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Abstract

The biologically active form of vitamin D, 1�,25-dihydroxy vitamin D3 (VD), regulates
the synthesis of the bone Ca-binding proteins osteocalcin and osteopontin. The actions
of VD are mediated through the vitamin D receptor (VDR). Liganded VDR hetero-
dimerizes with the retinoid X receptor and interacts with a vitamin D response element
(VDRE). Recently, it has been demonstrated that vitamin D responses elicited in osteoblasts
can be rapid as well as long-term. The purpose of this study was to elucidate the mecha-
nism of Ca2� signaling of VD in osteoblasts using intracellular Ca2� ([Ca2�]i) measure-
ments. A rapid VD (10 nM)-induced increase in [Ca2�]i was observed within 40sec. This
increase, however, was negated with application of Ca2�-free Krebs’ solution. These results
indicate that VD induces an increase in [Ca2�]i from extracellular Ca2� in osteoblasts.
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Introduction

Osteoblasts play a major role in bone for-
mation. Osteoblasts employ intracellular Ca2�

([Ca2�]i) as a second messenger modulating
hormonal responses and also a cofactor for
bone mineralization15,18). When sufficient
amounts of Ca2� and phosphate are supplied,
osteoblasts synthesize and secret a collagenous
extracellular matrix in response to diverse
extracellular stimuli such as hormones,
growth factors, cytokines, biochemical signals
and extracellular Ca2� concentration8,16,33).

1�,25-dihydroxyvitamin D3 (VD), the active

form of vitamin D17), is a major calcitropic
hormone involved in Ca2� homeostasis. One
of its functions in bone is to regulate the
synthesis of the bone Ca2�-binding proteins
osteocalcin and osteopontin. In addition, VD
regulates cell proliferation and differentia-
tion22,28) via Ca2� signals in osteoblasts.

Expression of these genes is modulated by
VD through transcriptional regulation. The
actions of VD are mediated through the
vitamin D receptor (VDR). Liganded VDR
heterodimerizes with the retinoid X receptor
and interacts with a vitamin D response
element (VDRE).
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Recently, it has been demonstrated that
rapid responses are elicited in osteoblasts14,21).
The purpose of this study was to elucidate the
mechanism of Ca2� signaling of VD in osteo-
blasts using [Ca2�]i measurements.

Materials and Methods

1. Cell culture
Murine osteoblastic MC3T3-E1 cells were

cultured at 37°C in a 5% CO2 atmosphere
with �-modified minimal essential medium
(�-MEM; Gibco BRL, Grand Island, NY,
U.S.A.). Unless otherwise specified, the me-
dium contained 10% heat-inactivated fetal
bovine serum (FBS), 100U/ml penicillin and
100 mg/ml streptomycin. Cell culture medium
was changed every 2–3 days. For free [Ca2�]i

measurements, the cells were plated in 10
tissue culture dishes and grown until reaching
confluence.

When the cells reached confluence, they
were harvested using a 0.05% trypsin—0.02%
EDTA solution for [Ca2�]i measurements.
Harvested cells were then plated at very low
density in 35-mm tissue culture dishes and
grown to 75% confluence. Prior to record-
ings, the cells were washed at least 3 times
with electrophysiological external solution to
remove the medium completely. Cell culture
reagents and most other biochemical reagents
were purchased from Sigma Chemical Co.
(MO, U.S.A.) unless otherwise specified.

2. [Ca2�]i measurements in osteoblasts
[Ca2�]i was measured in osteoblasts using

fura-2 applied to microfluorescent digital
video imaging10). The 75% confluent cells
were loaded with 4�M fura-2/AM and 15%
Pluronic F-127 (Molecular Probes, Eugene,
OR) for 90 min at room temperature. [Ca2�]i

was measured in fura-2-loaded cells in Krebs’
solution buffer containing (in mM) 136 NaCl,
5 KCl, 1.1 NaH2PO4�2H2O, 11.9 NaHCO3, 0.5
MgCl2�6H2O, 2.5 CaCl2 and 10.9 glucose. Experi-
ments performed in the absence of extracellular
Ca2� were performed in a buffer of a similar
composition to that of the above, that is,

Ca2�-free Krebs’ solution buffer containing (in
mM) 138.5 NaCl, 5 KCl, 1.1 NaH2PO4�2H2O,
11.9 NaHCO3, 0.5 MgCl2�6H2O, and 10.9 glu-
cose. Ratio images (340–380 nm excitation,
510nm emission) were collected every 5 sec10).
The ratio analysis was then transformed into
F/F0 values, which means that any fluores-
cence readings during stimulation (F) were
referred to the reading at rest (F0), i.e., at time
t�0 just before stimulation.

3. Chemicals
The VD, which was purchased from Biomol

Research Laboratories (Plymouth, PA, U.S.A.),
was dissolved in ethanol.

The final concentration of ethanol was
�0.01%, which had no effect on [Ca2�]i

measurements.

Results

1. VD increases [Ca2�]i in MC3T3-E1 rapidly
To investigate whether VDR activation elic-

ited [Ca2�]i signals in MC3T3-E1 cells, we first

Uchida Y et al.

Fig. 1 Effect of VD on intracellular cytosolic Ca2�

concentrations ([Ca2�]i) in osteoblast-like cells
(MC3T3-E1)

Representative transient increase in [Ca2�]i in response
to fixed dose of VD (10 nM) in MC3T3-E1.
Ordinate : ratio of fura-2 emission at 340- and 380-nm
excitation. Abscissa : time of observation (seconds, sec).
Addition of VD to MC3T3-E1 is indicated by bar
(bar�60 sec).
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stimulated the cells with VD (10nM, 60 sec).
As shown in Fig. 1, the VD induced a tran-
sient increase in [Ca2�]i that reached a maxi-
mum within 40 sec after VD addition and
returned to baseline within 30–40sec. This
rapid response suggests that VD promotes
nongenomic action.

Whereas the onset of Ca2� signaling is
induced by Ca2� release from intracellular
stores29), VD response depends on the amount
of Ca2� entering the cytoplasm, both from
stores and extracellular fluid.

2. Extracellular Ca2� is source of increased
[Ca2�]i induced by VD interaction
In osteoblasts, [Ca2�]i is provided by Ca2�

release through the inositol-1,4,5-phosphate
and ryanodine receptors of endoplasmic
reticulum and Ca2� influx via Ca2� channels
or store-operated Ca2� influx from extracellu-
lar Ca2�1,3).

To investigate the source of the [Ca2�]i

response to VD, MC3T3-E1 cells were washed
for several seconds with Ca2�-free Krebs’
solution immediately before VD treatment.
Depletion of extracellular Ca2� with Ca2�-free
Krebs’ solution in this way completely blocked
the increase in [Ca2�]i otherwise induced by

VD, consistent with a mechanism involving
influx of extracellular Ca2� (Fig. 2).

These results indicated that VD induced
[Ca2�]i increases from extracellular Ca2� in
osteoblasts.

Discussion

The present study investigated the effects
of VD on [Ca2�]i in osteoblasts. Application
of VD rapidly increased [Ca2�]i, and VD-
induced [Ca2�]i increases were undetectable
in the absence of extracellular Ca2�.

In bone, VD is responsible for increased
transcription of bone matrix proteins such as
collagen type I12,27), osteocalcin19,24) and osteo-
pontin20,25) produced by osteoblasts in the pro-
cess of bone formation. It is well established
that VD stimulates osteoblast growth and
differentiation30). Bhatia et al. suggested that
VD-induced differentiation of promyelocytic
leukemia cells implied non-genomic action
and second messengers such as PKC and
tyrosine kinases5,6). These transcriptional events
are evoked by VD binding to retinoid X
receptors and interaction with a VDRE. In
this study, however, application of VD rapidly
increased [Ca2�]i. It seems unlikely that only
retinoid X receptors and VDRE act as VDRs.

In osteoblasts, VD promotes two types of
action: genomic and nongenomic. Recently,
it was demonstrated that nongenomic actions
are elicited through a membrane-associated
VDR14,21). Voltage-dependent calcium channels
have been classified as follows based on their
physiological and pharmacological properties:
low-voltage activated voltage-dependent calcium
channels and high-voltage activated voltage-
dependent calcium channels. Additionally,
high-voltage activated voltage-dependent cal-
cium channels can be classified as L-, N-, P-, Q-
or R-type voltage-dependent calcium channels.
L-type voltage-dependent calcium channels
exhibit long-lasting and large-conductance
channel properties9,26). Several studies have
demonstrated that activation of membrane-
associated VDR facilitates L-type Ca2� chan-
nels and increases [Ca2�]i concentration34). In

1�,25(OH)2D3 Rapidly Modulates [Ca2�]i

Fig. 2 Source of Ca2� signaling induced by VD interac-
tion in osteoblast-like cells (MC3T3-E1)

Ordinate : ratio of fura-2 emission at 340- and 380-nm ex-
citation. Abscissa : time of observation (seconds, sec).
Addition of VD to MC3T3-E1 in absence of extracellular
Ca2� ([Ca2�]out�0 M) is indicated by bar (bar�60 sec).



224

addition, it has also been demonstrated that
phosphorylation of the L-type Ca2� channels
occurs via protein kinase A activation by VD
signaling in osteoblasts34).

In addition to VD, acetylcholine also induces
an increase in [Ca2�]i mediated by muscarinic
receptors. Acetylcholine generates an increase
in [Ca2�]i, with a rapid transient rising phase
followed by a slow, long, sustained phase.
Muscarinic receptor-activated inositolphospho-
lipid turnover involves a direct coupling of
the receptor to inositolphospholipid-specific
phospholipase C through Gq protein2). More-
over, phospholipase A2 activation requires
the sustained but not transient increase of
[Ca2�]i

11).
What is the physiological relevance of VD-

induced nongenomic action in osteoblasts?
One earlier study demonstrated VD-induced
exocytotic release of ATP from osteoblasts
within 60 sec7). Voltage-dependent calcium
channels serve as crucial mediators of exocytotic
release, including in neurotransmitters13,23,31).
Therefore, it is possible that VD-induced non-
genomic action modulates exocytotic release
in osteoblasts.

In addition to mediation of VD-induced
increase in Ca2� by VDRs, it is also possible
that VD activates voltage-dependent calcium
channels directly. For example, it has been
reported that 1,4-dihydropyridines BAY K 8644
activates L-type voltage-dependent calcium
channels in cardiac cells4). Further research is
needed to clarify whether VD acts as a voltage-
dependent calcium channels activator.

In osteoblastic ROS17/2.8 cells and non-
osteoblastic CV-1 cells, VD-induced increase
in [Ca2�]i involved PI3K-Akt pathways32). This
suggests the need for further study on VD
pathways.

Acknowledgements

This research was supported by an Oral
Health Science Center Grant hrc7 from
Tokyo Dental College as part of the “High-
Tech Research Center” Project for Private
Universities and a matching fund subsidy

from MEXT (Ministry of Education, Culture,
Sports, Science and Technology) of Japan,
2007–2010 (No. 19592414).

References

1) Adebanjo OA, Biswas G, Moonga BS,
Anandatheerthavarada HK, Sun L, Bevis PJ,
Sodam BR, Lai FA, Avadhani NG, Zaidi M
(2000) Novel biochemical and functional
insight into nuclear Ca2� transport through
IP3Rs and RyRs in osteoblasts. Am J Physiol
278:784–791.

2) Ashkenazi A, Peralta EG, Winslow JW,
Ramachandran J, Capon DJ (1989) Func-
tional distinct G proteins selectively couple
different receptors to PI hydrolysis in the same
cell. Cell 56:487–493.

3) Baldi C, Vazquez G, Calvo JC, Boland R (2003)
TRPC3-like protein is involved in the capacita-
tive cation entry induced by 1�,25-dihydroxy-
vitamin D3 in ROS 17/2.8 osteoblastic cells.
J Cell Biochem 90:197–205.

4) Bechem M, Hoffmann H (1993) The molecu-
lar mode of action of the Ca agonist BAY K
8644 on the cardiac Ca channel. Pflugers Arch
424:343–353.

5) Bhatia M, Kirkland JB, Meckling-Gill KA
(1995) Monocytic differentiation of acute
promyelocytic leukemia cells in response to
1,25-dihydroxyvitamin D3 is independent of
nuclear receptor binding. J Biol Chem 270:
15962–15965.

6) Bhatia M, Kirkland JB, Meckling-Gill KA
(1996) 1,25-dihydroxyvitamin D3 primes acute
promyelocytic cells for TPA-induced mono-
cytic differentiation through both PKC and
tyrosine phosphorylation cascades. Exp Cell
Res 222:61–69.

7) Biswas P, Zanello LP (2009) 1�,25(OH)2 vita-
min D3 induction of ATP secretion in osteo-
blasts. J Bone Miner Res 24:1450–1460.

8) DeJong DS, van Zoelen EJ, Bauerschmidt S,
Olijve W, Steegenga WT (2002) Microarray
analysis of bone morphogenetic protein,
transforming growth factor �, and activin early
response genes during osteoblastic cell differ-
entiation. J Bone Miner Res 17:2119–2129.

9) Endoh T (2004) Modulation of voltage-
dependent calcium channels by neurotrans-
mitters and neuropeptides in parasympathetic
submandibular ganglion neurons. Arch Oral
Biol 49:539–557.

10) Failli P, Rocco C, De Franco R, Caligiuri A,
Gentilizi A, Giotti A, Gentilizi P, Pinzani M

Uchida Y et al.



225

(1995) The mitogenic effect of platelet-derived
growth factor in human hepatic stellate cells
requires calcium influx. Am J Physiol Cell
Physiol 269:C1133–C1139.

11) Felder CC, Dieter P, Kinsella J, Tamura K,
Kanterman RY, Axelrod J (1990) A transfected
m5 muscarinic acetylcholine receptor stimu-
lates phospholipase A2 by inducing both cal-
cium influx and activation of protein kinase
C1. J Pharmacol Exp Ther 255:1140–1147.

12) Franceschi RT, Park K-Y, Romano PR (1988)
Regulation of type I collagen synthesis by 1,25-
dihydroxyvitamin D3 in human osteosarcoma
cells. J Biol Chem 263:18938–18945.

13) Hirning LD, Fox AP, McCleskey EW, Olivera
BM, Thayer SA, Miller RJ, Tsien RW (1988)
Dominant role of N-type Ca2� channels in
evoked release of norepinephrine from sym-
pathetic neurons. Science 239:57–61.

14) Huhtakangas JA, Olivera CJ, Bishop JE,
Zanello LP, Norman AW (2004) The vitamin
D receptor is present in caveolae-enriched
plasma membranes and binds 1�,25(OH)2-
vitamin D3 in vivo and in vitro. Mol Endocrinol
18:2660–2671.

15) Lieberherr M, Grosse B, Kachkache M, Balsan
S (1993) Cell signaling and estrogens in
female rat osteoblasts: a possible involvement
of unconventional nonnuclear receptors. J
Bone Miner Res 8:1365–1376.

16) McAllister TN, Frangos JA (1999) Steady and
transient fluid shear stress stimulates NO
release in osteoblasts through distinct bio-
chemical pathways. J Bone Miner Res 14:930–
936.

17) McSheehy PM, Chambers TJ (1987) 1,25-
Dihydroxyvitamin D3 stimulates rat osteoblastic
cells to release a soluble factor that increases
osteoclastic bone resorption. J Clin Invest 80:
425–429.

18) Nesti LJ, Caterson EJ, Wang M, Chang R,
Chapovsky F, Hoek JB, Tuan RS (2002) TGF-
�1 calcium signaling increases �5 integrin
expression in osteoblasts. J Orthop Res 20:
1042–1049.

19) Noda M (1989) Transcriptional regulation of
osteocalcin production by transforming growth
factor-� in osteoblast-like cells. Endocrinology
124:612–617.

20) Noda M, Yoon K, Prince CW, Butler WT,
Rodan GA (1988) Transcriptional regulation
of osteopontin production in rat osteosarcoma
cells by type � transforming growth factor. J
Biol Chem 263:13916–13921.

21) Norman AW, Bishop JE, Bula CM, Olivera
CJ, Mizwicki MT, Zanello LP, Ishida H,
Okumura WH (2002) Molecular tools for
study of genomic and rapid signal transduction

responses initiated by 1�,25(OH)2-vitamin D3.
Steriods 67:457–466.

22) Owen TA, Aronow MS, Barone LM,
Bettencourt B, Stein GS, Lian JB (1991) Pleio-
tropic effects of vitamin D on osteoblast gene
expression are related to the proliferative and
differentiated state of the bone cell pheno-
type: Dependency upon basal levels of gene
expression, duration of exposure, and bone
matrix compentency in normal rat osteoblast
cultures. Endocrinology 128:1496–1504.

23) Perney TM, Hirning LD, Leeman SE, Miller
RJ (1986) Multiple calcium channels mediate
neurotransmitter release from peripheral
neurons. Proc Natl Acad Sci U S A 83:6656–
6659.

24) Price PA, Baukol SA (1980) 1,25-dihydroxy-
vitamin D3 increases synthesis of the vitamin
K-dependent bone protein by osteosarcoma
cells. J Biol Chem 255:11660–11663.

25) Prince CW, Butler WT (1987) 1,25-
dihydroxyvitamin D3 regulates the biosynthesis
of osteopontin, a bone-derived cell attachment
protein, in clonal osteoblast-like osteosarcoma
cells. Collagen Relat Res 7:305–313.

26) Randall A, Tsien RW (1995) Pharmacological
dissection of multiple types of Ca2� channel
currents in rat cerebellar granule neurons.
J Neurosci 15:2995–3012.

27) Rowe DW, Kream BE (1982) Regulation of
collagen synthesis in fetal rat calvaria by 1,25-
dihydroxyvitamin D3. J Biol Chem 257:8009–
8015.

28) Skjødt H, Gallagher JA, Beresford JN, Couch
M, Poser JW, Russel RG (1985) Vitamin D
metabolites regulate osteocalcin synthesis and
proliferation of human bone cells in vitro.
J Endocrinol 105:391–396.

29) Spät A, Rohács T, Hunyady L (1994) Plasma-
lemmal dihydropyridine receptors modify the
function of subplasmalemmal inositol 1,4,5-
trisphosphate receptors: a hypothesis. Cell
Calcium 15:431–437.

30) Veenstra TD, Pittelkow MR, Kumar R (1999)
Regulation of cellular growth by 1,25-
dihydroxyvitamin D3-mediated growth factor
expression. News Physiol Sci 14:37–40.

31) Waterman SA (1996) Multiple subtypes of
voltage-gated calcium channel mediate trans-
mitter release from parasympathetic neurons
in the mouse bladder. J Neurosci 16:4155–
4161.

32) Xiaoyu Z, Payal B, Melissa O, Zanello LP
(2007) 1�,25(OH)2-vitamin D3 membrane-
initiated calcium signaling modulates exocy-
tosis and cell survival. J Steroid Biochem Mol
Biol 103:457–461.

33) Yamaguchi T, Chattopadhyay N, Kifor O, Butters

1�,25(OH)2D3 Rapidly Modulates [Ca2�]i



226

RR Jr, Sugimoto T, Brown EM (1998) Mouse
osteoblastic cell line (MC3T3-E1) expresses
extracellular calcium (Ca2�

o)-sensing receptor
and its agonists stimulate chemotaxis and
proliferation of MC3T3-E1 cells. J Bone Miner
Res 13:1530–1538.

34) Zanello LP, Norman A (2006) 1�,25(OH)2

vitamin D3 actions on ion channels in osteo-
blast. Steroids 71:291–297.

Reprint requests to :
Dr. Takayuki Endoh
Oral Health Science Center hrc7,
Tokyo Dental College,
1-2-2 Masago, Mihama-ku,
Chiba 261-8502, Japan
Tel: +81-43-270-3771
Fax: +81-43-270-3771
E-mail: tendoh@tdc.ac.jp

Uchida Y et al.




