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1,25-Dihydroxyvitamin D3 Modulates Growth of Vascular Smooth Muscle Cells
Takako Mitsuhashi, R. Curtis Morris, Jr., and Harlan E. Ives
Nephrology Division, Cardiovascular Research Institute and General Clinical Research Center, Department of Medicine,
University of California at San Francisco, San Francisco, California 94143

Abstract

Weexamined the effects of 1,25-dihydroxyvitamin D3(1,25-
(OH)2D3) on the proliferation of vascular smooth muscle
(VSM) cells. Receptors for 1,250-H)2D3 were demonstrated
in fresh rabbit aortic tissue and in cultured rat VSMusing
binding of 13H1-1,25-0H)2D3 in sucrose density gradients of
the tissue or cell homogenates. The receptor sedimented at 3.6
S, the sedimentation velocity of 1,2501H)2D3 receptors from
other sources. 1,2540H)2D3 dramatically altered the growth
of VSM, but this effect depended importantly on the basal con-
ditions in which the cells were grown. In quiescent VSMde-
prived of serum for 72 h, 1,2540H)2D3 (0.1-10 nM), but not
25-(OH)D3 (up to 100 nM) increased thymidine incorporation
up to 12-fold and cell number up to 2.6-fold compared with
controls. The maximal effect of 1,25-(0H)D3 on thymidine
incorporation was similar to the maximal effect of the growth
factors a-thrombin or PDGF. Furthermore, the effects of 1,25-
(OH)2D3 and thrombin on thymidine incorporation in quiescent
cells were markedly synergistic, yielding a 78-fold increase in
thymidine incorporation when both agents were added simulta-
neously. In "nonquiescent cells" which were exposed to serum-
free medium for only 24 h, 1,2540H)2D3 (10 nM) also in-
creased DNAsynthesis 10-fold compared with controls. How-
ever, in striking contrast to what was observed in quiescent
cells, 1,25-(OH)2D3 diminished the mitogenic response to
thrombin by as much as 50% in nonquiescent cells. 1,25-
(OHh)D3 also modulated the transcription of c-myc in response
to thrombin. In quiescent cells, transcription was enhanced by
1,25-(OH)2D3, whereas in nonquiescent cells, thrombin-in-
duced c-myc transcription was blunted. Thus, 1,25-(0H)2D3 is
a potent modulator of the growth of cultured VSM. The direc-
tion of this modulation depends strongly on the conditions
under which the cells are cultured. (J. Clin. Invest. 1991.
87:1889-1895.) Key words: vitamin D3* vascular smooth mus-
cle * growth factors * c-myc

Introduction

1,25-Dihydroxyvitamin D3 (1,25-(OH)2D3),' through its ac-
tions in the kidney, intestine, and bone, plays a critical role in
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1. Abbreviations used in this paper: 1,25-(OH)2D3, 1,25-dihydroxyvita-
min D3; TED, Tris/EDTA/dithiothreitol buffer, VDR, vitamin D re-
ceptor; VSM, vascular smooth muscle.

Ca2" homeostasis (1-5). Recently, receptors and actions for
this hormone have been found in many tissues in addition to
these traditional targets, including heart, brain, breast, and
many tumor cells (6-13). These novel actions of 1,25-(OH)2D3
may have significant physiologic, pathologic, and even thera-
peutic implications. For example, 1,25-0H)2D3 induces dif-
ferentiation of keratinocytes (6) and is useful in the treatment
of psoriasis (7). 1,25-0H)2D3 also induces differentiation and
inhibits DNAsynthesis in HL-60 human promyelocytic leuke-
mia cells (8, 9), mouse M1-60 myeloid leukemia cells (10), and
human U-937 lymphoma cells (11). On the other hand, 1,25-
(OH)2D3 stimulates the proliferation of circulating monocytes
(12) and breast carcinoma cells (13).

1,25-0H)2D3 exerts its effects upon cells through the me-
diation of the vitamin D receptor (VDR), a member of the
steroid superfamily of receptors. These receptors are DNA-
binding proteins and act by altering the transcription of genes
which have the appropriate DNAresponse elements in their
promoters (1-5, 14). For example, 1,25-(OH)2D3 induces the
transcription of genes for calcium binding proteins in intestine
(1) and for the osteocalcin gene in bone (14). In other systems,
1,25-0H)2D3 may suppress gene expression. In HL-60 cells,
Reitsma et al. observed that differentiation was preceded by a
decrease in expression of the protooncogene c-myc (9). Like the
glucocorticoid receptor (15), the VDRmay thus be a positive
transcription factor for certain genes and a repressor for others.

A variety of experimental work suggests that 1,25-0H)2D3
mayplay a role in certain forms ofhypertension. Young sponta-
neously hypertensive rats and Dahl salt-sensitive rats have
higher 1,25-(OH)2D3 levels than Wistar Kyoto rats and Dahl
salt-resistant rats, respectively (16, 17). In humans, it has been
reported that serum 1,2540H)2D3 is significantly increased in
patients with low renin hypertension (18, 19). Furthermore,
decreased dietary Ca2 , which elevates 1 ,2540H)2D3 levels, has
been proposed to contribute to hypertension in some individ-
uals (20, 21). To date, it remains unclear how 1,25-(OH)2D3
might contribute to the development of hypertension. Recep-
tors for 1,25-(OH)2D3 have been found in heart (22) and in
cultured vascular smooth muscle cells (23). Moreover, 1,25-
(OH)2D3 appears to alter Ca2+ metabolism (24) and growth (25,
26) of vascular cells. It was also recently reported that 1,25-
(OH)2D3 is synthesized in vascular endothelial cells (27). Taken
together, these findings raise the possibility that 1,2540H)2D3
might have important actions in vascular smooth muscle cells
and might play a role in the pathogenesis of atherosclerosis and
hypertension.

To further investigate whether there is a role for 1,25-
(OH)2D3 in vascular smooth muscle function, we sought to
determine (a) whether 1,25-(OH)2D3 receptors are present in
freshly isolated aortic tissue, as they are in cultured vascular
smooth muscle (VSM) cells; (b) whether 1,25-(OH)2D3 affects
proliferation of this cell type; and (c) whether 1,2540H)2D3
affects transcription of oncogenes in VSM. Wefind that 1,25-
(OH)2D3 is a potent growth factor in vascular smooth muscle
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cells and that it modulates the mitogenic action of thrombin
and the induction of c-myc by thrombin in cultured VSM.
These actions of 1,25-(OH)2D3 in vascular cells may be impor-
tant in certain pathological states.

Methods
Materials. Unlabeled 1,2540H)2D3 was the generous gift of Dr. M.
Uskokovic of Hoffman-LaRoche (Nutley, NJ). 25-(OH)D3 wasagener-
ous gift from Dr. Bernard Halloran (University of California, San Fran-
cisco). [3 H]1,2540H)2D3 (95 Ci/mmol) and [32P]dCTP(400 Ci/mmol,
3,000 Ci/mmol) were obtained from Amersham Corp. (Arlington
Heights, IL). [3H]Thymidine (6.7 Ci/mmol) and [14Clovalbumin
(0.0 136 mCi/mg) were from Dupont Co. (Boston, MA). BSAwas fatty
acid poor fraction V from Miles Laboratories, Inc. (Naperville, IL).
Highly purified human a-thrombin was generously supplied by John
W. Fenton II (Albany, NY). PDGFwas recombinant homodimeric sis
product (BB) purchased from Amgen (Thousand Oaks, CA). HL-60
cells were the kind gift of Dr. Masato Mitsuhashi (Howard Hughes
Medical Institute, San Francisco, CA). Other chemicals were pur-
chased from Sigma Chemical Co. (St. Louis, MO).

Cell culture. Neonatal rat vascular smooth muscle cells (strain
R22D) were obtained from PeterJones (University of Southern Califor-
nia) (28) and were used for the present studies at passages 16-28. The
cells were maintained in Eagle's MEMwith 10% FBS, 2% tryptose
phosphate broth, penicillin (50 U/ml), and streptomycin (50 U/ml) in
a humidified atmosphere of 5%CO2, 95% air at 370C (29). Cells were
harvested with 3 ml trypsin-versene and 3 ml 0.2% pancreatin and
subcultured at a 1:10 dilution weekly. Culture medium was changed
every other day until the cells were confluent. Upon achieving con-
fluency, cells to be used as "quiescent" were growth arrested in quies-
cence medium (MEMcontaining 20 mMHepes, 27 mMHCO- (pH
7.4), 5 gg/ml transferrin, 0.5 mg/ml fatty acid free BSA(Miles Labora-
tories, Inc.), penicillin (50 U/ml), and streptomycin (50 U/ml) and
cultured in a humidified atmosphere of 5%CO2, 95%air at 37°. Quies-
cence medium was changed daily for 3 d before experimentation. Cells
to be used as "nonquiescent" were placed in the same quiescence me-
dium, but for only 24 h before experimentation. HL-60 cells were cul-
tured in suspension as previously described (30).

1,25-(OH)2D3 receptor binding studies. 1,25-(OH)2D3 receptors
were examined in aortic tissue, HL-60 cells, and cultured VSMcells
using previously described methods (22, 23, 31). Aortic tissue was ob-
tained by removing the thoracic aortae from 17 male New Zealand
white rabbits (2 kg). After removing all adherent adventitia, the medial
strips were washed in 0.9% NaCl and were minced and homogenized
with 10 strokes of a Teflon-glass homogenizer driven by a 3/8-in electric
drill. HL-60 cells in suspension (2 X I0) were centrifuged at 1,000 rpm
in a tabletop centrifuge; rat VSM(3-175 cm2 flasks; 5 X 106 cells/flask)
were suspended as described under "cell culture" and were also centri-
fuged at 1,000 rpm. Pellets of both cell types were resuspended in TED
buffer (I0 mMTris, 1.5 mMEDTA, 10 mMdithiothreitol, pH 7.4) and
homogenized with 10-12 strokes in a Teflon-glass handheld homoge-
nizer. Homogenates from each of the three sources were suspended in
TEDbuffer containing Trasylol (500 kallikrein inhibitory U/ml) and
PMSF(300 AM) and centrifuged at 4,500 g for 10 min. Supernatants
were discarded and pellets were washed three times with the same
buffer and recentrifuged at 4,500 g. These crude nuclear pellets were
suspended in 1 ml KTEDMobuffer (TED buffer plus 10 mMsodium
molybdate and 0.3 MKC1) with 0. 5% Triton X-100 and trasylol and
PMSFas above. Then they were centrifuged (200,000 g for 1 h) to
recover the KCI extracted receptors. 300-,l aliquots of these suspen-
sions were incubated with 1.0 nM [3H] I,25-(OH)2D3 for 1 h at 40C in
the presence or absence of a 1,000-fold excess of unlabeled 1,25-
(OH)2D3. 200 ul was then layered onto cold 5-20% sucrose gradients
(4.8 ml in KTEDMoplus Trasylol and PMSF) and centrifuged
(SWSSTi rotor, Beckman) at 200,000 g for 24 h. To normalize the
results, ['4C]ovalbumird (3.6 S) was added to parallel sucrose gradients
which were made simultaneously with the sample gradients. 30 frac-

tions were collected; sucrose density was checked on an Abbe refrac-
tometer and the samples (140 gl) were counted in a scintillation
counter. Specific binding of 1,25-(OH)2D3 was the difference between
total binding and binding in the presence of excess unlabeled ligand.

DNAsynthesis and cell number. Cultured VSMcells were har-
vested, plated onto 24-well plates (16-mm wells), and cultured for 4 d in
MEMcontaining penicillin, streptomycin, and 10% FCS. The con-
fluent monolayers were then placed in quiescence medium (MEMwith
BSA(0.5 mg/ml), Hepes (20 mM,pH 7.4) and transferrin (5 gg/ml) for
an additional 4 d. Cells were then exposed to thrombin (0.4 U/ml),
PDGF(10 ng/ml), or 1,25-(OH)2D3 at various concentrations. After 24
h, cells were incubated with 1 ,uCi/ml 3H-thymidine for 6 h. Cells were
then fixed with 1 ml of 15% TCA. TCA-insoluble counts were mea-
sured in a scintillation counter. In separate experiments, cells grown
under identical conditions were harvested with 0.05% trypsin and 0.2%
pancreatin, and were counted in a Coulter counter (Coulter Electron-
ics, Inc., Hialeah, FL).

Data presentation and statistics. Results are presented as mean±SE
for experiments with three or more observations. All comparisons were
based on statistical analysis of experiments performed on the same day
using the same batch of cells. Comparisons were made using the un-
paired Student's t test.

Results

Presence of J,25-(OH)2D3 receptor (VDR) in aorta and cultured
vascular smooth muscle (VSM) cells. To determine whether
vitamin D receptors are present in the intact aorta, a nuclear
extract of homogenized aortic tissue was incubated with unla-
beled and/or labeled 1,25-(OH)2D3 and subjected to sucrose
gradient centrifugation. As shown in Fig. 1, specific binding of
the label was observed at a sedimentation velocity of 3.6 S. This
value corresponds to the sedimentation velocity of VDRfrom
other sources, such as chick intestine (31), rat heart (22), and
cultured HL-60 human leukemia cells (32). Specific binding of
[3H]- 1,25-(OH)2D3 in density gradients of nuclear extracts
from cultured VSMand HL-60 cells were determined similarly
and are shown in Fig. 2. HL-60 cells demonstrated approxi-
mately twice as much specific binding as an equal number of
VSMcells (1,000 cpm vs. 500 cpm integrated over all active
fractions). Thus, both intact aorta and cultured VSMexpress
the 1,25-(OH)2D3 receptor.
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Figure 1. Binding of [3H] 1 ,25-(OH)2D3 to nuclear extracts of rabbit
aorta. Extracts of aortic nuclei were prepared, incubated with labeled
and unlabeled 1,25-OH)2D3, and subjected to sucrose density gra-
dient (5-20%) separation as described in Methods. Fractions were
collected and counted. Total binding of I,2540H)2D3 (solid circles),
nonspecific binding (open circles), and sucrose density (dotted line)
are plotted as a function of fraction number. Specific binding was
demonstrated in the region of the gradient where the 3.6 S "C-oval-
bumin marker equilibrated in parallel sucrose gradients.
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Effect of 1,25-(OH)2D3 on cell proliferation. To investigate
the effect of 1,2540H)2D3 on proliferation of VSM, we incu-
bated quiescent VSMwith 1,2540H)2D3, thrombin, or PDGF
and compared the effects of these various agents on cellular
DNAsynthesis (Fig. 3, open bars). Cells were made quiescent
by deprivation of serum for 72 h before addition of growth
factors. Under these conditions, 1,25-(OH)2D3 (10 nM) in-
creased thymidine incorporation into DNAby 12±3 (n = 6)-
fold. This stimulation was comparable with that seen by maxi-
mal concentrations of other known growth factors, in particu-
lar thrombin (0.4 U/ml; 17±4 (n = 6)-fold) and PDGF(10
ng/ml; 14±2 (n = 4)-fold). In contrast to 1,2540H)2D3, 25-
(OH)D3 (100 nM) failed to increase thymidine incorporation
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Control 25D, 1 ,25D3 Thrombin PDGF

Figure 3. Effect of 1,2540H)2D3, thrombin, and PDGFon DNA
synthesis in cultured VSM. As described in Methods, confluent cul-
tures of VSMwere deprived of serum for 72 h (quiescent cells, open

bars) or 24 h (nonquiescent cells, hatched bars) and were then incu-
bated with 25-(OH)D3 (100 nM), 1,25-(OH)2D3 (10 nM), thrombin
(0.4 U/ml), or PDGF(10 ng/ml) for 24 h. [3H]Thymidine was then
added for 6 h; cells were harvested and TCA insoluble counts were

determined as described in Methods. Control (background) thymidine
incorporation was 1,155±592 cpm/dish (quiescent cells, open bars)
and 5,209±1,071 cpm/dish (nonquiescent cells, hatched bars). Data
is presented as fold increase in [3H]thymidine incorporation over

these control values.

significantly. The effect of 1,25-(OH)2D3 was dose-dependent,
with a maximal effect at 10 nM (see below).

To show that the response to 1,25-(OH)2D3 in quiescent
cells was not due to the severe conditions of serum deprivation,
the experiments of Fig. 3 were repeated under conditions in
which serum was removed for 24 h, rather than 72 h, before
addition of growth factors. With this shorter exposure to
serum-free medium, basal incorporation of thymidine into
DNAis approximately fivefold higher than in quiescent VSM
cells. Cells grown under these conditions are therefore referred
to as "nonquiescent." Despite the higher basal level of thymi-
dine incorporation in nonquiescent cells, the relative increases
in thymidine incorporation induced by 1,25-0H)2D3, throm-
bin or PDGFwere similar to what was observed with quiescent
cells (Fig. 3, hatched bars).

To show that thymidine incorporation induced by 1,25-
(OH)2D3 in quiescent cells actually represented increased DNA
synthesis and not increased uptake of thymidine from the me-
dium, we compared incorporation of thymidine into soluble
(cytosolic) and insoluble fractions after incubation with
various concentrations of 1,25-(OH)2D3 (Fig. 4). 1,2540H)2D3
had no effect upon cytosolic uptake of thymidine, but in-
creased incorporation of thymidine into acid-insoluble mate-
rial significantly. Thus, 1,2540H)2D3 induces incorporation of
thymidine into DNA, but does not increase the size of cytosolic
pools of thymidine.

1,25-0H)2D3 not only caused an increase in DNAsynthe-
sis of VSMcells, but also caused the cells to divide (Table I). In
quiescent cells, 10 nM 1,25-(OH)2D3, but not 2540H)D3, in-
creased the number of cells 2.6-fold (n = 3, P < 0.05) over
control dishes not exposed to 1,2540H)2D3 (Table I). Similar
to what was observed with DNAsynthesis, the effect of 1,25-
(OH)2D3 on cell number was comparable to the effect of 0.4
U/ml thrombin and was dose dependent, with the maximal
effect at 10 nM.

Combined effects of 1,25-(OH)2D3 with thrombin and
PDGF. Having found that 1,25-(OH)2D3 by itself is a potent
growth factor, we next asked whether 1,25-(OH)2D3 affects the
cell proliferation induced by other growth factors. MacCarthy
et al. reported that in VSMcells grown in 2% serum; prior
treatment with 1,2540H)2D3 actually blunted the response to
subsequent addition of EGF(26). Similarly, we found in our
nonquiescent VSMcells that 48 h pretreatment with 1,25-
(OH)2D3 significantly blunted the response to subsequent addi-
tion of either thrombin or PDGF(Fig. 5). Half-maximal inhibi-
tion of thrombin-induced mitogenesis by 1,25-(OH)2D3 was

25 Figure 4. Effect of 1,25-
I

0 T (OH)2D3 on thymidine~I20--
15' /l uptake and incorpora-

_15 tion into DNAin quies-
-101 cent cells. Confluent,

E / quiescent VSMcells
CL *, were treated with the

oi g : = ¢ indicated concentra-
0 0.1 1.0 10 loo tions of 1,25-(OH)2D3

1,25(OH)2D3 (nM) for 24 h. In the contin-
ued presence of 1,25-

(OH)2D3, [3H]thymidine was added during an additional 6 h incuba-
tion. After removal of the medium and washing with buffer (see
Methods), cells were treated with TCA. TCA soluble (solid circles)
and insoluble (open circles) material was separated and counted.
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Table I. Effect of 1,25-(OH)2D3 on Proliferation of VSM

Additive Celi No.

None 119200±23107
1,25-(OH)2D3

1 nM 206693±29517
10 nM 313493±31215*
100 nM 326320±16909*

Thrombin (0.4 U/ml) 430266±35448*

Quiescent cultures of VSMwere incubated with the indicated con-
centrations of 1,25-(OH)2D3 for 24 h. After trypsinization, the cells
were harvested and counted in a Coulter counter. Numbers are
mean±SE for triplicate dishes. * P < 0.05.

between 0.1 and 1.0 nM(Fig. 6). Thus, whereas 1,25-(OH)2D3
is a potent growth factor in nonquiescent cells, it mayblunt the
responses to other growth factors.

Synergistic effect of 1,25-(OH)2D3 on thrombin-induced mi-
togenesis in quiescent cells. Surprisingly, the effect of 1,25-
(OH)2D3 (10 nM) on thrombin-induced mitogenesis was quite
different in quiescent cells from what was observed in nonqui-
escent cells. In quiescent cells, 1,25-(OH)2D3 synergistically in-
creased thymidine incorporation induced by thrombin (from
17±4-fold (thrombin) to 78±10-fold (thrombin plus 1,25-
(OH)2D3) (Fig. 7). With PDGF, 1,25-(OH)2D3 also enhanced
DNAsynthesis, but the combined effects of 1,25-(OH)2D3 and
PDGFwere only additive. The synergistic effect of 1,25-
(OH)2D3 with thrombin occurred with similar doses of 1,25-
(OH)2D3 to those that alone produced an effect on DNAsynthe-
sis (Fig. 8). The half-maximal effect of 1,25-(OH)2D3 was at

- 3 nM for both responses.
To further investigate the synergism between 1,2540H)2D3

and thrombin on the growth of quiescent VSMcells, the effect
of altering the time between addition of the two ligands was
examined (Fig. 9). When I,25-(OH)2D3 was added at various
times before and after the addition of thrombin, the synergistic
effect of the two ligands on DNAsynthesis was not as great as
when they were added simultaneously. When 1,25-(OH)2D3
was added 48 h before thrombin, synergism was no longer pres-
ent. However, 1,25-(OH)2D3 never blunted the response to
thrombin in quiescent cells, as it did in nonquiescent cells
(above).

Lastly, we examined the effects of thrombin and 1,25-

30 Figure 5. Inhibition of
o growth factor-induced
0 p < .05 p <.05 p.O1 DNAs* m N synthesis by 1,25-

ok20 (OH)2D3 in nonquies-
C

t 1 cent VSMcells. Cul-
Eas10 . 1 1 tures of VSMwere de-

jV1F~l~irL Oprived of serum for 24
I ~o...t _ L_ L l h. They were then incu-

Control Thrombin PDGF bated with 10 nM 1,25-
1 ,25DN - + - + - + (OH)2D3 or vehicle for

48 h; then thrombin
(0.4 U/ml) or PDGF(10 ng/ml) were added for 24 h. [3H]Thymidine
was then added for 6 h and the cells were harvested and TCA-insolu-
ble counts determined. Control thymidine incorporation was
4,469±1,046 cpm/dish. Data is presented as fold increase in [3H]-
thymidine incorporation over these control values.
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Figure 6. Dose response for inhibition of thrombin-induced DNA
synthesis by 1,25-(OH)2D3 in nonquiescent VSMcells. Nonquiescent
cultures of VSM(deprived of serum for 24 h) were incubated with
the indicated concentrations of 1,25-(OH)2D3 for 48 h; thrombin
(solid circles) or vehicle (open circles) was added for 24 h. Thymidine
was then added for 6 h and TCA-insoluble counts were determined.
Data is plotted as fold increase in thymidine incorporation compared
with control cells with no additives. Data shown is a single experi-
ment representative of two similar experiments.

(OH)2D3 on expression of the cellular oncogene c-myc. Total
RNAwas isolated from quiescent or nonquiescent VSMcells
that had been exposed to thrombin, 1,25-(OH)2D3, or both.
Northern blots were probed with labeled SP6 phage DNAcon-
taining the inserted c-myc cDNA. In quiescent cells, the effects
of thrombin and 1,25-(OH)2D3 were markedly synergistic (Fig.
10 a), whereas in nonquiescent cells 1,25-(OH)2D3 blocked the
induction of c-myc message by thrombin. Thus, the effects of
1,25-(OH)2D3 on transcription of c-myc were parallel to its
effects on growth of VSMin quiescent and nonquiescent cells.

Discussion

Receptors for 1,25-(OH)2D3 have recently been found in nu-
merous cells and tissues in addition to the traditional targets for
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Figure 7. Synergism between 1,2540H)2D3 and thrombin or PDGF
on DNAsynthesis in quiescent VSMcells. Cultures of VSMwere
deprived of serum for 72 h. They were then incubated with no addi-
tive, thrombin (0.4 U/ml), or PDGF(10 ng/ml), either in the presence
or absence of 1,25-(OH)2D3 for 24 h. [3H]Thymidine was then added
for 6 h. Cells were harvested and TCA-insoluble counts determined.
Control thymidine incorporation was 1,171+211 cpm/dish. Data is
presented as fold increase in [3H]thymidine incorporation over these
control values.
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1 ,25(OH) 2D3 (nMl) with the indicated con-
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(OH)2D3 either in the absence (open circles) or the presence (solid
circles) of thrombin (0.4 U/ml) for 24 h. [3H]Thymidine was then
added for 6 h, cells were harvested and TCA-insoluble counts were
determined. Data is plotted as fold increase in thymidine incorpora-
tion compared with control cells with no additives.

vitamin Daction. Amongthese nontraditional targets are cells
from the cardiovascular system, including intact heart (22) and
cultured VSMcells (23). The occurrence of vitamin D recep-
tors in the cardiovascular system raises the possibility of an
important role for this hormone in normal or disordered cardio-
vascular physiology. As discussed in the Introduction, a variety
of clinical and in vitro data is consistent with a role for 1,25-
(OH)2D3 in the cardiovascular system. Taken together, these
disparate findings led us to ask whether 1,25-(OH)2D3 exerts
any biological effects on the VSMcell.

Because most of the biological actions of 1,25-(OH)2D3 are
mediated by a specific receptor, the VDR(2, 3), we first deter-
mined whether 1,25-0H)2D3 receptors are present in freshly
isolated aortic tissue, as well as in cultured VSMcells. In both
sources, radiolabeled 1,25-(OH)2D3 specifically bound to nu-
clear fractions with a sedimentation coefficient of - 3.6 S.
Thus, a specific receptor for 1,25-(OH)2D3 is present both in
freshly isolated and cultured VSMcells.

1,25-(OH)2D3 has been shown to modulate proliferation of
several cell types. In most systems where it has been studied,
1 ,25-(OH)2D3 reduces the rate of cell proliferation and induces
cellular differentiation (see Introduction). Wetherefore deter-
mined whether 1,25-(OH)2D3 affects the growth rate of VSM
cells. Wefound that the effect of 1,25-(OH)2D3 depends cru-
cially on the context in which it is added. In nonquiescent cells,
1,25-(OH)2D3 blunted the growth response to thrombin and
PDGF, as well as the induction of c-myc RNAby thrombin.
On the other hand, in quiescent cells 1,25-(OH)2D3 enhanced

100l Figure 9. Effect on
CI DNAsynthesis of vary-

60
|gcO T/ \T ing ~~~~the tm ewe

ezCs 40- T / and 1,25-(OH)2D3.
Confluent cultures of

20,VSMwere deprived of
0: o , , serum for 72 h (quies-

-48 -24 -3 0 +3 24 cent) and were incu-
bated with thrombin

(0.4 U/ml) or vehicle for 24 h as described in Methods. 10 nM 1,25-
(OH)2D3 was added at various times before (negative values) or after
(positive values) addition of thrombin. Data is presented as fold in-
crease in thymidine incorporation compared with cells that were
treated with neither thrombin nor 1,25-(OH)2D3. Thrombin alone
caused a 15-fold increase in DNAsynthesis.

a

2.4kb-

b
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C D T T
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Figure 10. Effect of 1,25-(OH)2D3 on induction of c-myc RNAby
thrombin in quiescent and nonquiescent cells. Confluent cultures of
VSMwere incubated without additives (c), 1,25-(OH)2D3 (D; 10 nM),
thrombin (T; 0.4 U/ml), or both (D + T). Total cellular RNAwas
extracted and transferred to nylon filters, then hybridized to c-myc or
,2 microglobulin probes as described in Methods. Hybridized blots
were washed and autoradiographed. (a) Quiescent cells were incu-
bated with ligands for 4 h. (b) Nonquiescent cells were incubated with
1,2540H)2D3 for 24 h, then with thrombin for 4 h.

both the growth response and the induction of c-myc RNAby
thrombin. How can this variable effect of 1,25-(OH)2D3 be
explained? Very recent data on the structure of the vitamin D
response element (VDRE) in the promoter of the osteocalcin
gene may shed some light on this problem.

Osteocalcin is a major bone protein whose synthesis in os-
teoblasts is induced by 1,25-(OH)2D3. The VDRE, found in a
region between -513 and -493 bp in the osteocalcin promoter
(14), was unexpectedly found to contain the consensus se-
quence for the AP- 1 binding site (33). As for other AP-l sites,
fos-jun complexes bind to this site (34). Moreover, whenfos-jun
is bound to the AP-l site in the osteocalcin promoter, induc-
tion of the gene by 1,25-(OH)2D3 is completely blocked (34). A
similar phenomenon has been demonstrated in certain re-
sponse elements to the glucocorticoid receptor (1 5). These find-
ings suggest a clear mechanism whereby the response to 1,25-
(OH)2D3 may be "context-dependent." This, or a related phe-
nomenon, may explain why we observed stimulation of DNA
synthesis and c-myc in quiescent cells, but inhibition of DNA
synthesis and c-myc in nonquiescent cells that had been treated
with thrombin and 1,25-(OH)2D3. Experiments are currently
underway to determine the relative levels offos andjun expres-
sion under the conditions of the experiments described here.

The effective dose range of 1,25-(OH)2D3 in the induction
of cellular proliferation in quiescent cells was from 101O to
10-8 M(Fig. 8). In nonquiescent cells, inhibition of thrombin-
induced mitogenesis was half-maximal at 10-10 M, with detect-
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able inhibition observed at 10-1" M. This is the same dose range
at which 1,25-(OH)2D3 induces differentiation of mouse my-
eloid leukemia cells (10) and HL-60 cells (8, 9). More impor-
tantly, this dose range is comparable with the concentrations of
1,25(OH)2D3 which induce a variety of accepted physiologic
responses when carried out with cells and tissues in vitro. For
example, half-maximal suppression of transcription of the pre-
proPTH message by 1,25-(OH)2D3 occurred at 10-' M in
freshly isolated parathyroid cells (35); induction of transcrip-
tion of the osteocalcin gene was half maximal at 101o Min
bone cells (33). Furthermore, the Kd for the vitamin Dreceptor
in HL-60 cells is 5 X 10-' M(32) and in chick intestine is 3
X 10"` M (31). Thus, our data indicates that 1,25-(OH)2D3
exerts biological effects in vascular smooth muscle cells at con-
centration near the Kd for the receptor and at concentrations
similar to that observed for biological effects of vitamin D
when measured in many tissues and cell types in vitro. Of note,
the total circulating level of 1,2540H)2D3 is 10`o M(36). How-
ever, most of this 1,25-OH)2D3 is bound to various plasma
proteins, leading to a free circulating level of 4 X 10-'3 M(36).
Because physiological responses to vitamin Dhave rarely been
found at subpicomolar levels when measured in vitro, it is possi-
ble that bound vitamin D in the plasma may play some role in
the cellular uptake or the response to 1,25-(OH)2D3 in vivo.
This bound vitamin Dwould not be available in vitro, possibly
raising the concentrations needed to elicit responses.

Alternatively, our in vitro system may simply be less re-
sponsive to 1,25-(OH)2D3 than intact vascular smooth muscle
cells, perhaps due to alterations in receptor number in the cul-
tured cells. Another interesting possibility is that local concen-
trations of 1,25-(OH)2D3 in vascular tissue are higher than free
circulating levels of the hormone. Support for this idea comes
from the recent observation that vascular endothelial cells actu-
ally synthesize 1,25-(OH)2D3 (27). Lastly, it is possible that the
concentrations of 1,25-(OH)2D3 we used to elicit growth re-
sponses are never actually seen by VSMcells in vivo and the
effects we observed are due to cross-reaction with other recep-
tors of the steroid superfamily. If so, the cross-reacting receptor
is unlikely to be the glucocorticoid receptor, because dexameth-
asone suppresses growth of VSM(25) under conditions where
we found that 1,25-(OH)2D3 induced growth.

The results of the current study do not yet establish a major
role for 1,25-(OH)2D3 in normal or deranged cardiovascular
physiology. However, when viewed in the context of previous
data on levels of 1,25-OH)2D3 in hypertensive subjects and on
the possible role of dietary calcium intake as a determinant of
blood pressure, it suggests that under certain conditions 1,25-
(OH)2D3 may exert physiologically important effects on the
proliferation of vascular cells.
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