days of culture, [3H]thymidine was added, and
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after an additional 5 h of culture, [3H]thymidine incorporation was
determined.

Measurement of VEGF and ET-1 in conditioned medium

The VEGF concentration in HOB-CM was measured at Mitsubishi
Kagaku BCL (Tokyo, Japan) using a solid phase enzyme-linked immu-
nosorbent assay designed to measure levels in cell culture supernatants,
serum, and plasma (R&D Systems, Minneapolis, MN). This assay con-
tains insect cell Sf21-expressed recombinant human VEGF165 and anti-
bodies raised against the recombinant protein, and its sensitivity is less
than 15 pg/ml. The ET-1 concentration in HUVEC-CM was also mea-
sured by enzyme-linked immunosorbent assay (Wako Jun-yaku, Tokyo,
Japan). The minimal sensitivity of the assay was less than 0.5 pg/ml.

Isolation of total RNA

HUVEC and HOB were cultured alone or cocultured in 6-cm diameter
dishes and then treated with hormones or growth factors as described
above. Total RNA was extracted by the method of Chomczynski and
Sacchi (32). Isolated RNAs were stored at 220 C until assayed.

Primers and probes

Oligodeoxyribonucleotide primers and probes for quantitative RT-
PCR were synthesized by Kurabo (Osaka, Japan). The primer sequences
were 59-ACTATGGAAGATCTGATTTCTTACAGT-39 (nucleotides
3232–3258) and 59-GGTATAAATACACATGTGCTTCTAG-39 (comple-
ment of nucleotides 4289–4314) (33) for detecting fms-like tyrosine
kinase 1 (flt-1) mRNA, and 59-TATAGATGGTGTAACCCGGA-39 (nu-
cleotides 873–892) and 59-TTTGTCACTGAGACAGCTTGG-39 (comple-
ment of nucleotides 1406–1427) (34) for kinase insert domain-containing
receptor (kdr) mRNA.

The internal oligodeoxyribonucleotide probes were 59-GAGCTG-
GAAAGGAAAATCGCGTGCTGCTCC-39 for detecting flt-1 comple-
mentary DNA (cDNA) and 59-ATCCAGTGGGCTGATGACCAAGAA-
GAACAG-39 for kdr cDNA, corresponding to nucleotides 4186–4215
(33) and 921–950 (34), respectively. The sequences of the primers and
probe for detecting b-actin mRNA have been reported previously (35).

RT-PCR

PCR was performed in 25 ml reaction solution containing cDNA
derived from 1 mg total RNA, 1.25 UAmpliTaq polymerase (Life Tech-
nologies), 200 mmol/liter of each deoxy-NTP, and 0.5 mmol/liter sense
and antisense primers. The reaction mixture was overlaid with 15 ml
mineral oil and heated at 94 C for 3 min. Each PCR cycle included 1 min
of denaturation at 94 C, 1 min of primer annealing at 55 C, and 1.5 min
of extension/synthesis at 72 C. PCR was performed with a DNA thermal
cycler (Perkin-Elmer/Cetus, Norwalk, CT). After the last cycle, all sam-
ples were incubated for an additional 5 min at 72 C.

Quantitative RT-PCR

Quantitative RT-PCR was performed as described previously (28). A
10-ml aliquot of each RT-PCR reaction mixture was electrophoresed on
2% agarose gel and transferred to nylon membranes (Nytran, Keene,
NH). The membranes were UV autocross-linked, prehybridized at 42 C
for 4 h, and hybridized with specific oligodeoxyribonucleotide probes
that had been 32P end labeled with [g-32P]ATP and polynucleotide
kinase, using a DNA 59- end labeling kit (Takara Shuzo Co., Shiga,
Japan). The filters were washed once for 30 min in 2 3 SSC (standard
saline citrate)-0.1% Denhardt’s solution at 42 C, once for 30 min in 0.1 3

SSC-1% SDS at 42 C, and then twice for 30 min in 0.1 3 SSC at room
temperature. Autoradiographic exposure of the washed membranes
was performed at 280 C for various time periods, and the radioactivities
of the hybridization bands were measured with a BioImagin analyzer
(Fuji Photo Film Co., Hamamatsu, Japan).

Statistical analysis

All values are expressed as the mean 6 sd. Means were compared by
Student’s t test. Most experiments were repeated at least three times.

ANOVA with Bonferroni’s test was employed to determine the signif-
icance of differences in multiple comparisons. Differences at P , 0.05
were considered statistically significant.

Results

Effect of coculture of HOB with HUVEC on cell growth and

Al-P activity

After HOB reached confluence, they showed high Al-P
activity (138 6 89 mU/mg protein; mean 6 sd of 12 exper-
iments), whereas the enzyme activity was negligible in HU-
VEC (,0.1 6 0.01). When Al-P-positive HOB and Al-P-neg-
ative HUVEC were cultured together for 4 days, Al-P activity
increased more than additively to 252 6 168 mU/mg protein
(P , 0.001). The increase in enzyme activity was more re-
markable when expressed in terms of milliunits per well
(data not shown).

The number of HUVEC increased continuously when cul-
tured in the supplemented E-BM. However, the cells ceased
to grow in aMEM-10% FCS within 1 day and started to
degenerate after 2 days of culture. After 4 days of culture, the
number of HUVEC, which had been growing to more than
10,000/well, decreased to 4,818 6 2,933 cells/well (mean 6

sd of eight experiments). The number of HOB more than
doubled during 4 days of culture in aMEM-10% FCS and
increased to 103,431 6 48,866 cells/well. When both cell
types were cultured together, total cell number increased
synergistically to 172,003 6 76,023 cells/well (mean 6 sd of
eight experiments; P , 0.01).

Effects of VEGF and 1,25-(OH)2D3 on HUVEC, HOB, and

HOB cocultured with HUVEC

As expected, VEGF significantly stimulated the prolifer-
ation of HUVEC (Fig. 1A), but had no effect on HOB (Fig. 1A).
VEGF did not stimulate Al-P activity in HOB per se, but
stimulated the enzyme activity significantly at 10 nm in HOB
cocultured with HUVEC (Fig. 1B).

As is well known, 1,25-(OH)2D3 stimulated Al-P activity in
HOB in a concentration-dependent manner, whereas it had
no effect on HUVEC (Fig. 1B). At 10 nm, active vitamin D
stimulated enzyme activity by 116 6 34% (mean 6 sd of eight
experiments). When HOB and HUVEC were cultured to-
gether, 1,25-(OH)2D3 stimulated Al-P activity by 127 6 24%
(mean 6 sd of eight experiments). Although there was no
significant difference between the increased ratio of the en-
zyme activity (expressed in milliunits per mg protein), the
enzyme activity per Al-P-positive cell was increased to a
greater extent in HOB cocultured with HUVEC than in HOB
alone. Consistent with previous reports, 1,25-(OH)2D3 de-
creased the number of HOB, and this was also the case in
HOB cocultured with HUVEC (Fig. 1A).

Effects of VEGF and 1,25-(OH)2D3 on HOB or HUVEC

cultured in nondirect contact with each other

To investigate whether the increase in Al-P activity is
mediated by cell to cell contact, HUVEC and HOB were
cultured separately in the same well using filter inserts. In the
presence of HUVEC that had been cultured on the inserts, the
Al-P activity of HOB grown on the bottom of culture flask
increased significantly compared with that of HOB cultured
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alone (without HUVEC, 235 6 110; with HUVEC, 304 6 132
mU/mg protein; mean 6 sd of quadruplicate samples; P ,

0.01). The number of HOB also significantly increased in the
presence of HUVEC (91,910 6 5,852 vs. 130,635 6 25,688
cells/well; mean 6 sd of quadruplicate samples; P , 0.01).
1,25-(OH)2D3 significantly increased the Al-P activity of HOB
cultured alone (292 6 20 mU/mg protein; P , 0.01), and this
was further enhanced in the presence of HUVEC on the insert
(564 6 25 mU/mg protein; P , 0.01). In contrast, VEGF
elicited no effect on Al-P activity of HOB alone, whereas the
angiogenic factor slightly, but significantly, increased the
Al-P activity of HOB in the presence of HUVEC on the insert
(without VEGF, 279 6 14 mU/mg protein; with 1028

m

VEGF, 347 6 30 mU/mg protein; P , 0.05).
Conversely, when HUVEC were cultured on the bottom of

culture flask in the presence of HOB on the cell inserts, the
number of HUVEC was greater than that of HUVEC cultured
alone (without HOB, 8,344 6 3,890; with HOB, 10,086 6 4,203
cells/well; mean 6 sd of quadruplicate samples; P , 0.01).
1,25-(OH)2D3 did not affect the growth of HUVEC directly
(data not shown), but it increased the number of HUVEC
slightly, but significantly, in the presence of HOB [without
1,25-(OH)2D3, 10,086 6 4,203; with 1,25-(OH)2D3 (1028

m),
11,846 6 5,721 cells/well; P , 0.05].

Anabolic effects of HOB-CM on HUVEC

As reported previously (5), 1,25-(OH)2D3 stimulated the
release of VEGF from HOB in a concentration-dependent
manner (Table 1). Consistent with this finding, HOB-CM
increased the number of HUVEC significantly, accompanied
by a dose-dependent increase in [3H]thymidine incorpora-
tion into the cells (Fig. 2). The proliferative effect of HOB-CM
on endothelial cells was potentiated when HOB was cultured
with 1,25-(OH)2D3 (Table 2D), whereas the active vitamin D
had no direct proliferative effect on HUVEC (Table 2B).

Consistent with these findings, anti-VEGF antibody in-
hibited HOB-CM-induced [3H]thymidine incorporation in a
concentration-dependent manner, whereas the antibody per
se had no effect on the proliferation of HUVEC alone (Fig. 3).
However, anti-VEGF antibody could not completely inhibit
HOB-CM-induced [3H]thymidine incorporation, even at a
final concentration of 1.6 3 1028

m, which nearly completely
inhibited the [3H]thymidine incorporation induced by 10210

m VEGF (data not shown), suggesting that an angiogenic
factor(s) other than VEGF is present in HOB-CM.

Anabolic effects of HUVEC-CM on HOB

HUVEC-CM significantly increased the number of HOB in
a concentration-dependent manner, accompanied by a sig-
nificant increase in [3H]thymidine incorporation (Fig. 4). Fur-
thermore, HUVEC-CM significantly increased the Al-P ac-
tivity of HOB in a dose-dependent manner.

HUVEC constitutively produced ET-1 (Table 1). Interest-
ingly, 1,25-(OH)2D3 significantly increased the level of ET-1
in HUVEC-CM (Table 1B). This was also observed when
HUVEC were cultured in aMEM-10% FCS supplemented
with 1 nm VEGF (data not shown). In contrast to HUVEC, a
trace amount of ET-1 was detected in HOB-CM.

Consistent with the above findings, 1026
m BQ-123 and

1.5 3 1028
m anti-IGF-I antibody inhibited HOB-CM-induced

[3H]thymidine incorporation by 24% and 35%, respectively
(Fig. 5). However, the simultaneous addition of BQ-123 and
anti-IGF-I inhibited it additively, but not completely (by
58%), suggesting that HUVEC produce an angiogenic fac-
tor(s) other than VEGF.

Effects of ETs on growth and Al-P activity of HOB

As the effects of ETs on osteoblast-like cells are contro-
versial (13), we investigated the effects of ET-1, ET-2, and
ET-3 on HOB. As shown in Fig. 6, ET-1 stimulated Al-P
activity and [3H]thymidine incorporation in a concentration-
dependent manner. However, ET-2 and ET-3 elicited no sig-
nificant effect on HOB.

FIG. 1. Effects of VEGF and 1,25-(OH)2D3 on cell growth and Al-P
activity on HUVEC, HOB, and HOB cocultured with HUVEC. HU-
VEC (2 3 104 cells/well) and HOB (4 3 104 cell/well) were cultured in
1 ml supplemented E-BM and aMEM-10% FCS, respectively. On the
following day, HUVEC (2 3 104 cells/well) were overlaid onto HOB.
Then, the cells were cultured with aMEM-10% FCS containing var-
ious concentrations of VEGF or 1,25-(OH)2D3. After 4 days of culture,
the number of cells (A; upper panel) and Al-P activity (B; lower panel)
were determined as described in Materials and Methods. Data are
shown as the mean 6 SD of quadruplicate samples. Representative
data from four experiments are shown. *, P , 0.05; **, P , 0.01 [with
vs. without VEGF or 1,25-(OH)2D3].
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Effects of 1,25-(OH)2D3 on VEGF receptor expression in

HUVEC cultured with HOB

The quantitative RT-PCR analysis showed that kdr and flt-1
were expressed constitutively in HUVEC, but not in HOB
(Fig. 7). VEGF (1 nm) increased the levels of kdr and flt-1 gene
expression in HUVEC (Fig. 7, lanes 3 and 4). In contrast,
1,25-(OH)2D3 elicited no significant effect on VEGF receptor
expression in HUVEC alone (data not shown) or in HUVEC

in the presence of VEGF. However, when HUVEC were
cultured together with HOB, 1,25-(OH)2D3 increased the lev-
els of VEGF receptor gene expression (Fig. 7, lane 6).

HUVEC cultured in supplemented E-BM expressed VEGF
receptors constitutively (Fig. 8, lanes 1, 5, and 9), whereas
HUVEC cultured in aMEM-10% FCS without VEGF showed
a time-dependent decrease in the level of VEGF receptor gene
expression (Fig. 8, lanes 2, 6, and 10); the levels of KDR
expression in HUVEC cultured for 24, 36, and 48 h without
VEGF decreased to 90%, 56%, and 21% of that in the control
culture, respectively. However, HUVEC cocultured with
HOB maintained their level of VEGF receptor gene expres-
sion, which was enhanced by 48% (kdr) and 60% (flt-1) by
1,25-(OH)2D3 (Fig. 8, lane 12).

Discussion

Previously, we reported that HOB express VEGF mRNA
constitutively, and that this is enhanced by 1,25-(OH)2D3,
leading to increased secretion of VEGF into the condi-
tioned medium (5). In the present system where Al-P-
positive HOB were cocultured with Al-P-negative HUVEC
in either direct or indirect contact, we clearly demon-
strated that osteoblast-like cells stimulated the prolifera-
tion of endothelial cells by producing VEGF, and that the
activated endothelial cells then enhanced the proliferation
and differentiation of osteoblast-like cells by producing
osteotropic growth factors such as IGF-I and ET-1 (Fig. 9).
Furthermore, 1,25-(OH)2D3 enhanced all of these phenom-
ena by stimulating the level of VEGF receptor gene ex-
pression on endothelial cells. Therefore, there is a mutual
communication system between osteoblasts and endothe-
lial cells that leads to enhancement of each cellular
function by 1,25-(OH)2D3 (Fig. 9). A similar mutual com-
municating system between endothelial cells and paren-
chymal cells has been demonstrated in the liver involving
hepatocyte growth factor and in the thyroid involving TSH
(17, 18).

Among a number of angiogenesis factors (36), VEGF with
a hydrophobic signal peptide is regarded as the most im-

TABLE 1. Effects of 1,25-(OH)2D3 on release of VEGF and ET-1 from HUVEC, HOB, and HOB cocultured with HUVEC

1,25-(OH)2D3

(M)
HUVEC

HOB HOB 1 HUVEC

pg/ml pg/104 cells pg/ml pg/104 cells

A) VEGF
0 ND 954 6 112 233 6 12 1715 6 242a 308 6 42a

10210 ND 1580 6 713b 402 6 39b 2295 6 182a,b 429 6 37b

1028 ND 1767 6 886b 442 6 26b 2400 6 237a,b 467 6 45b

HUVEC HOB

pg/ml pg/104 cells pg/ml pg/104 cells

B) ET-1

0 153 6 90 204 6 121 2.0 6 0.5 0.5 6 0.1
10210 419 6 289b 461 6 263b 5.7 6 3.7 1.5 6 0.9
1028 364 6 169b 436 6 240b 4.7 6 2.2 1.2 6 0.6

HUVEC, HOB, and HOB cocultured with HUVEC were cultured in aMEM-10% FCS containing various concentrations of 1,25-(OH)2D3

without VEGF. After 24 h of culture, the conditioned medium was taken and assayed for VEGF and ET-1. Data are presented as picograms
per ml or picograms per 104 cells and are shown as the mean 6 SD of quadruplicate cultures. Representative data from two experiments are
shown. ND, Not detectable (,15 pg/ml).

a P , 0.05, without vs. with HUVEC.
b P , 0.05, without vs. with 1,25-(OH)2D3.

FIG. 2. Effect of HOB-CM on [3H]thymidine incorporation into HU-
VEC. HUVEC were cultured in supplemented E-BM until subcon-
fluent. Then, the medium was changed to fresh aMEM-10% FCS
supplemented with various concentrations of HOB-CM, which had
been prepared by culturing confluent HOB in aMEM-10% FCS for
48 h. [3H]thymidine incorporation was determined as described in
Materials and Methods. Results represent the mean 6 SD for four
samples. Similar results were obtained in three independent exper-
iments. *, P , 0.05; **, P , 0.01.
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portant, because it specifically stimulates endothelial cell
proliferation not only in vitro but also in vivo by stimu-
lating VEGF receptors. As the anti-VEGF antibody par-
tially inhibited the proliferative effect of HOB-CM on HU-
VEC, VEGF was at least partly involved as one of the
angiogenic factors produced by osteoblasts. However, the
incomplete inhibition by the antibody indicated that ad-
ditional angiogenic factors would also play a role. As IGF-I
and basic fibroblast growth factor are produced by osteo-
blast-like cells and stimulate the proliferation of endothe-
lial cells (37– 41), both would certainly be candidates for
these angiogenic factors. It was noteworthy that VEGF did
not increase the Al-P activity of HOB directly, but stim-
ulated it only upon coculture with HUVEC. Recently,
Midy and Plouet reported that VEGF stimulates Al-P ac-
tivity and migration of bovine osteoblasts isolated from
fetal calvaria (42). However, it is likely that the fetal os-
teoblasts they prepared were contaminated with endothe-
lial cells. Slight, but significant, detection of ET-1 in the
HOB-CM supports the idea that osteoblast-like cells under
our present culture conditions also contain some endo-

thelial cells. It is also possible that fetal osteoblast-like cells
express VEGF receptors. However, VEGF can act only in
a paracrine manner, except in certain malignant tumor cell
lines, where it stimulates cell growth in an autocrine man-
ner (43).

As reported by Guenther et al. (44), endothelial cells syn-
thesize potent growth factors for osteoblasts, and these have
recently been identified as IGF-I, ET-1, basic fibroblast
growth factor, etc. (13–14, 37–41). We also confirmed that
HUVEC under our present experimental conditions produce
IGF-I and ET-1. Receptors for 1,25-(OH)2D3 and IGF-I are
present not only on osteoblasts, but also on endothelial cells
(45). Kurose et al. (46) reported that 1,25-(OH)2D3 and IGF-I
synergistically stimulate Al-P activity on osteoblast-like cells.
As 1,25-(OH)2D3 is capable of increasing the number of IGF-I
receptors on osteoblast-like cells (47), it is reasonable that
HOB cultured in direct or indirect contact with HUVEC
increased Al-P activity to a greater extent than in HOB cul-
tured alone, and that the effect was further potentiated by
1,25-(OH)2D3.

TABLE 2. Effects of 1,25-(OH)2D3 on HOB-induced cell growth of HUVEC

Cell no. (cells/well) [3H]Thymidine (cpm)

A) aMEM/10% FCS 19,740 6 1,090 5,768 6 461
B) 1 1,25-(OH)2D3 20,013 6 1,569 5,686 6 628
C) HOB-CM 30,026 6 473a 13,585 6 1,226a

D) HOB-CM 1 1,25-(OH)2D3 31,973 6 793a 16,286 6 1,187a,b

HUVEC were grown in a 24-multiwell dish containing supplemented E-BM until 80% confluency. Then, the medium was changed to 1 ml
fresh aMEM-10% FCS (A), aMEM-10% FCS supplemented with 1,25-(OH)2D3 (1028

M); B), aMEM-10% FCS (50%) and HOB-CM (50%) that
had been prepared by culturing HOB for 2 days (C), or aMEM-10% FCS (50%) and HOB-CM (50%) that had been prepared by culturing HOB
with 1,25-(OH)2D3 (1028

M) for the same period (D). Data are shown as the mean 6 SD of quadruplicate cultures. Representative data from three
experiments are shown.

a P , 0.05, A vs. C or D.
b P , 0.05, C vs. D.

FIG. 3. Effect of anti-VEGF antibody on HOB-CM-induced [3H]thy-
midine incorporation into HUVEC. HUVEC were cultured in E-BM
until subconfluent. Then, the medium was changed to aMEM-10%
FCS containing 50% HOB-CM, which had been prepared by culturing
confluent HOB for 2 days. In some cultures, polyclonal anti-VEGF
antibody was added as depicted. After an additional 24 h of culture,
[3H]thymidine incorporated into HUVEC was determined as de-
scribed in Materials and Methods. Data are the mean 6 SD of qua-
druplicate samples. M, Without HOB-CM; o; with HOB-CM. *, P ,

0.05, with vs. without the antibody.

FIG. 4. Effect of HUVEC-CM on cell growth and Al-P activity of HOB.
HOB were cultured in aMEM-10% FCS supplemented with various
concentrations of HUVEC-CM. After 96 h of culture, cell number,
[3H]thymidine incorporation, and Al-P activity were determined as
described in Materials and Methods. Data are the mean 6 SD of
quadruplicate samples. Representative data from three experiments
are shown. o, [3H]Thymidine incorporation; F, cell number; f, Al-P
activity. *, P , 0.05; **, P , 0.01 (with vs. without HUVEC-CM).
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The effects of ET-1 on bone metabolism are a matter of
debate (13). The vasoactive peptide stimulates proliferation
of osteoblast-like cells (MC3T3-E1) (48) and increases the
steady state levels of expression of osteopontin and osteo-
calcin mRNA in rat osteosarcoma cells (49). We demon-
strated that 1,25-(OH)2D3 increased ET-1 concentration in the
HUVEC-CM. To the best of our knowledge, this is the first
report of 1,25-(OH)2D3 on the vasoactive peptides produced
by HUVEC. Furthermore, we demonstrated that ET-1 stim-
ulated Al-P activity in human osteoblast-like cells, although
the opposite effect was reported in neonatal osteoblasts or

murine cell lines (13). ET-1 can also affect osteoclasts, either
inhibiting osteoclastic bone resorption or stimulating bone
resorption depending on the organ culture system em-
ployed. As endothelial cells are abundant in bone marrow
and lie in close proximity to osteoblasts and osteoclasts (50),
ETs may be added to the list of potential modulating factors
in bone remodeling (51). The histochemical localization of
ET-1 in endothelial cells, osteoblasts, and osteoclasts sup-
ports this hypothesis (52).

Under our present experimental conditions, endothelial
cells expressed the VEGF receptor genes (flt-1 and kdr)
constitutively. In addition, when HUVEC were cultured
with HOB, the level of VEGF receptor expression was
maintained for a longer period and was further augmented
by 1,25-(OH)2D3. However, 1,25-(OH)2D3 had no apparent
direct effect on VEGF receptors in the absence of HOB.
These results raise the possibility that VEGF produced by
HOB may act on adjacent endothelial cells as an angio-
genic factor in a paracrine manner. These in vitro findings
are compatible with the in vivo observation that bone for-
mation was stimulated in a diffusion chamber containing
both endothelial cells and osteoblasts, which were im-
planted into rats (53). Furthermore, this hypothesis is sub-
stantiated by the adjacent histological localization of en-
dothelial cells and osteoblast-like cells in skeletal tissue,
suggesting that VEGF produced by osteoblast-like cells
and VEGF receptors expressed on endothelial cells are
involved in both bone formation and bone remodeling.

There is increasing evidence to suggest that vitamin D
is effective for the treatment of patients with osteoporosis,
mainly by stimulating the absorption of calcium and phos-
phate in the intestine and maintaining the serum levels of
calcium and phosphate, so that bone mineralization pro-
ceeds efficiently (54, 55). Furthermore, active vitamin D
elicits a number of anabolic effects on osteoblasts, such as
stimulation of the production of osteocalcin, osteopontin,
and bone matrix protein; stimulation of Al-P activity; and
increase in the number of IGF-I receptors and the release
of IGF-binding proteins (3, 4, 47, 48) (Fig. 9). Our present

FIG. 5. Effects of BQ-123 and anti-IGF-I antibody on HUVEC-CM-
induced [3H]thymidine incorporation by HOB. HOB were cultured in
aMEM-10% FCS until subconfluent, when the medium was changed
to fresh aMEM-10% FCS supplemented with 50% HUVEC-CM con-
taining various concentrations of BQ-123 and anti-IGF-I antibody
alone or in combination. After culture for 48 h, [3H]thymidine incor-
poration was determined as described in Materials and Methods. Data
are the mean 6 SD of quadruplicate samples. M, Without HUVEC-CM;
o, with HUVEC-CM. Representative data from three experiments are
shown. *, P , 0.05; **, P , 0.01 (with vs. without BQ-123 and/or
anti-IGF-I antibody).

FIG. 6. Effects of ET on Al-P activity
and [3H]thymidine incorporation into
HOB. HOB were cultured in aMEM-
10% FCS until confluent. Then, the me-
dium was changed to aMEM containing
1% BSA and various concentrations of
ETs. After 4 days of culture, Al-P activ-
ity was determined as described in Ma-
terials and Methods. To investigate
[3H]thymidine incorporation, HOB
were cultured in aMEM-10% FCS until
subconfluent. Then, the medium was
changed to aMEM supplemented with
0.5% FCS. On the following day, the
medium was replaced with aMEM con-
taining 1% BSA and various concentra-
tions of ETs. After an additional 48 h of
culture, [3H]thymidine incorporation
was determined as described in Mate-
rials and Methods. Data are shown as
the mean 6 SD of quadruplicate sam-
ples. Similar results were obtained in
three independent experiments. *, P ,

0.05; **, P , 0.01.
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in vitro findings suggest that these anabolic effects of 1,25-
(OH)2D3 are intensified by endothelial cells, which are
abundant in the vicinity of osteoblasts in bone marrow.

In summary, we demonstrated that 1,25-(OH)2D3 stim-
ulates Al-P activity in osteoblasts and increases the steady
state level of VEGF mRNA, followed by increased secre-
tion of VEGF. The secretable angiogenesis factor acts on
KDR and Flt-1 receptors on endothelial cells in a paracrine
manner, thereby causing the proliferation of endothelial
cells.

The activated endothelial cells expressing a greater
amount of VEGF receptor genes, in turn, produce osteotropic
growth factors, such as ET-1 and IGF-I, which synergistically
stimulate the proliferation of HOB accompanied by an in-
crease in Al-P activity (Fig. 9). Therefore, osteogenesis and
angiogenesis may be mutually dependent, and it is reason-
able to assume that the anabolic effects of 1,25-(OH)2D3 on
skeletal tissue are mediated in a paracrine manner and en-
hanced by the VEGF/VEGF receptor system between osteo-
blasts and endothelial cells.

FIG. 7. Effects of VEGF and 1,25-
(OH)2D3 on kdr and flt-1 gene expres-
sion in HUVEC, HUVEC cocultured
with HOB, and HOB cultured alone. To-
tal RNA was prepared from HUVEC,
HUVEC cultured with HOB, and HOB
cultured in aMEM-10% FCS containing
VEGF (1029

M) and/or 1,25-(OH)2D3

(1028
M; lanes 2–9). As a positive con-

trol, HUVEC were cultured in supple-
mented E-BM (lane 1). After reverse
transcription, cDNAs were amplified by
RT-PCR as described in Materials and
Methods. The products were electropho-
resed on 2% agarose gel, transferred to
nylon membranes, and hybridized with
32P end-labeled probes specific to kdr
(upper panel), flt-1 (middle panel), and
b-actin (lower panel) mRNA. PCR am-
plification for the latter was performed
for 27 cycles. The kdr blot was exposed
for 7 h, and that for flt-1 was exposed for
24 h. Radioactivities of hybridization
bands were measured with a BioImagin
analyzer.

FIG. 8. Time-course effect of 1,25-
(OH)2D3 on kdr and flt-1 gene expression
in HUVEC cocultured with HOB. HU-
VEC were cultured in 6-cm dishes with
the supplemented E-BM until subconflu-
ent. Then, the medium was changed to
aMEM-10% FCS (lanes 2, 6, and 10) or
the supplemented E-BM (lanes 1, 5, and
9) and cultured for an additional 24–48
h. In several dishes, approximately the
same number of HOB was added, and
both types of cell were cultured in aMEM-
10% FCS in the presence or absence of
1,25-(OH)2D3 (1028

M; lanes 3 and 4, 7
and 8, and 11 and 12). After culture for
24–48 h, total RNA was prepared. After
reverse transcription, cDNAs were am-
plified by PCR as described in Materials
and Methods. The products were electro-
phoresed on a 2% agarose gel, transferred
to nylon membranes, and hybridized
with 32P end-labeled probes specific to
kdr, flt-1, and b-actin mRNA. PCR am-
plification for the latter was performed
for 27 cycles. The kdr blot was exposed for
7 h, and that for flt-1 was exposed for 24 h.
Radioactivities of hybridization bands
were measured with a BioImagin ana-
lyzer.

2960 ANABOLIC EFFECTS OF 1,25-(OH)2D3 ON OSTEOBLASTS THROUGH VEGF Endo • 1997
Vol 138 • No 7

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
n
d
o
/a

rtic
le

/1
3
8
/7

/2
9
5
3
/2

9
8
8
4
0
0
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



Acknowledgments

We thank Drs. S. Yamagishi and H. Yamamoto (Department of
Biochemistry, Kanazawa University, Kanazawa, Japan) for advice in
performing quantitative RT-PCR.

References

1. Orimo H, Shiraki M, Hayashi T, Nakamura T 1987 Reduced occurrence of
vertebral crush fractures in senile osteoporosis treated with 1a(OH)-vitamin
D3. Bone Miner 3:47–52

2. Civitelli R 1995 The role of vitamin D metabolites in the treatment of osteo-
porosis. Calcif Tissue Int 57:409–414

3. Walters MR 1992 Newly identified actions of the vitamin D endocrine system.
Endocr Rev 13:1–46

4. Bikle DD 1992 Clinical counterpoint: vitamin D: new actions, new analogs,
new therapeutic potential. Endocr Rev 13:57–76

5. Wang DS, Yamazaki K, Nohtomi K, Shizume K, Ohsumi K, Shibuya M,
Demura H, Sato K 1996 Increase of vascular endothelial growth factor mRNA
expression by 1,25-dihydroxyvitamin D3 in human osteoblast-like cells. J Bone
Miner Res 11:472–479

6. Neufeld G, Tessler S, Gitay-Goren H, Cohen T, Levi BZ 1994 Vascular
endothelial growth factor and its receptors. Prog Growth Factor Res 5:89–97

7. Harada S, Nagy JA, Sullivan KA, Thomas KA, Endo N, Rodan GA, Rodan
SB 1994 Induction of vascular endothelial growth factor expression by pros-
taglandin E2 and E1 in osteoblasts. J Clin Invest 93:2490–2496

8. Goad DL, Rubin J, Wang H, Tashjian AH, Patterson C 1996 Enhanced ex-
pression of vascular endothelial growth factor in human SaOS-2 osteoblast-like
cells and murine osteoblasts induced by insulin-like growth factor I. Endo-
crinology 137:2262–2268

9. Delany AM, Pash JM, Canalis E 1994 Cellular and clinical perspectives on
skeletal insulin-like growth factor I. J Cell Biochem 55:328–333

10. Canalis E, Hock JM, Raisz LG 1994 Anabolic and catabolic effects of para-
thyroid hormone on bone and interactions with growth factors. In: Bilezikian
JP, Levine MA, Marcus R (eds) The Parathyroids. Raven Press, New York, pp
65–82

11. Ferrara N, Houck K, Jakeman L, Leung DW 1992 Molecular and biological
properties of the vascular endothelial growth factor family of proteins. Endocr
Rev 13:18–32

12. Quinn TP, Peters KG, De Vries C, Ferrara N, Williams LT 1993 Fetal liver
kinase 1 is a receptor for vascular endothelial growth factor and is selectively
expressed in vascular endothelium. Proc Natl Acad Sci USA 90:7533–7537

13. Rubanyi GM, Polokoff MA 1994 Endothelins: molecular biology, biochem-
istry, pharmacology, physiology, and pathophysiology. Pharmacol Rev
46:325–415

14. Conover CA 1996 The role of insulin-like growth factors and binding proteins
in bone cell biology. In: Bilezikian JP, Raisz LG, Rodan GA (eds) Principles of
Bone Biology. Academic Press, New York, pp 607–618

15. Green J, Foellmer O, Kleeman CR, Basic MM 1994 Endothelin receptor in
osteoblastic cells is coupled to multiple message signals. Am J Physiol
267:C1329–C1337

16. Bennett A, Chen T, Feldman D, Hintz RL, Rosenfeld RG 1984 Character-
ization of insulin-like growth factor I receptors on cultured rat bone cells:
regulation of receptor concentration by glucocorticoids. Endocrinology
115:1577–1583

17. Yamane A, Seetharam L, Yamaguchi S, Gotoh N, Takahashi T, Neufeld G,
Shibuya M 1994 A new communication system between hepatocytes and
sunusoidal endothelial cells in liver through vascular endothelial growth factor

and Flt tyrosine kinase receptor family (Flt-1 and KDR/Flk-1). Oncogene
9:2683–2690

18. Sato K, Yamazaki K, Shizume K, Kanaji Y, Obara T, Ohsumi K, Demura H,
Yamaguchi S, Shibuya M 1995 Stimulation by thyroid-stimulating hormone
and Graves’ IgG of vascular endothelial growth factor mRNA expression in
human thyroid follicles in vitro and flt mRNA expression in the rat thyroid in
vivo. J Clin Invest 96:1295–1302

19. Decker B, Bartels H, Decker S 1995 Relationships between endothelial cells,
pericytes, and osteoblasts during bone formation in the sheep femur following
implantation of tricalciumphosphate-ceramic. Anat Rec 242:310–320

20. Trueta J, Little K 1960 The vascular contribution to osteogenesis. II. Studies
with the electron microscope. J Bone Joint Surg [Br] 42:367–376

21. Trueta J 1963 The role of the vessels in osteogenesis. J Bone Joint Surg
45B:402–418

22. Carrington JL, Reddi AH 1991 Parallels between development of embryonic
and matrix-induced endochondral bone. Bioassays 13:403–408

23. Kelly PJ 1968 Anatomy, physiology, and pathology of the blood supply of
bone. J Bone Joint Surg 50:766–783

24. Burkhardt R, Kettner G, Bohm W, Schmidmeier M, Schlag R, Frisch B,
Mallmann B, Elsenmenger W, Gilg TH 1987 Changes in trabecular bone,
hematopoiesis and bone marrow vessels in aplastic anemia, primary osteo-
porosis, and old age: a comparative histomorphometric study. Bone 8:157–164

25. Reeve J, Arlot M, Wootton R, Edouard C, Tellez M, Hesp R, Green JR,
Meunier PJ 1988 Skeletal blood flow, iliac histomorphometry, and strontium
kinetics in osteoporosis: a relationship between blood flow and corrected
apposition rate. J Clin Endocrinol Metab 66:1124–1131

26. Streeten EA, Brandi ML 1990 Biology of bone endothelial cells. Bone Miner
10:85–94

27. Collin-Osdoby P 1994 Role of vascular endothelial cells in bone biology. J Cell
Biochem 55:304–309

28. Nomura M, Yamagishi S, Harada S, Hayashi Y, Yamashima T, Yamashita J,
Yamamoto H 1995 Possible participation of autocrine and paracrine vascular
endothelial growth factors in hypoxia-induced proliferation of endothelial
cells and pericytes. J Biol Chem 270:28316–28324

29. Eguchi S, Hirata Y, Ihara M, Yano M, Marumo F 1992 A novel ETA antagonist
(BQ-123) inhibits endothelin-1-induced phosphoinositide breakdown and
DNA synthesis in rat vascular smooth muscle cells. FEBS Lett 302:243–246

30. Nohtomi K, Sato K, Shizume K, Yamazaki K, Demura H, Hosoda K, Murata
Y, Seo H 1994 Stimulation of interleukin-4 of cell proliferation and mRNA
expression of alkaline phosphatase and collagen type 1 in human osteoblast-
like cells of trabecular bone. Bone Miner 27:69–79

31. Hata Y, Nakagawa K, Ishibashi T, Inomata H, Ueno H, Sueishi K 1995
Hypoxia-induced expression of vascular endothelial growth factor by retinal
glial cells promotes in vitro angiogenesis. Virchows Arch 426:479–486

32. Chomczynski P, Sacchi N 1987 Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem
162:156–159

33. Shibuya M, Yamaguchi S, Yamane A, Ikeda T, Tojo A, Matsushime H,
Sato M 1990 Nucleotide sequence and expression of novel human receptor-
type tyrosine kinase gene (flt) closely related to the fms family. Oncogene
5:519–524

34. Terman BI, Carrion ME, Kovacs E, Rasmussen BA, Eddy RL, Shows TB 1991
Identification of a new endothelial cell growth factor receptor tyrosine kinase.
Oncogene 6:1677–1683

35. Ninomiya I, Endo Y, Yonemura Y, Noguchi M, Fushida S, Nakai M, Taka-
mura H, Harada F, Suzuki T, Miyazaki I, Sasaki T 1992 Specific detection of
c-erb B-2 mRNA expression in gastic cancers by the polymerase chain reaction
following reverse transcription. Br J Cancer 66:84–87

36. Risau W 1990 Angiogenic growth factors. Prog Growth Factors Res 2:71–79
37. Globus RK, Plouet J, Gospodarowicz D 1989 Cultured bovine bone cells

synthesize basic growth factor and store it in their extracellular matrix. En-
docrinology 124:1539–1547

38. Hexum TD, Hoeger C, Rivier JE, Baird A, Brown MR 1990 Characterization
of endothelin secretion by vascular endothelial cells. Biochem Biophys Res
Commun 167:294–300

39. Gajdusek CM, Luo Z, Mayberg MR 1993 Sequestration and secretion of
insulin-like growth factor-I by bovine aortic endothelial cells. J Cell Physiol
154:192–198

40. Taylor WR, Nerem RM, Alexander RW 1993 Polarized secretion of IGF-I and
IGF-I binding protein activity by cultured aortic endothelial cells. J Cell Physiol
154:139–142

41. Hurley MM, Florkiewicz RZ 1996 Fibroblast growth factor and vascular
endothelial growth factor families. In: Bilezikian JP, Raisz LG, Rodan GA (eds)
Principles of Bone Biology. Academic Press, New York, pp 627–645

42. Midy V, Plouet J 1994 Vasculotropin/vascular endothelial growth factor in-
duces differentiation in cultured osteoblasts. Biochem Biophys Res Commun
199:380–386

43. Brown LF, Berse B, Jackman RW, Tognazzi K, Manseau EJ, Senger DR,
Dvorak HF 1993 Expression of vascular permeability factor (vascular endo-
thelial growth factor) and its receptors in adenocarcinomas of the gastroin-
testinal tract. Cancer Res 53:4727–4735

FIG. 9. Hypothesis of anabolic effects of 1,25-(OH)2D3 on osteoblasts
in the presence of endothelial cells.

ANABOLIC EFFECTS OF 1,25-(OH)2D3 ON OSTEOBLASTS THROUGH VEGF 2961

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
n
d
o
/a

rtic
le

/1
3
8
/7

/2
9
5
3
/2

9
8
8
4
0
0
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



44. Guenther HL, Fleisch H, Sorgente N 1986 Endothelial cells in culture syn-
thesize a potent bone cell active mitogen. Endocrinology 119:193–201

45. Merke J, Milde P, Lewicka S, Hugel U, Klaus G, Mangelsdorf DJ, Haussler
MR, Rauterberg EW, Ritz E 1989 Identification and regulation of 1,25-dihy-
droxyvitamin D3 receptor activity and biosynthesis of 1,25-dihydroxyvitamin
D3. Studies in cultured bovine aortic endothelial cells and human dermal
capillaries. J Clin Invest 83:1903–1915

46. Kurose H, Seino Y, Yamaoka K, Tanaka H, Shima M, Yabuuchi H 1989
Cooperation of synthetic insulin-like growth factor-I/somatomedin C and
1,25-dihydroxyvitamin D3 on regulation of function in clonal osteoblastic cells.
Bone Miner 5:335–345

47. Kurose H, Yamaoka K, Okada S, Nakajima S, Seino Y 1990 1,25- Dihy-
droxyvitamin D3 [1,25-(OH)2D3] increases insulin-like growth factor I (IGF-I)
receptors in clonal osteoblastic cells: study of interaction of IGF-I and 1,25-
(OH)2D3. Endocrinology 126:2088–2094

48. Takuwa Y, Masaki T, Yamashita K 1990 The effect of the endothelin family
peptides on cultured osteoblastic cells from rat calvariae. Biochem Biophys Res
Commun 170:998–1005

49. Shioide M, Noda M 1993 Endothelin modulates osteopontin and osteocalcin
messenger ribonucleic acid expression in rat osteoblastic osteosarcoma cells.
J Cell Biochem 53:176–180

50. Brandi ML 1992 Bone endothelial cells: a tool for analyzing cell to cell inter-
actions in the skeletal tissue. In: Steiner R, Weisz PB, Langer R (eds) Angio-
genesis: Key Principles: Science, Technology, Medicine. Birkhäuser Verlag,
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