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Abstract

The hormonal form of vitamin D, 1,25(OH)2 vitamin D3
11,25(OH)2D31, regulates colonic calcium absorption and co-
lonocyte proliferation and differentiation. In this study, we
have examined the effect of 1,25(OH)2D3 on membrane phos-
phoinositide turnover, protein kinase C activation, and regula-
tion of intracellular calcium concentration ([Ca+2j1) in isolated
rat colonic epithelium. In a concentration-dependent manner,
1,25(OH)2D3 stimulated breakdown of membrane phospho-
inositides within 15 s, generating diacylglycerol and inositol
1,4,5-triphosphate (IP3). 1,25(OH)2D3 rapidly activated co-
lonic protein kinase C, with maximal translocation of activity
from the cytosol to the membrane occurring within 1 min of
exposure to the secosteroid. Studies performed in isolated co-
lonocytes with the fluorescent dye fura-2 demonstrated that
10-8 M1,25(OH)2D3 caused a rapid rise in [Ca+21, which then
transiently decreased before rising to a new plateau value.
When these experiments were performed in a calcium-free
buffer, an increase in [Ca+2I, was observed, but both the tran-
sient and secondary rise were diminished in magnitude, sug-
gesting that 1,25(OH)2D3 may stimulate both release of intra-
cellular calcium stores and calcium influx. 1,25(OH)2D3 stimu-
lated [3Hjthymidine uptake in rat colonocytes, 4 h after an in
vivo injection. These studies indicate that 1,25(OH)2D3 exerts
a rapid influence on membrane phosphoinositide metabolism
which may mediate certain of the secosteroid's effects on co-
lonocyte calcium transport and proliferation. (J. Clin. Invest.
1990. 85:1296-1303.) 1,25(OH)2 vitamin D3 - phosphoinosi-
tide metabolism - intracellular calcium * protein kinase C
diacylglycerol

Introduction

The hormonally active form of vitamin D, 1,25(OH)2 vitamin
D3 [1,25(OH)2D3],' has a well-recognized role in regulating
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1. Abbreviations used in this paper: IP, IP2, and IP3, inositol- 1-mono-
phosphate, inositol-1,4-bisphosphate, and inositol-1,4,5-triphosphate;
KRBG, KRBcontaining 180 mg%glucose; PI, PIP, and PIPP, phos-
phatidylinositol, phosphatidylinositol-4-phosphate, and phosphatidyl-
inositol-4,5-bisphosphate.

calcium absorption and mineral metabolism (1). More re-
cently, it has been established that 1,25(OH)2D3 has potent
influences on cell proliferation and differentiation in many
tissues (2, 3). In several malignant cell lines, including some
derived from colon carcinomas, 1,25(OH)2D3 has been shown
to stimulate differentiation while inhibiting proliferation (4,
5). The effect of 1,25(OH)2D3 on growth in normal tissues has
been less extensively studied. Birge and Alpers (6) found that
repletion of vitamin D-deficient rats rapidly stimulated intes-
tinal mucosal cell proliferation, which was associated with a
20% increase in villus cell number by 32 h. The colonic epithe-
lium is of interest since it manifests both the classic and non-
classic actions of vitamin D. Colonic calcium absorption is
vitamin D-responsive, and in some circumstances, such as the
short bowel syndrome, may be important in calcium homeo-
stasis (7, 8). In addition, the effect of 1,25(OH)2D3 on colono-
cyte growth and differentiation is of particular interest in view
of epidemiologic evidence suggesting that sunlight exposure
and dietary vitamin D and calcium intake may influence the
prevalence of colonic carcinoma (9, 10).

Many of the effects of 1,25(OH)2D3 on cellular function
can clearly be attributed to its action as a steroidlike hormone.
High affinity 1,25(OH)2D3 receptors are present in many cell
types, including the colon, and interaction of the
1,25(OH)2D3-receptor complex with chromatin alters gene
expression (1 1). Attention has focused recently, however, on
cellular responses to 1,25(OH)2D3 that are very rapid (12) and
are not blocked by inhibitors of transcription and translation
(13). Several workers have suggested a "liponomic" action of
1,25(OH)2D3, where the secosteroid exerts direct effects on cell
membranes (13-15). Studies in various cell types have indi-
cated that 1,25(OH)2D3 alters membrane phospholipid con-
tent (13, 14), fatty acid composition (13, 15), and fluidity (15).

The experiments described in this report demonstrate that
1,25(OH)2D3 rapidly stimulates colonic membrane phos-
phoinositide breakdown, generates inositol 1,4,5-triphosphate
(OP3) and diacylglycerol, and increases colonocyte intracellular
calcium concentration ([Ca+2],). As a consequence of the rise
in diacylglycerol content and [Ca+2]j, 1,25(OH)2D3 also acti-
vates protein kinase C, a known regulator of proliferation and
differentiation in many cell systems including the colonic epi-
thelium (16, 17). Moreover, in vivo injection of 1,25(OH)2D3
stimulates [3H]thymidine incorporation into the DNAof co-
lonocytes.

Methods
Materials. 1,25(OH)2D3 was kindly provided by Dr. M. R. Uskokovic
(Hoffman-LaRoche Inc., Nutley, NJ), and 25(OH)D3 was generously
supplied by Dr. J. Babcock (Upjohn Co., Kalamazoo, MI). Leupeptin,
phenylmethylsulfonyl fluoride, histone (type III-S), phosphatidylser-
ine, phosphatidylinositol standards, DEAE-cellulose, ATP-Na salt,
diethylenetriaminepenta-acetic acid, and morpholine propane sulfonic
acid (MOPS) buffer salt were purchased from Sigma Chemical Co. (St.
Louis, MO). [ 1-'4C]n-butyric acid (15.0 mCi/mmol), [3H]thymidine (2
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Ci/mmol), [y-32P]ATP, [3H]arachidonate, [3H]myoinositol, [3H]phos-
phatidylinositol compounds, and [3H]inositol phosphate compounds
were obtained from NewEngland Nuclear Research Products (Boston,
MA). Fura-2 and fura-2 AM(acetoxymethyl ester) were obtained from
Molecular Probes (Eugene, OR). Sn- 1,2-diacylglycerol kinase was
purchased from Lipidex, Inc. (Westfield, NJ), octyl-B-D-glucoside from
Boerhinger Mannheim Biochemicals (Indianapolis, IN), and cardioli-
pin and dioleoyl glycerol from Avanti Polar Lipids, Inc. (Pelham, AL).

Isolation of intact colonic epithelium. For the studies of phosphati-
dylinositol metabolism and protein kinase C activation, an intact rat
colonic epithelium preparation was used. The colonic epithelium was
isolated as described by Craven et al. (18). Briefly, after anesthesia with
pentobarbital (50 mg/kg i.p.), the colon was flushed with 20 ml of
Ca/Mg-free Hanks' balanced salt solution at 370C. A 16-gauge needle
was placed in the left ventricle and perfused for 3-4 min at a flow rate
of 20 ml/min with 30 mMEDTA in Ca/Mg-free Hanks' solution
flushed with 95% oxygen and 5% CO2 at 370C. The colon was then
excised, gently everted on a glass rod and slid over a I-ml pipette
attached to a rheostat-controlled motor. The epithelium was removed
by 5-s bursts of rotation at 1,600 rpm and collected in cold Krebs
Ringer bicarbonate buffer, pH 7.4, containing 180 mg%glucose
(KRBG). The epithelium was centrifuged at 500 g, washed, and resus-
pended in the same buffer. Cell viability was assessed by the ability of
the colonic crypts to metabolize ['4C]n-butyrate to '4C02 (19). This
reaction was linear for 2 h. In addition, trypan blue exclusion in > 90%
of all cells was observed for at least 2 h.

Treatment of the colonic epithelium with 1,25(OH)2D3. The colonic
epithelium was incubated in KRBGat 37°C for a total of 30 min. The
time course of the effect of 1,25(OH)2D3 on protein kinase C was
determined by adding the vitamin at different time intervals during the
final 15 min of the incubation. To study the dose-response relation-
ship, different concentrations of 1,25(OH)2D3 (10-12 to 10-8 M) were
incubated with the colonic epithelium for the last minute of incuba-
tion. The control epithelial preparations were treated with an appro-
priate amount of ethanol vehicle, with the final ethanol concentration
never exceeding 0.004%.

Partial purification of protein kinase C. After incubation with
1,25(OH)2D3 or vehicle, 20 ml of ice-cold KRBGbuffer was added to
each tube and the contents immediately centrifuged at 500 g for 5 min.
The pellets were then homogenized 15 strokes with a motor-driven
teflon pestle in 5 ml of homogenization buffer containing 20 mM
Tris-HCl, pH 7.5, 0.5 mMEGTA, 2 mMEDTA, 2.0 mMphenyl-
methylsulfonyl fluoride, 0.5 mMbenzimidine, 5.0 mM2-mercap-
toethanol, and 10 mg/liter leupeptin (20). The homogenate was sub-
jected to ultracentrifugation at 100,000 g for 60 min and the superna-
tant SI (cytosolic fraction) saved. The pellet was gently resuspended in
5.0 ml of homogenization buffer containing 0.3% Triton X-100 (wt/
wt) and left on ice for 60 min before recentrifugation at 100,000 g for
60 minutes. The supernatant S2 (solubilized membrane fraction) was
collected and both SI and S2 fractions were applied to DEAE-cellulose
columns (Poly-prep columns, 0.8 X 4 cm, Bio-Rad Laboratories,
Richmond, CA) that had been preequilibrated in the homogenizing
buffer. In preliminary studies, the columns were washed with 16 ml of
buffer and eluted with 32 ml of a linear gradient of 0-0.1 MNaCI in
homogenization buffer. As most of the protein kinase Cactivity eluted
in 0.035-0.055 MNaCl, for routine purposes the loaded columns were
first washed with 8 ml of homogenizing buffer and then with 4 ml of
the same buffer containing 0.02 MNaCI. Finally, protein kinase Cwas
eluted in 2 ml of buffer containing 0.08 MNaCl. The eluted cytosolic
or membrane fractions were assayed for protein kinase C activity on
the same day.

Assay ofprotein kinase C. -Protein kinase Cactivity was determined
using a histone phosphorylation assay, as described previously (20).
The DEAE-purified fractions were incubated in a reaction mixture
(final volume 75 Ml) containing (final concentrations) 20 mMTris-HCl
(pH 7.2), 10 mMMgC12, 400 ,g/ml histone (type III-S), 1.83 mM
CaCl2 (the actual concentration of unchelated CaCl2 used was only 1.0
mM, since the contributions of EGTAand EDTA from the column

elution buffer were 0.17 and 0.66 mM, respectively), and 50 ttM [y-
32P]ATP (1 giCi) with and without 80 gg/ml of phosphatidylsenine.
Aliquots of phosphatidylserine (10 mg/ml ethanol) were evaporated
under N2 and sonicated in 20 mMTris buffer, pH 7.4, before addition
to the reaction mixture. Reactions were started by adding 25 JA of the
protein kinase C preparation to 50 gl of the assay mixture, and the
incubations were carried out for 3 min at 30'C. 50 tL of the assay
mixture was blotted onto 2.5 X 2.5-cm phosphocellulose papers (No.
P81, Whatman Inc., Clifton, NJ) that had been prewashed in 10%
trichloroacetic acid, 2 mMNaH2PO4solution. The papers were then
washed by agitating in 250 ml of ice-cold 10%TCAfor 12 min and left
under running water for 5 min. The filter papers were soaked in 95%
ethanol for 5 min, followed by diethyl ether for an additional 5 min,
and then air-dried before taking Cherenkov counts. Protein kinase C
activity was calculated from the difference in phosphorylation assayed
in the presence and absence of phosphatidylserine. Enzyme activity
was linear with respect to enzyme concentration in all assays and
activity was expressed as picomoles of 32p per minute per milligram of
protein.

Determination oflabeled diacylglycerol. The effect of 1,25(OH)2D3
on the production of diacylglycerol was determined using colonic epi-
thelial preparations in which membrane phosphoinositides had been
prelabeled with [3H]arachidonate as previously described (16). Colonic
epithelium (5 mg of protein/5 ml) was preincubated with 20 uCi of
[3H]arachidonate for I h at 37°C. In preliminary experiments, we

found that the phosphoinositides were the major phospholipid class
labeled with [3H]arachidonate (67% [3H]phosphoinositides, 16% [3H]-
phosphatidylcholine, 11% [3H]phosphatidylethanolamine, and 6%
[3Hlphosphatidylserine). The epithelium was washed in KRBGcon-

taining 10 mg/ml fatty acid free albumin, resuspended in KRBGand
incubated at 37°C for 15 min. During this incubation, 1,25(OH)2D3
was added for different time intervals as described above. The reaction
was terminated by the rapid addition of ice-cold KRBG, and the crypts
were centrifuged at 500 g at 4°C for 10 min. The pellet was extracted in
chloroform/methanol 2:1 (vol/vol), and the lipid extract was then
loaded on to a silicic acid column. Neutral lipids were eluted with
chloroform (21), and immediately dried under N2 to prevent isomer-
ization of 1,2-diglyceride to 1,3-diglyceride. The neutral lipid samples
were spotted onto silica gel Gcoated thin-layer chromatography plates
and developed with hexane/ethyl ether/acetic acid 80:20:2 (vol/vol/
vol). The lipids were identified with iodine vapor and the spots corre-
sponding to authentic diacylglycerol standard were scraped from the
plate, transferred to scintillation vials, and counted.

Measurement of 1,2-diacylglycerol mass. Cell pellets were com-
bined with 10 ml of 2:1 (vol/vol) chloroform/methanol and total cel-
lular lipids extracted as described by Folch et al. (22). An aliquot of this
extract was assayed in triplicate for total lipid phosphorus as described
by Bartlett (23). Same-day aliquots of lipid extract were also assayed for
1,2-diacylglycerol mass by the diacylglycerol kinase procedure of Preiss
et al. (24) with the following modifications. MOPSbuffer, pH 6.6, was

substituted for imidizole buffer, pH 6.6 (25). For each reaction tube,
diacylglycerol. kinase (20 mUin 10 Ml) was combined with 50 Ml of
reaction buffer (100 mMNa-morpholine propane sulfonic acid, pH
6.6, 100 mMNaCl, 25 mMMgCI2, 2 mMEGTA) plus 10 l of 20 mM
dithiothreitol and 10 Ml of 10 mM[y-32PJATP (5.0 X I04 cpm/nmol),
and the mixture was incubated at 25°C for 30 min. as described by
Wright et al. (26). Duplicate aliquots of dioleoylglycerol standards or
cellular lipid extracts were transferred to 75 X 12-mm capped polyeth-
ylene tubes (Sarstedt, Inc., Princeton, NJ) and dried under argon. A
20-,Ml aliquot of resuspension buffer (7.5% octyl-f-D-glucoside, 5 mM
cardiolipin, 1 mMdiethylenetriamine penta-acetic acid) was added,
vortexed, and sonicated as described (24). To this, 80 Ml of the en-

zyme-ATP mixture was added, followed by vortex mixing and incu-
bation at 25°C for 30 min. The reaction was terminated by the addi-
tion of 1.67 ml of CHC13/MeOH/12 N HC1 (66:31:1, vol/vol/vol),
followed by 1.67 ml of MeOH/H20/CHCl3 (48:47:3, vol/vol/vol) as

described by MacDonald et al. (25), followed by vortex mixing and
centrifugation. The upper phase was removed and discarded, and the
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lower phase was reextracted with 1.67 ml of MeOH/H20/CHCl3
(48:47:3, vol/vol/vol). After centrifugation and removal of the upper
phase, the labeled phosphatidic acid in the lower phase was assayed
directly by scintillation counting of an aliquot as justified by Muldoon
et al. (27). Standard curves were generated from the assay of known
amounts of 1,2-diacylglycerol and data expressed as nanomoles of 1,2
diacylglycerol/I00 nmol of lipid phosphorous (mol%) (26).

Determination of labeled inositol phosphates and phosphoinosi-
tides. The effect of 1,25(OH)2D3 on the colonic content of inositol
phosphates and membrane phosphoinositides was determined using
colonic epithelial preparations prelabeled with [3H]myoinositol. Co-
lonic epithelium (10 mg protein) was incubated for 2 h in 2 ml of
KRBGcontaining 25 tiCi of [3H]myoinositol (sp act 12.8 Ci/mmol). In
preliminary experiments, we found that 0.21 %of [3H]myoinositol was
incorporated into the phosphoinositol fraction of total cellular lipid.
The epithelium was centrifuged at 500 g for 10 min at 40C and washed
three times with cold KRBG. The crypts were then resuspended in 2
ml of 20 mMHepes/Tris buffer, pH 7.0, containing 25 mMf,-glycero-
phosphate, 2.0 mMEGTA/Ca+, 0.1 MKC1, 5 mM03-mercaptoeth-
anol, 5 mMMgCl2, 0.02% trypsin inhibitor, and 10 mMLiCI. Use of
this buffer was associated with the most reliable results and is similar to
other buffers used for the assay of inositol phosphates and phospho-
inositides. The suspensions were incubated for 15 min at 37°C and
1,25(OH)2D3 was added as above. The reactions were terminated by
addition of 0.67 ml 10% perchloric acid and allowed to stand on ice for
15 min. After centrifugation at 500 g, the supernatant was neutralized
with 20 mMHepes/Tris buffer, pH 8.0, before determination of inosi-
tol phosphates. The pellet was mixed with 0.5 ml chloroform/metha-
nol/12 N HCl (200:100:0.75, vol/vol/vol) and the extracted phos-
phoinositides were saved for later analyses. Separation of different
species of inositol phosphates was achieved by anion-exchange chro-
matography on 0.3 ml AG-I X 8 (HCOO-) columns (200-400 mesh)
based on the method of Downes et al. (28). After loading, the columns
were eluted serially with 1.5 ml each of (a) water, (b) 0.1 Mformic acid,
0.2 Mammonium formate, (c) 0.1 Mformic acid, 0.4 Mammonium
formate, and (d) 0.1 Mformic acid, 1 Mammonium formate. Inosi-
tol- l-monophosphate (IP), inositol- 1,4-bisphosphate (IP2) and IP3
eluted in the second, third, and fourth fractions, respectively. The
samples were mixed with scintillation fluid and counted. For the sepa-
ration and quantification of phosphoinositides, 0.2 ml of the acidified
pellet extract was treated with 1.5 ml of chloroform/methanol (2:1
vol/vol), vortexed, and centrifuged. The upper phase was discarded
and the lower phase was washed two times with 0.75 ml methanol/0.6
N HCI (1: 1, vol/vol) and then separated on 1% K-oxalate impregnated
silica gel Gchromatography plates. Unlabeled phosphoinositides were
added as carriers. The plates were developed in chloroform/acetone/
methanol/glacial acetic acid/H20 (40:15:13:12:7 vol/vol/vol/vol/vol)
(29). The labeled phosphoinositides including phosphatidylinositol
(PI), phosphatidylinositol-4-phosphate (PIP), and phosphatidylinosi-
tol-4,5-bisphosphate (PIPP) were visualized by spraying the plates with
En3hance (New England Nuclear) and exposing to X-ray film (SM-5)
(Eastman Kodak Co., Rochester, NY), using a Kodak X-OMATen-
hancing screen, for 3-5 d. Individual phosphoinositide spots were
identified by comparison with authentic standards, and quantified by
scraping the silica gel from the plate and counting the radioactivity in a
liquid scintillation counter.

Isolation of colonocytes. Colonic epithelial cells were isolated as
described previously (30). The colon was removed, tied at one end, and
rinsed in 0.9% NaCI containing 1.0 mMdithiothreitol. The colon was
then filled with 0.1 Mphosphate-buffered saline, pH 7.2, containing
1.5 mMEDTAand 0.5 mMdithiothreitol and closed with a Dieffen-
bach Serrefine clamp (Millers Forge, Plano, TX). The colonic sacs
were incubated in 150 ml of phosphate-buffered saline at 37°C for 30
min. Sacs were emptied and cells were collected by centrifugation at
500 g, rinsed in phosphate-buffered saline, and resuspended in the
appropriate buffer for measurement of intracellular calcium concen-
tration. Cells were routinely viable for at least 1 h as assessed by trypan
blue exclusion.

Measurement of intracellular calcium concentration ([Ca +2]) Iso-
lated colonocytes were incubated with 1 gM fura-2 AMfor 30 min at
370C. The cells were collected by centrifugation at 500 g for 5 min at
4VC, and resuspended in buffer containing 145 mMNaCl, 5 mMKC1,
10 mMHepes, 5 mMMgCl2, 10 mM1-glucose, pH 7.2 (31). Studies
were performed using buffers containing 1 mMCaCl2, or calcium-free
with and without 1 mMEGTA. The kinetics of fluorescence changes
in the fura-2-loaded colonocytes were analyzed using an SLM-4800 C
spectrofluorometer (SLM Instrument, Inc., Urbana, IL). The cuvette
containing the colonocytes was constantly stirred and maintained at
37-C. 1,25(OH)2D3 or vehicle was injected directly into the cuvette.
Fluorescence was measured at excitation wavelengths of 340 and 380
nm, with emission at 505 nm. Signals from the fluorometer were fed
into an IBM-PC (IBM Instruments, Inc., Danbury, CT) with SLM
spectrum processor version 3.2 for subsequent analysis. [Ca+2], was
calculated based on the formula of Grynkyewicz et al. (32) assuming
the Kd of the Ca+2-fura-2 interaction to be 225 nM in the cytosolic
environment. The calibration of [Ca+2], was based on spectra of 1 AM
fura-2 (penta potassium salt) in Ca+2-EGTA buffers with free Ca+2
values ranging from < 1 to > 10 ptM.

[3H]Thymidine incorporation in rat colonocytes. Rats weighing
250-300 g were injected subcutaneously with either 1,25(OH)2D3 (10
ng/ 100 g body weight) or ethanol vehicle. After 2 h the rats were
injected intraperitioneally with 100 iCi of [3H]thymidine. 4 h after
1,25(OH)2D3 injection the rats were killed and colonocytes prepared as
described above. [3H]Thymidine incorporation was measured accord-
ing to Verbin and Farber (33). DNAwas extracted from the precipitate
with 10% TCA at 90°C for 10 min and measured as previously de-
scribed (34).

Statistical analysis. Data were analyzed using Student's t test for
unpaired data (35).

Results

Effect of J,25(OH)2D3 on colonic phosphoinositides and inosi-
tol phosphates. To examine the effect of 1,25(OH)2D3 on
phosphatidylinositol metabolism, studies were performed
using colonic epithelium that was prelabeled with [3H]myo-
inositol. As shown in Table I, administration of 10-8 M
1,25(0H)2D3 caused a decrease in the membrane content of
labeled phosphoinositides within 15 s, with the most promi-
nent response seen in the labeled PIPP content. Concomi-
tantly, there was an increase in the colonic levels of inositol
phosphates, with the greatest change seen in the IP3 content
which increased more than twofold at 30 s and 1 min. As
indicated in Table II, the effect of 1,25(OH)2D3 on phospho-
inositide bisphosphate breakdown and IP3 formation was
dose-dependent, with 10-8 M 1,25(OH)2D3 producing a
greater effect than 10- 'OM.

Effect of 1,25(OH)2D3 on colonic diacylglycerol. Colonic
epithelium was prelabeled with [3H]arachidonate as shown in
Fig. 1. Treatment with 1,25(OH)2D3 rapidly increased the co-
lonic [3H]diacylglycerol content, with a maximum response
seen at 15-30 s. At later time points, the [3H]diacylglycerol
content decreased towards the baseline value. The effect of
1,25(OH)2D3 on diacylglycerol levels was concentration-de-
pendent (Fig. 2), as significant increases were seen with both
10-'° and 1O-8 M, but not 10-12 M.

Diacylglycerol mass was measured 90 s after administra-
tion of either 1O-8 M 1,25(OH)2D3 or ethanol vehicle. Vehicle
treated cells had a diacylglycerol content of 0.35±0.002 mol%
compared with 0.57±0.005 mol% (mean±SEM, n = 8) in the
1,25(OH)2D3-treated cells (P < 0.001).

Effect of J,25(OH)2D3 on colonic protein kinase C activity.
As shown in Fig. 3, administration of 10-8 M l,25(OH)2D3
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Table I. Time Course of 1,25(OH)2D3 Effects on Cellular Phosphoinositides and Inositol Phosphates

Time

0 15 s 30s 1 min 5 min 15 min

Phosphoinositide
PI 75.7±0.8 71.4±2.5 67.5±2.7* 70.4±3.0 80.0±3.0 73.6±0.8
PIP 8.1±0.5 7.7±0.3 7.2±0.4 7.5±0.2 7.0±0.5 7.7±0.1
PIPP 7.1±1.0 4.9±0.4 4.2±0.4t 4.5±0.3* 4.3±0.4* 5.6±0.2

Inositol phosphates
IP 2.8±2.0 3.2±0.1 4.9±0.4§ 4.2±0.1 3.9±0.1 3.0±0.1
IP2 2.5±0.2 3.2±0.1§ 3.0±0.2§ 4.5±0.2§ 2.3±0.1 4.5±1.0
IP3 1.8±0. 1 2.3±0.3 4.2±0. 1§ 4.1±0.1§ 2.4±0.2 3.0±0.2

Colonic epithelial preparations were prelabeled with [3H]myoinositol for 2 h at 370C. At 2 h, 0.21% of administered myoinositol was incorpo-
rated into cellular lipids (4.1 pmol myoinositol). After washing, the epithelial preparations were resuspended in buffer and exposed to 10-8 M
1,25(OH)2D3 for 15 s-15 min. The reactions were terminated by adding 0.67 ml of 10% HCI04, and after centrifugation the pellets were ex-
tracted with 0.5 ml of CHCI3/CH30H/12 N HCI 200:100:0.75 (vol/vol/vol). Individual phosphoinositides including PI, PIP, and PIPP were
separated on 1% K-oxalate impregnated silica gel G plates. The spots were visualized by spraying the plates with En3hance and exposing to
Kodak X-ray film (SM-5) for 3-5 d. Individual phosphoinositide spots were scraped and counted. The supernatant was neutralized and the ino-
sitol phosphates, IP, IP2, and IP3 were separated by anion exchange chromatography and assayed by scintillation counting. Data are presented
as percentage of total disintegrations (phosphoinositides plus inositol phosphates, - 100,000 dpm/experiment) associated with each spot, and
given as mean±SEMfor six determinations from three separate experiments. *P < 0.05; $P < 0.001; §P < 0.02 vs. time 0.

resulted in a rapid activation of colonic protein kinase C. At
baseline, 75% of colonic protein kinase C activity was in the
cytosol, whereas only 25% was membrane-associated. Within
15 s after 1,25(OH)2D3 treatment, there was significant trans-
location of protein kinase C to the membrane fraction, and
peak activation occurred with 1 min of exposure. Subse-
quently, there was a decrease in membrane-associated protein
kinase C to the baseline level in spite of continued exposure to
1,25(OH)2D3. Total colonic protein kinase C activity (cytosol
+ membrane) did not change with 1,25(OH)2D3 treatment.
Direct addition of 1,25(OH)2D3 to either membrane or cyto-
solic fractions had no effect on protein kinase C activity. Fig. 4
illustrates the concentration dependence of protein kinase C
activaton by 1,25(OH)2D3. All studies were performed with 1
min of 1,25(OH)2D3 treatment, and demonstrate a dose-re-

Table IL Concentration Dependence of J,25(OH)2D3 Effects
on Cellular Phosphoinositides and Inositol Phosphates

Vehicle 10-IO M 10-8 M

Phosphoinositide
PI 76.2±0.8 70.9±1.9* 69.0±1.7*
PIP 8.5±0.4 8.7±0.3 7.3±0.3
PIPP 6.1±0.4 5.5±0.3* 3.8±0.4*f

Inositol phosphate
IP 2.9±0.2 4.0±0.2* 4.1±0.2*
IP2 2.8±0.1 3.8±0. 1 t 4.2±0.2*
IP3 1.8±0.3 3.7±0.3* 5.0±0.3*5

Colonic epithelial preparations were prelabeled with [3H]myoinositol
as described in Table I, and treated with vehicle or 1,25(OH)2D3
(10-8 and 10'0 M) for 30 s. Membrane phosphoinositides were sepa-
rated and quantitated as described in Table I. Data are presented as
percent of total dpm associated with each spot and given as
mean±SEMfor six determinations in three separate experiments. *P
< 0.05; *P < 0.01 or less compared with vehicle. IP < 0.02 compared
with 10-10 M.

sponse relationship between 10-12 and 10-8 M 1,25(OH)2D3.
Exposure of colonic epithelium to the ethanol vehicle or to
25(OH)D3 at a concentration of up to 10-6 Mdid not cause
protein kinase C translocation to the membrane fraction. Sim-
ilar 1,25(OH)2D3 induced activation of protein kinase C was
seen using the isolated colonocyte preparation (data not
shown).

Effect of J,25(OH)2D3 on colonocyte [Ca+2],. Fig. 5 illus-
trates the effect of 1O-8 M1,25(OH)2D3 on colonocyte [Ca12],
determined using the flourescent dye fura-2. In buffer con-
taining 1 mMCaCI2, the baseline [Ca+2]1 was 138±10 nM(Fig.
5). The addition of 10-8 M 1,25(OH)2D3 caused a rapid in-
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Figure 1. Time course of 1,25(OH)2D3-stimulated production of diac-
ylglycerol (DAG). Colonic epithelial preparations were prelabeled
with [3Hjarachidonate for I h at 37°C. After washing, the epithelial
preparations were resuspended in KRBGand exposed to 10-8 M
1,25(OH)2D3 for 15 s-15 min. After centrifugation, the pellets were
extracted in chloroform/methanol (2:1, vol/vol), and the neutral
lipid fraction separated using a silicic acid column. Diacylglycerol
was separated by thin-layer chromatography, identified with iodine
vapor, scraped from the plate, and counted. Data are presented as
disintegrations per minute of DAGper milligram of protein and are
given as mean±SEMfor six determinations in four separate experi-
ments. *P < 0.005; *P < 0.001 vs. baseline value.
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Figure 2. Concentration dependence of 1,25(OH)2D3-stimulated pro-
duction of diacylglycerol (DAG). Colonic epithelial preparations were
prelabeled with [3H]arachidonate as described in Fig. 3, and treated
with vehicle or 1,25(OH)2D3 (10-12 to 10-8 M) for 30 s as reported in
Table II. The amount of [3HJDAG in the membrane pellet was de-
termined as described in Fig. 3. Data are presented as mean±SEM
for four to six determinations in three separate experiments. *P
< 0.005; *P < 0.001 vs. vehicle.

crease in [Ca+2], to 315±22 nM after 20-30 s of treatment.
This was followed by a decrease in [Ca+2]J, and a subsequent
second rise to a new plateau level. Using a lower concentration
of 1,25(OH)2D3, 10-10 M, the initial transient and plateau
values of [Ca 2], were - 25% of that seen with 10-8 M. When
colonocytes were studied in a calcium-free buffer containing 1
mMEGTA, the baseline [Ca2i1 decreased to 65±10 nM. Ad-
dition of 10-8 M 1,25(OH)2D3 resulted in a transient increase
in [Ca2]J, to 152±5 nM, but no secondary rise was observed
and the plateau level was identical to the baseline value. When
colonocytes were studied in a calcium-free without EGTA
buffer, the baseline [Ca+2]i and response to 1,25(OH)D3 were
intermediate between that seen with the 1 mMcalcium buffer
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Figure 3. Time course of activation of protein kinase C (PKC) by
1,25(OH)2D3. Colonic epithelial preparations were incubated in
KRBGat 37°C and treated with 1O-8 M1,25(OH)2D3 for 15 s-15
min. After addition of 20 ml of ice cold KRBGto each tube, the
contents were centrifuged, and the pellets then homogenized in 5 ml
of buffer. After ultracentrifugation at 100,000 g for 60 min, the su-
pernatant SI (cytosolic fraction) was saved, and the pellet resus-
pended in homogenization buffer containing 0.3% Triton X 100 (wt/
wt) and left on ice for 60 min. After centrifugation at 100,000 g for
60 min, the supernatant S2 (solubilized membrane fraction) was col-
lected. Protein kinase C in the S1 and S2 fractions was partially puri-
fied using DEAE-cellulose columns. Protein kinase C activities in the
SI and S2 fractions were determined from the differences in phos-
phorylation of histone (type III-S) measured with and without addi-
tion of 80 ,ug/ml of phosphatidylserine. Data are expressed as per-
centage of total PKCactivity in each fraction. Values given are
mean±SEMfor 21 determinations in seven separate experiments.
*P < 0.001; tP < 0.005 vs. zero time value.
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Figure 4. Concentration dependence of 1,25(OH)2D3-stimulated acti-
vation of protein kinase C (PKC). Colonic epithelial preparations
were treated with 1,25(OH)2D3 (lo-12 to 10-8 M) or vehicle for I
min. Cytosolic and solubilized membrane fractions were prepared;
protein kinase C was partially purified and assayed as described in
Fig. 3. Data are expressed as percentage of total protein kinase C ac-
tivity in each fraction, and are given as mean±SEMfor nine deter-
minations in three separate experiments. *P < 0.05; *P < .001 vs. ve-
hicle.

and the 1 mMEGTAbuffer. Addition of ethanol vehicle or
10-6 M25(OH)D3 had no effect on colonocyte [Ca+2]J regard-
less of the buffer calcium concentration used.

Effect of 1,25(OH)2D3 on [3H]thymidine incorporation in
rat colonocytes. [3H]Thymidine incorporation was measured
four hours after a single dose of 1,25(OH)2D3. Vitamin D-
treated animals incorporated 44% more [3H]thymidine/mg-
DNA than vehicle-treated animals (33.5±4.3 vs. 48.4±5.8
pmol of [3H]thymidine/mg of DNA, mean±SEM, n = 4, P
<0.05).

Discussion

The experiments described in this paper are the first to demon-
strate an effect of 1,25(OH)2D3 on phosphatidylinositol me-
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Figure 5. Effect of 10-8 M 1,25(OH)2D3 on [Ca+2]J. Isolated colono-
cytes were incubated with 1 gM fura-2AM for 30 min at 37°C. After
washing, the cells were suspended in buffer containing either 1 mM
CaC12 (., o) or 1 mMK2H2 EGTA(i). The kinetics of fluorescence
changes were measured at excitation wavelengths of 340 and 380
nM, with emission at 510 nM. [Ca2]J, was calculated based on the
formula of Grynkyewicz et al. (32). At the times indicated by the
arrows, 10-8 M1,25(OH)2D3 (-, m) or ethanol vehicle (o) was in-
jected directly into the cuvette. Data presented are the mean±SDof
two to five determinations in three separate experiments.
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tabolism, with subsequent activation of protein kinase C and
regulation of [Ca+2J] in intestinal tissue. The responses to
1,25(OH)2D3 occur rapidly, within seconds to minutes, sug-
gesting that they are not the result of the classic steroidlike or
genomic action of 1,25(OH)2D3 (36). This mode of action is
much slower, inasmuch as 1,25(OH)2D3 interacts with its re-
ceptor forming a complex which binds to chromatin and alters
gene transcription and eventually protein synthesis (36, 37).

Little information is available on the effect of 1,25(OH)2D3
on membrane PI turnover in various target cells. In a prelimi-
nary report, MacLaughlin et al. (38) showed that exposure of
keratinocytes to 1,25(OH)2D3 resulted in a two- to fivefold
elevation in the level of IP3 within 30 s and an increase in
metabolism of PI to PIPP, the metabolite that is the source of
IP3. In contrast, Chisholm et al. (39) found no effect of
1,25(OH)2D3 on the level of IP3 in GH4C1 pituitary cells.
Baran and Kelly (40) have reported that 1,25(OH)2D3 stimu-
lates phospholipase A2-induced deacylation of phosphatidyl-
inositol in hepatocyte membranes, generating lysophosphati-
dylinositol which can increase hepatocyte cytosolic calcium
levels. In our studies, 1,25(OH)2D3 caused a rapid decrease in
the colonic levels of membrane phosphoinositides, and an in-
crease in the cellular content of inositol phosphates, most
prominently IP3. The increase in colonocyte IP3 began at 15 s
and was significant by 30 s. The rise in IP3 coincided with the
initial rise in [Ca+2]j suggesting that it may be responsible for
the calcium response observed in these cells. This is consistent
with the known stimulatory effect of IP3 on the release of
calcium from an endoplasmic reticulum storage pool (41).
Activation of the phosphoinositol pathway has also been
shown to increase transmembrane calcium cycling by acting
upon membrane calcium channels, although the mechanisms
for this effect remain uncertain (42).

Our studies have also demonstrated that 1,25(OH)2D3
stimulates diacylglycerol formation. The origin of this diacyl-
glycerol is not entirely clear, however, two observations would
tend to support phosphoinositol as the major precursor for
diacylglycerol in this study. First, the time course of diacyl-
glycerol formation coincides with the time course of phospho-
inositide breakdown. Secondly, phosphoinositides are the
major phospholipids labeled when colonic epithelium is ex-
posed to [3H]arachidonate. This does not, however, exclude
the possibility that some of the diacylglycerol formed may
have come from other sources such as phosphatidylcholine.

Activation of protein kinase C, as indicated by transloca-
tion of the enzyme from the cytosol to the membrane fraction
(43), temporally coincides with diacylglycerol formation and
the increase in [CalJ. As has been described in other systems
(43), the translocation of protein kinase C to the membrane
appears to be transient in spite of continued exposure to
1,25(OH)2D3. This may reflect modification or degradation of
the protein kinase C to a form that has altered requirements
for diacylglycerol, phosphatidylserine, or calcium, and which
may have additional intracellular actions (44). Since protein
kinase C appears to play an important role in cell proliferation
and differentiation (45, 46), 1,25(OH)2D3-induced activation
of protein kinase C is a potential mechanism by which the
secosteroid affects colonocyte growth and maturation. Bile
salts and dietary fatty acids, agents which alter colonocyte pro-
liferation and have been implicated in the promotion of co-
lonic carcinoma, have been demonstrated to also activate co-
lonocyte protein kinase C (1 6-18). The finding that
1,25(OH)2D3 stimulates colonocyte [3Hjthymidine uptake is

consistent with the proliferative effect of protein kinase C as
well as the known proliferative effect of vitamin D on intes-
tinal mucosa (6).

Previous studies of the effect of 1,25(OH)2D3 on protein
kinase C activity in other cell types have found conflicting
results. Ways et al. (47) reported that 1,25(OH)2D3 enhanced
phorbol ester-stimulated differentiation and protein kinase C-
dependent phosphorylation of cellular proteins in the U937
human monoblastoid cell. 1,25(OH)2D3 increased the protein
kinase C level in both the cytosolic and membrane fractions.
Martell et al. (48) reported that 1,25(OH)2D3-induced differ-
entiation of HL-60 cells was inhibited by exposure of the cells
to a protein kinase C inhibitor H-7. They demonstrated that
protein kinase C activity was increased twofold after 24 h of
exposure to 1,25(OH)2D3, and that this response could be
blocked by the protein synthesis inhibitor cycloheximide. In
contrast, Mezzetti et al. (49) reported that 1,25(OH)2D3 in-
duced differentiation of U937 cells without protein kinase C
activation, whereas phorbol ester-induced differentiation of
these cells was mediated through protein kinase C. Sasaki et al.
(50) observed that 1,25(OH)2D3 decreased the cell growth and
enhanced chemical transformation of BALB3T3 cells without
activation of protein kinase C. It appears, therefore, that al-
though 1,25(OH)2D3 stimulates protein kinase C in colono-
cytes and other cell types, the effects of this secosteroid on cell
growth and differentiation are complex and involve other
mechanisms in addition to protein kinase C activation.

Wehave demonstrated that 1,25(OH)2D3 results in a rapid
rise in colonocyte [Ca+2]j. The specificity of this response is
supported by the observation that exposure of colonocytes to a
100-fold higher concentration of 25(OH) vitamin D3 did not
alter [Ca+2],. When the colonocytes were studied in a calcium-
free buffer with or without 1 mMEGTA, 1,25(OH)2D3 caused
an increase in [Cai2 ] but less than that seen in calcium con-
taining buffers. These results indicate that 1,25(OH)2D3 is ei-
ther stimulating calcium influx or is causing release of calcium
from a cellular pool that is readily exchangeable with extracel-
lular calcium. Since an increase in [Ca+2], was seen in cal-
cium-free EGTAcontaining buffer, 1,25(OH)2D3 must release
calcium from intracellular storage sites. The relationship of the
phosphoinositol signal transduction pathway to changes in
[Ca+2]i has been extensively studied. Most studies indicate that
IP3 stimulates release of calcium from endoplasmic reticulum
(51), although others suggest that IP3 has effects at the plasma
membrane (41). Further work to define the relationship be-
tween colonocyte phosphoinositol metabolism and changes in
[Ca+2], is needed.

A number of previous studies in diverse cell types have also
documented an effect of 1,25(OH)2D3 on [Ca+21, (38, 39,
52-54). Baran and Milne (52) demonstrated a dose-dependent
effect of 1,25(OH)2D3 on hepatocyte [Cai2], that occurred both
in the presence and absence of extracellular calcium, indicat-
ing that 1,25(OH)2D3 mobilized intracellular calcium pools.
Sugimoto et al. (53) demonstrated that as little as 10-' M
1,25(OH)2D3 increased [Ca+2], in bovine parathyroid cells,
whereas 25(OH)D3 and 24,25(OH)2D3 were ineffective. The
calcium channel inhibitors verapamil and diltiazem did not
block the response to 1,25(OH)2D3. Leiberherr (54) showed
that 1,25(OH)2D3, in a concentration as low as 10" M, tran-
siently increased [Ca+2], in mouse osteoblasts within the 1st
min of exposure (54). Studies using calcium-free buffers and
inhibitors of calcium release from various cellular compart-
ments suggested that the major effect of 1,25(OH)2D3 was to
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enhance calcium influx, although 1,25(OH)2D3 also appeared
to release calcium from an endoplasmic reticulum pool and to
accelerate calcium efflux. In a preliminary report, MacLaugh-
lin et al. (38) found that o0-8 M1,25(OH)2D3 increased [Ca+2]1
twofold in keratinocytes, whereas no response was seen with
25(OH)D3 or vitamin D3 (38). In their studies, 1,25(OH)2D3
provoked an increase in [Ca+2]i even in a calcium-free buffer.
Thus, 1,25(OH)2D3 appears to alter the [Ca'21J level in differ-
ent cell types by several mechanisms, including alterations in
membrane calcium influx and efflux, release of various intra-
cellular calcium stores, and by potentiating responsiveness to
other agents that operate through cytosolic calcium. In colon-
ocytes and most other cells, the response to 1,25(OH)2D3 is
very rapid, consistent with a direct action on cell membranes.

The mechanism by which 1,25(OH)2D3 stimulates mem-
brane phosphoinositide turnover remain to be elucidated.
Previous studies have not identified a plasma membrane vita-
min D receptor, thus further research is needed to assess the
membrane association of 1 ,25(OH)2D3, the role of GTP-bind-
ing proteins, and activation of phospholipase C in response to
1 ,25(OH)2D3.

The possible relationship among the rapid increase in
[Ca+2]i, protein kinase C activation, and the regulation of
transcellular calcium transport also deserves further study.
Previous studies have demonstrated enhancement of calcium
uptake into intestinal and skeletal muscle cells within 2-5 min
of 1,25(OH)2D3 exposure (55-57), a time period consistent
with the rapid effects observed in the present paper. It is possi-
ble that 1,25(OH)2D3-induced PI breakdown initiates a series
of membrane events that increase and ultimately sustain cal-
cium transport, i.e., a "liponomic" mode of action (13). In
hepatocytes, 1,25(OH)2D3 increases hepatocyte phospholipase
A2 activity after 2.5 min of exposure (40), and in renal and
intestinal cells, membrane phospholipid composition is altered
within 30 min (13, 14). Rasmussen et al. (13) demonstrated
that the early effects of 1,25(OH)2D3 on intestinal brush border
membrane lipid composition and calcium uptake were not
blocked by inhibitors of transcription and translation, indicat-
ing a direct membrane effect. Putkey et al. (58) examined the
effect of vitamin D deficiency and essential fatty acid defi-
ciency on enterocyte membrane fluidity lipid composition and
calcium flux. Of interest was their finding that the ileum from
essential fatty acid and vitamin D deficient chicks failed to
respond to vitamin Dwith an increase in calcium flux. Analy-
sis of lipid composition revealed that these deficient chicks had
increased amounts of saturated fatty acids and decreased
amounts of linoleic acid. Brasitus et al. (15) showed that
1,25(OH)2D3 treatment increased the dynamic component of
fluidity and corrected the fatty acid composition of small in-
testinal brush border membranes from vitamin D-deprived
rats. These changes occurred within 1-2 h of treatment, tem-
porally preceding changes in duodenal calcium absorption.

Further work must be directed toward identifying specific
cellular proteins that are phosphorylated after 1,25(OH)2D3-
induced protein kinase C activation, and to the elucidation of
the functional significance of these target proteins in calcium
transport and cell growth and differentiation.
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