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Dexamethasone induces sodium-dependant vitamin C transporter in a
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The regulation of intracellular ascorbic acid (AsA) levels may be under the control of an AsA-
specific membrane transporter. The present study investigates AsA uptake and expression of Na-
dependent vitamin C transporter (SVCT) mRNA in the mouse osteoblastic cell line, MC3T3-E1.
Among eight compounds tested, dexamethasone (Dex) all-trans retinoic acid, transforming
growth factor (3, prostaglandin E, and transferrin significantly (P < 0-01, P < 0-01, P < 0-05
and P < 0-01 respectively) stimulated the update of AsA into MC3T3-E1 cells. Among these
five, Dex was the most active, inducing mSVCT2 mRNA and the uptake of AsA in a time- and
concentration-dependant manner. Dex did not induce mSVCT1 mRNA. These results suggest
that the Dex-induced stimulation of AsA incorporation into osteoblastic cells is mediated by the
induction of mSVCT2. Since Dex reduced alkaline phosphatase activity in MC3T3-E1 cells in
our culture conditions, Dex-induced stimulation of AsA incorporation might not be the result of
differentiation. Hormone-regulated changes of SVCT expression may have an important role in
cell functions.

Ascorbic acid: Transporter: Sodium-dependant vitamin C transporter: Osteoblast:
MC3T3-E1: Dexamethasone
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Ascorbic acid (AsA) is an essential nutrient that has various
functions including an essential role in the prolyl and lysyl
hydroxylation necessary for the maturation of collagen
peptide. It is therefore important in bone formation (Chen &
Raisz, 1975) and in the in vitro differentiation of
mesenchymal cells including osteoblasts (Franceschi et al.
1994). To be used for these actions, AsA must traverse the
cell membrane from the extracellular space. The incorpor-
ation of L-[14C]ASA is saturable and Na*-dependant in
various types of cells and tissues (Rumsey & Levine, 1998;
Fujita et al. 2000). Tsukaguchi et al. (1999) recently cloned
two transporters for AsA, called Na-dependant vitamin C
transporter (SVCT) 1 and 2, from rat cDNA libraries.
However, the relationship between bone formation and
SVCT and the significance of SVCT for hormone-regulated
change in AsA incorporation remains unknown.

The murine cell line clone MC3T3-El maintains
osteoblastic characteristics (Kodama et al. 1981; Quarles

et al. 1992; Franceschi et al. 1994). We used cultured
MC3T3-El cells as an in vitro model of osteoblasts.
Dexamethasone (Dex) stimulates not only osteoblast
differentiation (Bellow ef al. 1987; Boden et al. 1996) but
also Na*-dependant L-['*C]AsA uptake (Pandipati et al.
1998). However, the relationship between the enhanced
uptake and the expression of SVCT had not been
investigated. In the present study, we cloned two types of
mouse SVCT cDNA and investigated the expression of the
SVCT in osteoblastic cells. The data showed that the
enhanced transport of AsA by Dex in osteoblastic cells is
controlled by SVCT2 expression.

Materials and methods
Cells and cell culture

MC3T3-E cells were originally established by Kodama et al.
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(1981) from mouse calvaria. MC3T3-El (a clone of
MC3T3-E) cells were obtained from Dr T. Miyahara
(Toyama Medical and Pharmaceutical University, Toyama,
Japan) and cultured in a-modification of Eagle’s medium
with 100 ml fetal calf serum/I in a humidified atmosphere of
CO,—air (5:95, v/v). For uptake assay, cells were seeded on
twenty-four-well culture plates at a density of 1-0X 103
cells/S00 1l per well and incubated for 24h. For RNA
preparation, cells were plated on 10 cm culture dishes at a
density of 2-5 X 10° cells/10 ml and incubated for 24 h. Cells
were then exposed to various compounds under controlled
conditions in serum-free medium. Uptake assays or RNA
preparation proceeded after exposure for various periods.

Ascorbic acid incorporation

MC3T3-El cells in twenty-four-well culture plates were
rinsed with incubation medium composed of 10 mm-2-(4-(2-
hydroxyethyl)-1-piperazinyl)ethanesulfonic acid, 137 mMm-
NaCl, 5-4mM-KCl, 0-3mM-Na,HPO;, 0-4 mm-KH,PO,,
0-4 mM-MgSO,, 1-3mMm-CaCl,, 0-5 mM-MgCl, and 0-5 mM-
thiourea, pH 7-4. Cells were then incubated with the same
medium containing various concentrations of L-['*C)AsA
(0-295 MBg/pmol; NEN-DuPont, Boston, MA; USA) at
37°C for 60 min in air. The incorporation radioactivity was
measured using a liquid scintillation counter. Non-specific
incorporation was determined using an excess amount of
cold AsA at a concentration of 10 mM. Specific incorpor-
ation was calculated as total incorporation minus non-
specific incorporation. Values are normalised with protein
contents and are expressed as relative units unless otherwise
indicated.

c¢DNA cloning

A search of the sequence database revealed that mouse yoke-
sac permease-like molecule-3 (mYspl3; GenBank ac. no.
AF058320) cDNA (Faaland et al. 1998) has high homology
to rSVCT1 (93 %). On the basis of this sequence similarity,
we assumed that mYspl3 is the mouse counterpart of
rSVCT1. On the other hand, a mouse cDNA similar to
rSVCT?2 was not found in the database. Type 2 SVCT have
been cloned only from rats and human subjects (Rajan et al.
1999; Tsukaguchi et al. 1999; Daruwala et al. 1999). We
designed polymerase chain reaction primers based on the 5'-
and 3'-non-coding region conserved in rSVCT2 and
hSVCT2 cDNA. The cDNA for mYspl3/mSVCT1 and
mSVCT2 cDNA were generated by polymerase chain
reaction from a mouse kidney and from a mouse brain cDNA
pool respectively. The primers were ATGAAAACTCCGG-
AGGACCCC and TCAGACCTTGGTACACACAGACCC
for mYspl3/mSVCT1, ATGATGGGTGTCGGCAAGAA
and ACAGATGCATGCCGTACT-GT for mSVCT2. SVCT
cDNA fragments generated by polymerase chain reaction
were subcloned into pBluescript II and sequenced. The
sequence of the mYspl3 cDNA fragment matched that
from the database. The sequence from the predicted
mSVCT2 cDNA fragment had high homology to rfSVCT2
(96 %).

Northern blots

Cellular RNA was isolated, and 6 g total RNA was
fractionated on a 1 % formaldehyde —3-(N-morpholino)pro-
panesulfonic acid agarose gel. RNA in the gel was capillary
transferred to Hybond-N membranes (Amersham Pharma-
cia, Amersham, Bucks., UK) then immobilised by u.v.
crosslinking. mYspl3/mSVCT1 and mSVCT2 c¢DNA
fragments were labelled with [a-32P]dCTP and hybridised
with the blot. The mRNA signals were detected and
analysed using a BAS1500 Mac radio imaging system (FUJI
FILM, Tokyo, Japan). All membranes were reprobed with a
32p_labelled DNA probe for mouse 18S rRNA as an internal
control.

Statistical analysis

The data were analysed by ANOVA and the Dunnett
multiple comparisons test.

Results

The uptake of AsA into MC3T3-El cells was originally
reported by Franceschi et al. (1994). We confirmed AsA-
specific and Na*-dependant transport under our experimen-
tal conditions. MC3T3-El cells were incubated with
25 wM-L-["*C]AsA for various periods up to 60min. The
incorporated radioactivity increased linearly with the
incubation until 60 min. Total incorporation as well as
specific incorporation of L-['*C]AsA increased in a
concentration-dependent manner. The apparent K, values
and the V,,,, for AsA in the presence of 137 mM-Na* were
estimated as 50-5uM and 462pmol/10° cells per/h,
respectively. Na dependence was also confirmed in our
experimental conditions.

Little has been published regarding the stimulation of
AsA transport by endogenous factors in osteoblastic cells
(Wilson & Dixon, 1995; Pandipati et al. 1998). MC3T3-E1
cells were incubated for 24h with eight compounds
indicated in Fig. 1, all of which are supposed to promote
osteoblast differentiation and/or proliferation. The maxi-
mum stimulative concentrations were based on the results of
differentiation- and proliferation-inducing experiments
(Kumegawa et al. 1983; Tsunoi et al. 1984; Hakeda et al.
1985; Katagiri et al. 1990; Amarnani et al. 1993; Kanatani
et al. 1993; Kaji et al. 1995; Kasperk et al. 1995). The
uptake of L-["*C]AsA was significantly increased by Dex
(1077 m), all-trans retinoic acid (10~ m), transforming
growth factor (3 (10ng/ml), transferrin (1077M) and
prostaglandin E, (10~ M) (Fig. 1). The greatest response
was elicited by Dex. In addition to Dex and transforming
growth factor B (Wilson & Dixon, 1995; Pandipati et al.
1998), we found three more factors that stimulate AsA
uptake in osteoblastic cells.

To examine whether the stimulative effect of Dex on AsA
uptake is mediated by the induction of mYspl3/mSVCT1
and/or mSVCT?2, we examined mSVCT mRNA expression
in MC3T3-El cells. MC3T3-El1 cells cultured with Dex for
24 h showed a dose-dependent increase of mSVCT2 mRNA
(Fig. 2(A)). On the other hand, mYspl3/mSVCT1 mRNA
was not detected in MC3T3-El cells. The Dex-induced
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Fig. 1. Effect of hormones on ascorbic acid (AsA) uptake of MC3T3-E1 cells.
MC3T3-E1 cells were incubated with indicated concentrations of dexamethasone,
all-trans retinoic acid, 1a,25-dihydroxycholecalciferol (1a,25-(OH),D3), transform-
ing growth factor (TGF) B, epidermal growth factor (EGF), insulin-like growth fac-
tor (IGF)-l, prostaglandin E, (PGE2), and transferrin for 24 h. Thereafter, cells
were incubated with 25 um-L-['*C] AsA for 1h and levels of incorporated radio-
activity were determined. Specific incorporation in control cells was 1-11 x 103
(SD 0-04 x 10%) Bg/well per h. Values are expressed relative to the control and
are the mean values and standard deviations of at least three cultures. Mean
values were significantly different from those of the control culture: * P < 0.-05,

147

** P < 0-01.

induction of mSVCT2 mRNA was consistent with the
results of AsA-uptake into 48 h-treated cells in the same
concentration range. We also examined the time course of
the upregulated mSVCT2 mRNA expression and AsA
uptake induced by Dex in MC3T3-E1 cells. The mSVCT2
mRNA level was upregulated in MC3T3-El cell incubated
for 4—8 h with 107 M-Dex and the expression of mSVCT2
mRNA was time-dependant (Fig. 2(B)). The AsA uptake
also increased a few hours after the induction of mSVCT2
mRNA. We did not detect mYspl3/mSVCT1 mRNA in the
present study. Alkaline phosphatase activity, a differen-
tiation marker of osteoblasts, in PEG-p-isooctylphenyl ethyl
(NP-40) extract was determined in the Dex-treated cells.
Dex (0-1 wM) reduced alkaline phosphatase activity time-
dependently (75 % and 58 % of control at 24 and 48h,
respectively).

Discussion

Two cDNA encoding the transporters rSVCT1 and rSVCT2,
have been isolated from a rat kidney cDNA library
(Tsukaguchi et al. 1999). These transporters possess high
affinity and specificity to AsA and are driven by a Na*
gradient. The cDNA sequences of hSVCT1 and hSVCT2
were later identified as the human homologues of rSVCT1
and rSVCT?2 respectively (Rajan et al. 1999; Wang et al.
2000). We isolated cDNA for the mouse homologues of
rSVCT, mYspl3/mSVCT1 and mSVCT2. The sequences of
mSVCT showed high similarity to the rat and human clones.
Tsukaguchi et al. (1999) have shown that not SVCT1 but

SVCT?2 is predominantly expressed in osteoblasts. Our
result from control culture supports their observation
(Fig. 2). The cells in which Dex enhanced the uptake of
AsA did not appear to express mSVCT1 mRNA. These
findings show that the transport of AsA in MC3T3-E1 cells
is driven by the Na* gradient-dependant AsA-specific
transporter, SVCT2. The apparent K, value of rfSVCT?2 for
AsA is 30 pM (Tsukaguchi er al. 1999) and the estimated
value of murine MC3T3-El cells was 50 uM in the present
study. The reported concentration of AsA in plasma and
extracellular fluid is about 50 wM (Hornig, 1975). Therefore,
SVCT2 would act as a transporter in vivo, and the
expressional change of SVCT2 would influence the cellular
concentration of AsA in vivo.

Osteoblastic cells can synthesise extracellular matrix and
cause it to differentiate (Gerstenfeld et al. 1987). Ascorbic
acid relates not only to the formation of collagen but also to
the differentiation of osteoblasts (Franceschi et al. 1994).
The activity of the osteoblast-specific transcription factor,
which is essential for osteoblast function, is stimulated by
AsA (Ducy et al. 1997). Therefore, changes in the AsA
transport should have profound effects on osteoblast
function.

Several factors such as hormones and growth factors also
affect osteoblastic cell function. For example, Dex or
transforming growth factor (3 can stimulate not only the
synthesis of extracellular matrix but also Na*-dependant
L-["*C]AsA uptake (Wilson & Dixon, 1995; Pandipati et al.
1998). However, the relationship between these actions and
the expression of AsA transporters was unknown. The
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Fig. 2. Time- and dose-dependent induction of ascorbic acid (AsA) uptake and
sodium-dependant vitamin C transporter (SVCT) mRNA expression by dexametha-
sone (Dex). (a) MC3T3-E1 cells were incubated with indicated concentrations of
Dex for 24 h (Northern blotting) and 48 h (uptake assay). Thereafter, Northern blot-
ting (upper panel) and L-['“C] AsA uptake assays (lower panel, o) were performed.
Probes were 32P-labelled cDNA fragments of mouse yoke-sac permease-like mol-
ecule-3 (mYspl3)/mSVCT1 and mSVCT2. Quantification of SVCT bands was per-
formed and the results were shown as fold increase in the lower panel (A).
Incorporated radioactivity was normalized with protein contents per well. Control
cells specifically incorporated 6:67 x 10* (SD 0-03 x 10%) Bg/mg protein per h. (b)
MC3T3-E1 cells were incubated with 10™ °M-Dex for indicated periods. Thereafter,
Northern blotting (upper panel) and L-['*C]AsA uptake assays (lower panel, o)
were performed. The results of quantified SVCT bands are shown in the lower
panel (A). Control cells specifically incorporated 8:10 x 10* (sb 0-19 x 10*) Bg/mg
protein per h. Values are expressed relative to the controls, and are the mean
values and standard deviations of three cultures. Mean values were significantly
different from those of the control culture: * P < 0-05, ** P < 0-01.

present study showed that Dex-induced stimulation of AsA
uptake is due to the enhanced expression of mSVCT?2. Other
than Dex and transforming growth factor 3, we found that
all-trans retinoic acid, prostaglandin E, and transferrin also
induce the AsA-transport activity of osteoblastic cell
(Fig. 1). It is important to define the SVCT-inducing
activity of these AsA-transport inducers.

Glucocorticoid at high concentrations has potent long-
term antiproliferative effects on mesenchymal cells,
including bone cells (Kasperk et al. 1995; Ishida et al.
1996). In the present study, 1 uM Dex inhibited about 30 %
of the protein content compared with control in vitro (results
not shown). At low concentrations, short-term experiments
have shown that glucocorticoids stimulate osteoblast
proliferation (Kasperk et al. 1995). Thus, the effects of
glucocorticoid may be related not only to dose and treatment
duration but also to the degree of cellular differentiation. At
physiological concentrations, glucocorticoid provides a
basal stimulus for differentiation, ensuring not only a
continuous stream of mesenchymal stem cells maturing into
proliferating osteoblastic precursor cells, but also their
differentiation into osteoblasts. Although a promoter
sequence of mSVCT2 has not yet been identified, we
speculated that glucocorticoid-responsive element is located
in the promoter region of the mSVCT2 gene. We also
speculate that another mechanism is responsible for the

Dex-induced expression of mSVCT2. Levels of the
differentiation-related transcription factor, osteoblastic-
specific transcription factor, are increased by Dex (Chang
et al. 1998) and this factor may regulate mSVCT2 mRNA
expression.

In our experimental conditions, alkaline phosphatase
activity in MC3T3-El cells was reduced by Dex. Therefore,
Dex-induced expression of SVCT2 is not a result of
osteoblastic differentiation. The role of SVCT in osteoblast
differentiation and the molecular mechanism of the
glucocorticoid-induced expression of SVCT2 remain to be
elucidated. AsA must be involved in the growth and
function of various cells, rather than only those of
osteoblastic lineage. Regulation of the expression of the
SVCT in other cells should also be investigated.

Acknowledgements

This work was partly supported by a grant from Takeda
Science Foundation.

References

Amarnani S, Merriman HL, Linkhart TA, Baylink DJ & Mohan S
(1993) Autocrine regulators of MC3T3-E1 cell proliferation.
Journal of Bone and Mineral Research 8, 157—165.

ssaud Aus1aniun abpuquied Aq auluo paysiignd 90t L00ZN(a/6£01°01/B10"10p//:sd1y


https://doi.org/10.1079/BJN2001406

Ascorbic acid transport in osteoblasts 149

Bellow CG, Aubin JE & Heersche JN (1987) Physiological
concentrations of glucocorticoids stimulate formation of bone
nodules from isolated rat calvaria. Endocrinology 121,
1985-1992.

Boden SD, McCuaig K, Hair G, Racine M, Titus L, Wozney IM &
Nanes MS (1996) Differential effects and glucocorticoid
potentiation of bone morphogenetic protein action during rat
osteoblast differentiation. Endocrinology 137, 3401-3407.

Chang DJ, Ji C, Kim KK, Casinghino S, McCarthy TL & Centrella
M (1998) Reduction in transforming growth factor beta receptor
I expression and transcription factor CBFal on bone cells by
glucocorticoid.  Journal of Biological ~Chemistry 273,
4892-4896.

Chen TL & Raisz LG (1975) The effects of ascorbic acid
deficiency on calcium and collagen metabolism in cultured fetal
rat bones. Calcified Tissue Research 17, 113—127.

Daruwala R, Song J, Koh WS, Rumsey SC & Levine M (1999)
Cloning and functional characterization of the human sodium-
dependent vitamin C transporters hSVCT1 and hSVCT2. FEBS
Letters 460, 480—484.

Ducy P, Zhang R, Geoffroy V, Ridall AL & Karsenty G (1997)
Osf2/Cbfal: A transcriptional activator of osteoblast differen-
tiation. Cell 89, 747-754.

Faaland CA, Race JE, Ricken G, Warner FJ, Williams WJ &
Holtzman EJ (1998) Molecular characterization of two novel
transporters from human and mouse kidney and from LLC-PK1
cells reveals a novel conserved family that is homologous to
bacterial and Aspergillus nucleobase transporters. Biochimica et
Biophysica Acta 1442, 353-360.

Franceschi RT, Iyer BS & Cui Y (1994) Effects of ascorbic acid on
collagen matrix formation and osteoblast differentiation in
murine MC3T3-E1 cells. Journal of Bone and Mineral Research
9, 843-854.

Fujita I, Akagi Y, Hirano J, Nakanishi T, Itoh N, Muto N & Tanaka
K (2000) Distinct mechanism of transport of ascorbic acid and
dehydroascorbic acid in intestinal epithelial cells (IEC-6).
Research  Communications in Molecular Pathology and
Pharmacology 109, 219-232.

Gerstenfeld LC, Chipman SD, Glowacki J & Lian JB (1987)
Expression of differentiated function by mineralizing cultures of
chicken osteoblasts. Developmental Biology 122, 49—-60.

Hakeda Y, Nakatani Y, Hiramatsu M, Kurihara N, Tsunoi M, Ikeda
E & Kumegawa M (1985) Inductive effects of prostaglandins on
alkaline phosphatase in osteoblastic cells, clone MC3T3-El.
Journal of Biochemistry 97, 97—104.

Hornig D (1975) Distribution of ascorbic acid, metabolites and
analogues in man and animals. Annals of the New York Academy
of Sciences 258, 103—118.

Ishida Y, Tertinegg I & Heersche JN (1996) Progesterone and
dexamethasone stimulate proliferation and differentiation of
osteoprogenitors and progenitors for adipocytes and macro-
phages in cell populations derived from adult rat vertebrae.
Journal of Bone and Mineral Research 11, 921-930.

Kaji H, Sugimoto T, Kanatani M, Kano J, Fukase M & Chihara K
(1995) Effect of retinoic acid on the proliferation and alkaline
phosphatase activity of osteoblastic MC3T3-El1 cells by
modulating the release of local regulators from monocytes.

Experimental and Clinical Endocrinology and Diabetes 103,
297-302.

Kanatani M, Sugimoto T, Fukase M & Chihara K (1993) Effect of
1,25-dihydroxyvitamin D3 on the proliferation of osteoblastic
MC3T3-E1 cells by modulating the release of local regulators
from monocytes. Biochemical and Biophysical Research
Communications 190, 529-535.

Kasperk C, Schneider U, Sommer U, Niethard F & Ziegler R
(1995) Differential effects of glucocorticoids on human
osteoblastic cell metabolism in vitro. Calcified Tissue
International 57, 120—-126.

Katagiri T, Lee T, Takeshima H, Suda T, Tanaka H & Omura S
(1990) Transforming growth factor-beta modulates proliferation
and differentiation of mouse clonal osteoblastic MC3T3-El
cells depending on their maturation stages. Bone and Mineral
11, 285-293.

Kodama H, Amagai Y, Sudo H, Kasai S & Yamamoto S (1981)
Establishment of a clonal osteogenic cell line from newborn
mouse calvaria. Japanese Journal of Oral Biology 23, 899-901.

Kumegawa M, Hiramatsu M, Hatakeyama K, Yajima T, Kodama
H, Osaki T & Kurisu K (1983) Effects of epidermal growth
factor on osteoblastic cells in vitro. Calcified Tissue Inter-
national 35, 542—-548.

Pandipati S, Driscoll JE & Franceschi RT (1998) Glucocorticoid
stimulation of Na*-dependent ascorbic acid transport in
osteoblast-like cells. Journal of Cellular Physiology 176,
85-91.

Quarles LD, Yohay DA, Lever LW, Caton R & Wenstrup RJ
(1992) Distinct proliferative and differentiated stages of murine
MC3T3-E1 cells in culture: an in vitro model of osteoblast
development. Journal of Bone and Mineral Research 17,
683-692.

Rajan DP, Huang W, Dutta B, Devoe LD, Leibach FH, Ganapathy
V & Prasad PD (1999) Human placental sodium-dependent
vitamin C transporter (SVCT2): molecular cloning and transport
function. Biochemical and Biophysical Research Communi-
cations 262, 762-768.

Rumsey SC & Levine M (1998) Absorption, transport, and
disposition of ascorbic acid in humans. Journal of Nutritional
Biochemistry 9, 116—130.

Tsukaguchi H, Tokui T, Mackenzie B, Berger UV, Chen XZ,
Wang Y, Brubaker RF & Hediger MA (1999) A family of
mammalian Na*-dependent L-ascorbic acid transporters. Nature
399, 70-75.

Tsunoi M, Hakeda Y, Kurihara N, Maeda N, Utsumi N &
Kumegawa M (1984) Effect of transferrin on alkaline
phosphatase activity and collagen synthesis in osteoblastic
cells derived from newborn mouse calvaria. Experimental Cell
Research 153, 240-244.

Wang Y, Mackenzie B, Tsukaguchi H, Weremowicz S, Morton CC
& Hediger MA (2000) Human vitamin C (L-ascorbic acid)
transporter SVCT1. Biochemical and Biophysical Research
Communications 267, 488—-494.

Wilson JX & Dixon SJ (1995) Ascorbate concentration in
osteoblastic cells is elevated by transforming growth factor-beta.
American Journal of Physiology 268, ES65-ES71.

ssaud Aus1aniun abpuquied Aq auluo paysiignd 90t L00ZN(a/6£01°01/B10"10p//:sd1y


https://doi.org/10.1079/BJN2001406

