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preceding the sterol-induced increase in the rate of 4°Ca uptake by 30 min and the sterol-induced increase in
[3H]thymidine incorporation into DNA by 150 min. Increasing extracellular phosphate concentration to 3.0 mM increased

[3H]thymidine incorporation into DNA and the rate of*°Ca uptake by the explants. Reducing extracellular phosphate
concentration to 0.05 mM attenuated the response of the explants to 1,25-(OH),D3. From these observations it is
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The Role of Phosphate in the Action of

Vitamin D on the Intestine

STANLEY J. BIRGE and RUTH MILLER, Department of Medicine, Division
of Endocrinology and Metabolism, Washington University School of
Medicine, The Jewish Hospital of St. Louis, St. Louis, Missouri 63110

ABSTRACT The response of chick intestine to vita-
min D and its metabolites was studied in an organ
culture preparation of chick ileum explants. Both 25-
hydroxycholecalciferol (25-OHD;) at a concentration of
20 ng/ml or greater and 1,25-dihydroxycholecalciferol
[1,25-(OH),D;] at a concentration of 50 pg/ml or greater
stimulated the rate of accumulation of [*2P]phosphate
and %Ca by the explants and the incorporation of
[*(H]thymidine into DNA. The accumulation of [32P]-
phosphate by the explants was against a concentration
gradient and inhibited by ouabain and dinitrophenol. Two
saturable mechanisms appeared to mediate the cellular
accumulation of phosphate with K, of 0.0047 and 0.125
mM, respectively. The V., of the lower affinity transport
mechanism was accelerated by 1,25-(OH),D;. Ac-
tinomycin D (5.0 ug/ml) did not block the intestinal
response to 1,25-(OH),D, stimulation of both [**p ]Jphos-
phate and %Ca accumulation. Significant stimulation
of [**P]phosphate accumulation was observed 30 min
after the addition of 1,25-(OH),D,;, preceding the
sterol-induced increase in the rate of ¥*Ca uptake
by 30 min and the sterol-induced increase in [*H]-
thymidine incorporation into DNA by 150 min. In-
creasing extracellular phosphate concentration to 3.0
mM increased [*H]thymidine incorporation into DNA
and the rate of ¥*Ca uptake by the explants. Reducing
extracellular phosphate concentration to 0.05 mM
attenuated the response of the explants to 1,25-(OH)-
2D;. From these observations it is postulated that
the primary action of vitamin D sterols in the intestine
is to enhance the ability of the mucosal cell to
accumulate phosphate. The data suggest that restora-
tion of intracellular phosphate levels may then permit
expression of the cells’ response to vitamin D sterols.
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The Central Society, Chicago, Ill., November, 1976.
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INTRODUCTION

Hypophosphatemia is a prominent feature of the
vitamin D deficiency and vitamin D-resistant states.
Recent investigations have led to the recognition that
the restoration of phosphate homeostasis in the rachitic
animal is the consequence of the direct action of
vitamin D on a variety of tissues. These investigations
have demonstrated that vitamin D stimulates the ab-
sorption of phosphate by the intestine (1-6), the
mobilization of phosphate from bone (7) and from
possibly other tissue stores (8), and enhances the
reabsorption of phosphate by the renal tubule (8-11).
Synthesis of the active metabolite of vitamin D, 1,25-
dihydroxycholecalciferol [1,25-(OH),D;]! is under the
direct control of the plasma phosphate concentration
(12, 13). Thus, a feedback control mechanism exists
for the regulation of plasma phosphate levels by
vitamin D. From these observations it is apparent
that vitamin D is an important determinant of phos-
phate balance by influencing phosphate transport at
multiple tissue sites.

Another aspect of vitamin D action is the main-
tenance of normal growth. Growth retardation, charac-
teristic of vitamin D deficiency, has been attributed to
the deficiency of bone mineral. Indeed, the restoration
of blood Ca and phosphorus levels through appropriate
dietary supplements significantly reverses this growth
retardation but never to the same extent as that
achieved by the repletion of the rachitic animal with
vitamin D (14). The identification in essentially all
tissues of a cytoplasmic protein which specifically
binds 25-hydroxycholecalciferol (25-OHD;) with
high affinity (15, 16) suggests that vitamin D may in-
fluence cellular metabolism at a nonspecific or basic
level which could result in increased tissue growth. In
fact, 25-OHD; has been shown to act directly on skeletal
muscle in vitro to accelerate the accumulation of phos-

! Abbreviations used in this paper: 25-OHD;,25-hydroxy-
cholecalciferol; 1,25-(OH),D;, 1,25-dihydroxycholecalciferol.
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phate and to subsequently stimulate the rate of protein
synthesis (17). A direct influence of vitamin D on
intestinal mucosal cell proliferation has also been
suggested by the acceleration of DNA synthesis in
intestinal epithelium which precedes significant altera-
tions in systemic calcium and phosphorus concentra-
tions (18).

It was the purpose of these investigations to examine
the influence of vitamin D on mucosal cell prolifera-
tion and to examine the role of phosphate in the ex-
pression of the intestinal response to the vitamin. To
this end, an organ culture preparation of vitamin D-
deficient chick ileum was developed which permitted
control of the extracellular ionic environment.
These investigations suggest that the response of the
intestinal mucosa to 1,25-(OH),D; and 25-OHD; is
dependent upon the restoration of intracellular phos-
phate concentrations resulting from the direct action of
these sterols on the mucosal cell phosphate transport.

METHODS

Preparation of chick intestine organ culture. 1-day-old
white leghorn chicks (Ken Roy, Berger, Mo.) were maintained
on a vitamin D-deficient rachitogenic diet (Teklad Test
Diets, Life Sci. Div., The Mogul Corp., Madison, Wis.) for
4 wk before the removal of the intestinal segment demar-
cated distally by the attachment of the glands of Cowper
and proximately by the yolk sac remnant. The explants were
made with a 2-mm skin punch biopsy, and six explants
equivalent to approximately 1 mg protein were placed
mucosal side up on glass fiber filter. The filters were sup-
ported in a Falcon organ culture dish (Falcon Plastics, Div. of
BioQuest, Oxnard, Calif.) containing 1.4 ml of medium and
incubated at 37°C in an atmosphere of 95% O, and 5% CO,.
The incubation medium consisted of an Earle’s buffered
saline containing a final concentration of 1.4 mM Ca, 2.0
em?¥d] of 50 X minimal essential medium amino acid mix-
ture, 10,000 U/d] of insulin, 30 mg/dl of glutamine, 10,000 U/dl
penicillin, 10 mg/dl of steptomycin, and 2.5 cm¥dl of serum
from vitamin D-deficient chicks. The vitamin D sterols were
solubilized in the vitamin-deficient chick serum before their
addition to the cultures. Crystalline 25-OHD; was kindly
supplied by Dr. John Babcock of the Upjohn Co., Kalamazoo,
Mich. The sterol was dissolved in absolute ethanol and final
dilutions were aliquoted on the basis of the molar extinc-
tion coefficient. Both 25-OHD; and [*H-26,27]25-OHD;
(Amersham/Searle Corp., Arlington Heights, Ill.; specific
radioactivity of 1.1 Ci/mmol) were purified on 1 X 55-cm
columns of Sephadex LH-20 (Pharmacia Fine Chemicals,
Inc. Piscataway, N. J.) slurried in chloroform-n-hexane (65:35
vol/vol) before use. The 1,25(0OH),D; was synthesized from
the incubation of 25-OHD; of known specific radioactivity
with rachitic chick kidney homogenates as described by Boyle
et al (19). The product was extracted and purified by silicic
acid and Sephadex LH-20 chromatography. Phosphate salts
were added to the incubation medium from a neutral stock
solution to give the appropriate phosphate concentration. To
achieve phosphate concentrations of less than 0.05 mM in
the medium, serum dialyzed against phosphate-free buffer
was used. Data from a single experiment represent the aver-
ages of six dishes of 36 explants per group. In a single experi-
ment, four to six groups could be conveniently studied. Since
the explants were derived from a single pool for a given experi-
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ment, statistical significance was determined from a t test
of paired data analysis.

Tracer accumulation studies. The rate of DNA synthesis
by the explants was estimated by measuring the incorpora-
tion of [*H]thymidine into DNA extracted from explants
solubilized in KOH. Incubations were carried out in medium
containing 10 pumol of thymidine/dl and 200 uCi of [*H-
methyl]Jthymidine/dl (New England Nuclear, Boston, Mass.)
The incubations were terminated by washing the explants on
their supporting filter with ice-cold buffer over vacuum, then
transferring directly to 0.5 N KOH or homogenizing in cold
5% perchloric acid. The radioactivity was measured with a
liquid scintillation spectrometer and expressed as disintegra-
tions per minute per microgram of DNA as measured by the
method of Cerriotti (20) and modified by Keck (21) and
Bonting and Jones (22). RNA synthesis was estimated from
measurements of incorporation of [*H-5,6]uridine (New
England Nuclear) into RNA. RNA was extracted in 0.3 N KOH
for 1 h at 37°C from explant homogenates by the method
of Munro and Fleck (23). Total RNA was measured by ultra-
violet absorption at 260 and 232 um (24).

The rate of **Ca uptake was measured by immersing the
filter with explants into a 40-mM Hepes (Sigma Chemical
Co., St. Louis, Mo.) buffer at pH 7.4 containing 2 uCi/dl of
4Ca (New England Nuclear) for a 4-min period. The incuba-
tion was terminated by removing the explants on their filter
from the labeled buffer, then washing over a vacuum with
ice-cold buffered saline, pH 6.5, containing 15 mM CaCl,.
The washed explants were then transferred promptly to 0.5
N KOH solubilizing solution. The rate of accumulation of
[*2P]phosphate (New England Nuclear) was studied over a
16-min incubation in medium containing 20-200 uCi
[32P]sodium phosphate/dl. The incubation was terminated by
washing the explants on their filter with ice-cold 10 mM phos-
phate-buffered saline over vacuum. The explants were
promptly quick frozen in dry ice in preparation for their
subsequent processing for determination of total and free
inorganic phosphate content as described by Lippman and
Tuttle (25) and modified by Short et al. (26). Radioactivity of
4Ca and %P, measured by liquid scintillation spectrometry,
are expressed per milligram of protein (27).

Metabolic inhibition studies. Cycloheximide (Sigma
Chemical Co.) at a concentration of 50 ug/ml was added with
1,25-OH),D; and was present for the duration of the incuba-
tion with the sterol. Actinomycin D (Calbiochem, San Diego,
Calif.) was added to the cultures 20 min before the addi-
tion of the sterol at concentrations of 0.5 and 5.0 ug/ml.
Iodoacetamide, dinitrophenol, and ouabain (Sigma Chemical
Co.) were selected as inhibitors of energy-dependent trans-
port. After the appropriate period of incubation, the explants
were transferred to either fresh medium or medium contain-
ing the inhibitor for an 8-min period before the transfer of
the explants to medium containing either 4°Ca or [*2P]phos-
phate, with or without the inhibitor.

RESULTS

Explants of vitamin D-deficient rachitic chick ileum
were maintained in organ culture to study the response
of this tissue to vitamin D and its metabolites under
controlled environmental conditions. One parameter of
the tissue response to the vitamin measured was the
rate of [*H]thymidine incorporation into DNA. In con-
trol explants linear rates of [*H]thymidine incorpora-
tion into DNA were observed up to 12 h after an initial
90-min period of equilibration (Fig. 1). Since the non-
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FIGURE 1 Incorporation of [*H]thymidine (*H-TdR) into
DNA of intestinal explants from vitamin D-deficient chicks.
The data are expressed as the cumulative incorporation of
the label per microgram DNA from time zero. Open circles
indicate the incorporation of label in the absence of 1,25-
(OH),D;. The triangles indicate the cumulative incorpora-
tion of label into explants to which 1,25 HCC had been added
after 1.5 h of incubation in the presence of [*H Jthymidine. The
vertical bars indicate the standard error of the mean.

linear characteristics of the rate of [*H]thymidine
incorporation into DNA may represent saturatian of an
intracellular thymidine pool, the influence of vitamin
D metabolites on [*H]thymidine incorporation into
DNA was studied after 90 min of preincubation with
the label and linearity of incorporation of the label
was achieved. In so doing, changes in the rate of
transport of exogenous thymidine induced by the
vitamins would be minimized. Under these conditions
both 1,25-(0OH),D; at 50 pg/ml and 25-OHD; at 20 ng/ml
stimulate the rate of incorporation of [*H]thymidine
into DNA of explants from rachitic chicks (Fig. 2). This
increase in rate of incorporation is characterized by an
initial delay of 1.5 h and a maximum response at 3 h
(Fig. 1).

Two other parameters of the explant response to the
calciferols measured were the rate of *Ca and [*?P]-
phosphate accumulation by the intestinal explants (Fig.
2). The rate of *Ca uptake was measured after a 4-min
exposure to the isotope since this duration of incuba-
tion was demonstrated previously to best reflect the
rate of Ca transport across the brush border (28). 3 h
after the addition of either 1,25-OH),D; or 25-OHD,
to the cultures a linear dependence of the rate of °Ca
uptake on the log of the sterol concentration could be
demonstrated. The rate of [32P]phosphate uptake was
studied after a 16-min exposure to the [**P]phosphate
containing medium. As seen in Fig. 3, this time point
approximates the first demonstrable inflection in the
rate of P accumulation by the explants as either free

982 S. J. Birge and R. Miller

or organically bound phosphate and therefore-could re-
flect the rate of phosphate transport across the brush
border of the intestinal mucosa. This interpretation is
supported by the ability of dinitrophenol and ouabain
to inhibit this process. In addition, dinitrophenol
inhibits the organification of phosphate whereas
ouabain inhibits primarily the accumulation of
32P as inorganic phosphate (Table I). After 8 min
of incubation in the isotope, determination of the
distribution ratio of the inorganic 3?P-phosphate
as described by Rosenberg et al. (29) and defined
as the ratio of radioactivity per milliliter of cell
water and radioactivity per milliliter of incuba-
tion medium, indicates a value greater than 1.0 reach-
ing 3.8+0.4 at 16 min in explants from vitamin D-re-
pleted chicks. In contrast, a distribution ratio of 1.8
+0.2 was achieved in explants from rachitic chicks
after 1 h of incubation and 16 min of exposure to the
tracer. The ability of the explants to concentrate phos-
phate against a concentration gradient, as reflected by
the distribution ratio determined at 16 min of exposure
to the isotope was 1.7+0.1 and 1.6+0.1 after 4 and 6 h,
respectively, of incubation. Addition of either 1,25-
(OH),D; at concentrations of 50 pg/ml and greater
or 25-OHD; at concentrations of 20 ng/ml and greater

40r
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FIGURE 2 The dose-dependent response of vitamin D-
deficient chick intestinal explants to 1,25-(OH),D; (open
circles) and 25-OHD; (closed circles). The data are expressed
as the percent change from paired incubations in the
absence of the sterols. The cumulative [*H]thymidine (®H-
TdR) incorporation into DNA was measured after 1.5 h of pre-
incubation with the label, and 3 h after the addition of the
sterol. The initial rate of *Ca uptake was determined at 3 h of
incubation. The initial rate of [*2P]phosphate accumulation
was determined at 1.5 h of incubation. The vertical bars
indicate the standard error of the mean.
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FIGURE 3 The kinetics of [**P]phosphate accumulation by
chick intestinal explants. Chicks were maintained on a vita-
min D-deficient diet or the same diet supplemented with
vitamin D for 3 wk. The explants were incubated for 90 min
in the presence or absence of 1,25-(OH),D; (60 pg/ml) before
the determination of [**P]phosphate accumulation. The
uptake of ¥?P in the presence of ouabain (1 mM) followed an
8-min preincubation with the inhibitor. The solid lines indi-
cate the total [3*P]phosphate accumulation per mg protein.
The interrupted lines indicate the accumulation of “free” inor-
ganic phosphate. The vertical bars indicate the standard error
of the means.

stimulates [32P]phosphate accumulation without
significantly altering the ratio between the inorganic
and organic fractions. Cholecalciferol at concentrations
as high as 1 ug/ml was without effect. The rate of ac-
cumulation of inorganic phosphate was examined as a
function of the incubation medium inorganic phos-
phate concentration. A double reciprocal plot of these
data suggests that two saturable transport mechanisms
for inorganic phosphate may be operating (Fig. 4). A
low affinity transport mechanism (K, =0.125 mM)
appears to respond to 1,25-(OH),D; with an increase in
Vmaz Of the transport process whereas the sterol does
not appear to alter the V., of the high affinity (K,
= 0.0047 mM) transport mechanism.

The role of transcription and translation in mediating
the mucosal response to 1,25-(OH),D; was examined
by observing the influence of actinomycin and cyclo-
heximide on the explant response to 1,25-(OH),D;.
The explants were preincubated for 20 min in the
presence of 5.0 ug/ml of actinomycin D before the addi-
tion of the sterol. The explants were then incubated for
an additional 3 h in the presence of 1,25-(OH),D; and
actinomycin D before determining the rate of **Ca
uptake. Atan actinomycin D concentration of 0.5 ug/ml,
[*H Juridine incorporation into RNA was 18% of the
control rate of incorporation for the last 2 h of the incu-
bation. Actinomycin D did not block the vitamin-in-
duced increase in the rate of %°Ca uptake by the ex-
plants (Table II). To the contrary, actinomycin D stimu-
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TABLE 1
The Influence of Ouabain and Dinitrophenol on the
Accumulation and Distribution of [**P]Phosphate
by Intestinal Explants

Experimental
conditions Total P Inorganic P P value
% control % total P
+SEM +SEM
Control 100 81.8+1.8
+ 1,25-(OH),D,
(200 pg/ml) 165+6 84.5+2.1 <0.1

QOuabain (0.1 mM) 54+3 76.0+£3.5 <0.05
DNP (0.5 mM) 68+5 98.2+4.1 <0.01

Accumulation of [3?P]phosphate (**P) was measured after a
1.5-h incubation with or without 1,25-(OH),D; and expressed
as a percentage of control incubations. To determine the rate
of 32P uptake in the presence of the inhibitor, the explants
were preincubated for 8 min with the respective inhibitor.
The inorganic **P accumulated is expressed as a percentage
of the total 2P accumulated per milligram protein in 16 min.
Student’s t test was applied to the analysis of paired data.
The P values apply to the differences from control of the
percentage of inorganic P of total 3?P.

lated control **Ca uptake and potentiated the 1,25-
(OH),D;-stimulated **Ca uptake. The requirement for
protein synthesis in mediating the response to 1,25-
(OH),D; was studied by measuring the rate of *Ca
uptake after 3 h of incubation of the explants in the
presence of the vitamin and cycloheximide at 50 ug/
ml. After a similar protocol, the rate of [*?P]phosphate
accumulation was measured after 90 min of incuba-

60}

Control

40+

+125HCC

V/y (nmol/mg protein/16 min™)

100 200 300 200

175 ( [PO,] mM™)

FIGURE 4 Double reciprocal plot of the concentration of
phosphate (1/s) and the rate of accumulation of phosphate
per milligram protein per 16 min (1/y). The rate of accumula-
tion was determined after 1.5 h of incubation in the presence
or absence of 1,25-(OH),D; (60 pg/ml). The vertical bars
indicate the standard error of the mean.
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TABLE II
Influence of Actinomycin D (5 pg/ml) on the Mucosal
Response to 1,25(OH),D; (50 pg/ml)

Percent of
Experimental group control P value
%

Control 100
+ 1,25-(OH),D, 145+8 <0.01
+ Actinomycin D 146+6 <0.01
+ 1,25-(OH),D; + actinomycin D 190+10 <0.001
No. of observations 14

Chick intestinal explants were incubated for 20 min in me-
dium with or without 50 ug/ml of actinomycin D before trans-
fer to medium with or without 1,25-(OH),D; (60 pg/ml) for
an additional 3 h. The initial rate of **Ca uptake per milli-
gram protein is expressed as a percentage of the uptake by
control explants incubated without actinomycin D and 1,25-
(OH),D;. Statistical significance was determined from a ¢ test
of paired data analysis.

tion in the presence of the 1,25-(OH),D;. Cyclohexi-
mide blocked both the 1,25-(OH),D;-induced in-
creased rate of [**P]phosphate accumulation and also
the 1,25-(OH),Ds-induced increased rate of *Ca
uptake (Table III).

The time course of the mucosal response to the vita-
min D metabolites indicates that at 30 min after the
addition of the sterols to the medium, the rate of [32P]-
phosphate accumulation by the explants is significantly
enhanced (P < 0.025). This response precedes by 30
and 150 min the vitamin-induced stimulation of Ca
uptake and the stimulation of [*H Jthymidine incorpora-

TABLE 111
Influence of Cycloheximide on 1,25-(OH),DyInduced
Stimulation of **P-Phosphate and **Ca Uptake

32P uptake 4Ca uptake
Culture conditions
Control Control
Cyclo.  1,25(OH),D; +SEM P value +SEM P value
% %
- - 100 100
+ - 110£3 >0.1 138+15 <0.05
- + 1658 <0.001 170+10 <0.01
+ + 1006 >0.1 146+9 <0.05
No. paired observations 9 5

Chick intestinal explants were incubated for 20 min in me-
dium with or without cycloheximide (Cyclo.) before transfer
to medium with or without 1,25-(OH),D; (200 pg/ml) for 3 h.
The data indicate the uptake of [3?P]phosphate in 16 min or
the uptake of *Ca in 4 min per milligram protein expressed
as the mean percentage change from control incubations. Sta-
tistical significance was determined from a t test of paired
data analysis.
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FIGURE5 The response of explants from vitamin D-deficient
chicks to 1,25-(OH),D;. The measured radioactivity (dpm)
per milligram protein or DNA is expressed as a percent change
from control explants incubated without 1,25-(OH),D;. Closed
circles indicate the accumulation of [**P]phosphate, the closed
triangles indicate the rate of °Ca uptake, and the open tri-
angles indicate the cumulative rate of [3H]thymidine in-
corporation into DNA. The vertical bars indicate the standard
error of the mean.

tion into DNA (Fig. 5). Thus the initial action of the vita-
min is the stimulation of the rate of intracellular phos-
phorus accumulation. To test the hypothesis that the in-
creased rate of **Ca uptake and DNA synthesis are
secondary to an increased intracellular inorganic phos-
phate concentration, the influence of extracellular
phosphate concentration on these parameters and the
mucosal response to 1,25-(OH),D; was studied. In-
creasing medium phosphate concentration from 0.5 to
3.0 mM for the 4.5-h duration of incubation increased
[*H]thymidine incorporation into DNA (Table IV).
Preincubation of the rachitic chick ileum explants in
3.0 mM phosphate for 3.0 h increased the initial rate
of Ca uptake from 0.5 mM phosphate buffer com-
pared to #*Ca uptake by explants preincubated at 0.5
mM phosphate for 3.0 h (Fig. 6). The increase in [*H]-
thymidine incorporation into DNA and 4Ca uptake
achieved by equilibrating the explants in 3.0 mM phos-
phate medium was equivalent to that observed in ex-
plants incubated with 1,25-(OH),D; at 0.5 mM phosphate.
No additional stimulation of either parameter was ob-
tained with 1,25-(OH),D; in explants incubated in
3.0 mM phosphate. Reducing the 3-h preincubation
phosphate concentration from 0.5 to 0.05 mM signifi-
cantly reduced the rate of 3Ca uptake as well as the re-
sponse to 1,25-(OH),D;. Since 1,25-(OH),D; stimula-
tion of 3Ca uptake can be inhibited by iodoacetamide,
the influence of this inhibitor on the high phosphate-
induced stimulation of **Ca uptake was examined. At
least 50% of the phosphate-induced stimulation of
45Ca uptake was inhibited by 0.05 mM iodoacetamide
(Table V).

The influence of phosphate on mucosal-serosal trans-
port of Ca was measured in everted gut sacs obtained
from rats maintained for 4 wk on a 0.1% phosphorus,



TABLE IV
Effect of Phosphorus and 1,25-(OH),D; on
3H-TdR Incorporation into DNA

TABLE V
Influence of lodoacetamide (IA) on 1,25-(OH ),DyInduced and
Phosphate-Induced Stimulation of ¥*Ca Uptake

Culture conditions

PO, concn. 1,25-(OH),D, 3H-dpm/ug DNA P value
mM +SEM
0.5 —_ 179+5
0.5 60 pg/ml 212+6 <0.01
3.0 — 238+6 <0.01
3.0 60 pg/ml 225+7 <0.01

Intestinal explants were incubated at either 0.5 or 3.0 mM
phosphate and [*H]thymidine (*H-TdR) for the duration of
the study. After 1.5 h the explants were transferred to the
same medium with or without 1,25-(OH),D;. Statistical sig-
nificance was determined from a t test of paired data analysis.

1.5% Ca, vitamin D-free diet from the age of 3 wk
(Table VI). 4 days before sacrifice the animals were
parathyroidectomized. 2 days before sacrifice the ani-
mals were divided into four groups. The first group
was maintained on a 0.1% P, 1.0% Ca diet without
vitamin D. The second group of rats was placed on a
0.4% P, 3.0% Ca diet in an effort to abruptly increase
the plasma phosphate and thereby minimizing the
systemic effects of increased phosphate on the in-
testine. The third group of rats was maintained on 0.1%
P, 1.0% Ca plus 200 U of vitamin Dj; orally 40 h before
sacrifice. An increase in serum phosphorus was asso-
ciated with an increase in the serosal:mucosal ratio of
4Ca in the absence of vitamin D. Provision of phos-
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FIGURE 6 The influence of phosphate on *Ca uptake by
intestinal explants. The initial rate of **Ca uptake was meas-
ured in the standard 0.5 mM phosphate buffer after a 3-h prein-
cubation in medium containing the designated concentration
of phosphate. The open bars indicate incubations in the ab-
sence of 1,25-(OH),D; and the hatched bars indicate incuba-
tions in the presence of 1,25-(OH),D;. The standard error of
the mean is indicated by the vertical bars.
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43Ca uptake, (dpm/mg protein)

Culture conditions

B —— Percent No. paired

PO, concn. 1,25-(OH),D; 1A control  observations P value
mM %o n
0.5 - - 100
0.5 - 113+3 24 <0.05
0.5 + - 167+6 13 <0.001
0.5 + + 115%5 13 <0.05
3.0 = = 170+9 11 <0.005
3.0 - + 132+9 11 <0.05

The explants were incubated for a total duration of 3.0 h under
the conditions as noted. The initial rate of Ca uptake was
measured after the transfer of the explants to medium with or
without iodoacetamide (0.05 mM) and expressed as the mean
percentage change from the control incubation. Statistical sig-
nificance was determined from a t test of paired data analysis.

phate and vitamin D to animals of the fourth group
markedly enhanced the transport of Ca over that ob-
served with the administration of vitamin D to animals
on the phosphate-deficient diets.

DISCUSSION

Previous studies have demonstrated that vitamin D
stimulates the proliferation of the intestinal mucosal
epithelium (18, 30). Although an increase in cell num-
ber was not evident until 24 h after vitamin D adminis-
tration, an increase in [°*H ]Jthymidine incorporation into
intestinal mucosal DNA was observed at 4 h preceding

TABLE VI
Influence of Dietary Phosphate on the
Intestinal Response to Vitamin D

Diet -P-D +P -D -P+D +P +D
n 15 15 18 13
S/M ratio 53+0.2 5.9+0.2 6.0+03 74+04
P value <0.05 <0.05 <0.005
Ca serum, mg/100 ml 11.8 11.1 11.6 11.8
P serum, mg/100 ml 3.7 5.0 4.7 6.5

The serosal:mucosal 3Ca concentration ratio (S/M) was meas-
ured in everted intestinal sacs from rats maintained for 4 wk
on a 0.1% phosphorus, 1.5% Ca, vitamin D-free diet. 4 days
before sacrifice the animals were parathyroidectomized. 2
days before sacrifice the animals were divided into four dietary
groups: (a) 0.1% P and 1.0% Ca (—P-D), (b) 0.4% P and 3.0%
Ca (+P-D), (c) 0.1% P and 1.0% Ca plus 200 U of vitamin
D orally 40 h before sacrifice (—P+D), (d) 0.4% P and 2.0%
Ca plus vitamin D (+P+D). n indicates the number of ani-
mals in each group.
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by 4-8 h a demonstrable increase in intestinal Ca
absorption (18). It was postulated that the increase in
cell proliferation was the consequence of a direct effect
of the vitamin on intestinal epithelial cell and not
secondary to systemic changes in mineral homeostasis.
Maintenance of intestinal epithelium in organ culture
facilitates the distinction between these two possible
modes of vitamin D action in stimulating intestinal
epithelial cell proliferation. Thus, the increase in
[*H]thymidine incorporation into DNA observed in
the present studies must be attributed to a direct effect
of the vitamin on the cell. Although these findings are
consistent with the stimulation of DNA synthesis by the
vitamin, a reduction in endogenous thymidine genera-
tion or utilization without an increase in DNA synthe-
sis cannot be excluded by these data.

The explants also demonstrated an increased rate of
4Ca and [**P]phosphate accumulation in response to
the addition of either 1,25-(OH),D; or 25-OHD;. The
intestinal response to physiologic concentrations of
25-OHD; is of great interest since this metabolite of
vitamin D has been considered to be biologically in-
active at these concentrations (31, 32). There is con-
siderable evidence that the la-hydroxylation reaction
occurs exclusively in kidney and that further metabo-
lism of 25-OHD; by intestine to 1,25-(OH),D; or
some other potent biologically active sterol does not
occur (33-35). Contamination of 25-OHD; with the bio-
logically active isomer, 5,6-trans-25-hydroxycholecal-
ciferol, is possible. However the potency of this sterol
is comparable to that of 25-OHD; and therefore could
not account for the observed response (36, 37). The
presence in intestinal mucosa, as well as in essentially
all other tissues, of a cytoplasmic protein with high
affinity and specificity for 25-OHD, (15, 16) is addi-
tional evidence that this sterol may play a -significant
role in normal cell metabolism.

Earlier studies in rats (28) and confirmed in chick
explants suggest that the initial rate of **Ca entry into
the mucosa reflects the energy-dependent transport of
Ca across the brush border into a readily saturable pool
consistent with the cell cytosol Ca pool. The accumula-
tion of phosphate has not been as extensively charac-
terized. Saturation of an initial pool of [32P]phosphate
does not appear to occur until 8-16 min. Distribution
of tracer in cell water suggests an inorganic phosphate
concentration comparable to that postulated for the
cytoplasmic phosphate pool (31). The ability of meta-
bolic inhibitors to block accumulation of intracellular
phosphate suggests that the transport process is not
only against a concentration gradient but does require
metabolic energy. The increased rate of inorganic
phosphate accumulation induced by the vitamin D
sterols is associated with a parallel increase in organic
phosphate. This response is consistent with a primary
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action of the sterols on phosphate entry into the cell as
opposed to increased utilization and further suggests
that, in rachitic explants, phosphate entry may be rate
limiting in a variety of processes resulting in organifica-
tion of phosphate.

The mechanism of 1,25-(OH),D; and 25-OHD; action
on phosphate entry across the brush border remains
uncertain. It should be noted (Fig. 3) that the bulk of
phosphate transported across the brush border is
independent of vitamin D and occurs by two saturable
processes. The V.. of the low affinity process appears
to be increased from 0.67 to 2.0 nmol/mg protein/16 min
by 1,25-(OH),D; without significant alteration in K,, of
0.125 mM. The increase in the rate of phosphate ac-
cumulation in response to the addition of 1,25-(OH),D;
is blocked by incubation of the explants with cyclohexi-
mide. This inhibitor of protein synthesis at the level
of translation also blocked the sterol-induced increase
in #Ca uptake, suggesting that protein synthesis
was required for the expression of the cells response
to vitamin D. However, actinomycin D at a concentra-
tion of 5.0 ug/ml, 10 times the concentration necessary
to inhibit 82% of [*H]uridine incorporation in RNA
of the explants, did not block the vitamin’s stimula-
tion of 4°Ca uptake. To the contrary, actinomycin D
stimulated **Ca uptake in the control explants and had
an additive effect on “*Ca uptake in the explants incu-
bated in the presence of submaximal concentrations of
1,25-(OH),D;. Additional studies are necessary to
distinguish from the numerous interpretations of these
findings that which correctly describes the observed
data. The failure of actinomycin to inhibit the cellu-
lar response to 1,25-(OH),D; need not be interpreted
as being inconsistent with the cycloheximide studies.
The relatively short, 3-h incubation may not be suf-
ficient to allow for the degradation of preexisting
messenger-RNA from which the appropriate proteins
can be synthesized for the expression of the mucosal
response to 1,25-(OH),D;. The vitamin may also stimu-
late translational events as has been postulated, in part,
for the action of glucocorticoids (38, 39). These obser-
vations do suggest that de novo protein synthesis from
a nuclear DNA template is not required for the initial
manifestation of the cellular response to 1,25-(OH),D;
as characterized by an increase in **Ca uptake and an
increase in [**P]phosphate accumulation. Since the
intestinal response to vitamin D is biphasic, the de-
layed response, greater in magnitude, may reflect an
increase in DNA template activity and messenger RNA.

In studying the time course of the explant response to
the vitamin D sterols, it is apparent that the earliest
response is the stimulation of [**P]phosphate ac-
cumulation which precedes the stimulation of *Ca up-
take by 30 min and the increase in [*H Jthymidine in-
corporation into DNA by 150 min. This observation



raised the possiblity that the latter two events were
either dependent upon or secondary to a primary action
of the vitamins on phosphate transport and presumably
the restoration of intracellular phosphate pools. To test
this hypothesis, an effort was made to increase intra-
cellular phosphate concentrations in the absence of
vitamin D sterols by passive diffusion. Accordingly
extracellular phosphate concentration was increased to
3.0 mM. Both #*Ca uptake and DNA synthesis were
enhanced under these conditions. The increase in **Ca
uptake resulting from the high extracellular phosphate
concentration was inhibited by iodoacetamide, similar
to the iodoacetamide inhibition of the 1,25-(OH),D3-
dependent increase in **Ca uptake. The failure of other
investigators (40) to demonstrate inhibition of 1,25-
(OH),Dy-stimulated #Ca uptake by iodoacetamide
may be due to the fact that iodoacetamide at concen-
trations greater than 0.05 mM increases the basal
rate of *°Ca uptake. Reduction of the extracellular
phosphate concentration to 0.05 mM resulted in a sig-
nificant blunting of the intestinal response to 1,25-
(OH),D; (Fig. 6). These observations suggest that
intracellular phosphate concentration is an important
determinant of the metabolically dependent transport
of Ca across the brush border of the intestinal epithelial
cell. These data extend earlier investigations concern-
ing the facilitation by phosphate of calcium uptake in
kidney cells (41) and calcium translocation in rat in-
testine (42). The failure of other investigators to ob-
serve a dependence of calcium translocation upon
phosphate in vitamin D-deficient tissue may be at-
tributed to the failure to alter intracellular phosphate
concentrations as a result of short durations of incuba-
tion and low medium phosphate concentrations
(43, 44).

The role of phosphate in mucosal-serosal trans-
port of calcium was examined in the rat everted duo-
denal sac. The serum phosphorus of the phosphorus-
depleted animal was raised abruptly over a 2-day
period by the addition of phosphate or the treatment of
the animal with oral vitamin D, or both. More pro-
longed phosphate feeding was avoided so that the adap-
tive increase in calcium absorption attributed to phos-
phorus depletion would not be altered. All animals were
parathyroidectomized to eliminate the potential in-
fluence of this hormone on the transport process.
The increase in serum phosphorus was limited by the
above constraints and the additional constraint of
maintaining normal serum calcium concentrations.
Despite the limited increase in extracellular phosphate
concentrations, calcium transport was increased in the
absence of vitamin D and maximal stimulation of cal-
cium transport required increased dietary phosphate in
addition to vitamin D treatment. Again these data sug-
gest that the intestinal response to vitamin D is de-
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pendent, at least in part, upon the availability of phos-
phate. The initial rate of *Ca uptake studied in the
intestinal explants may well reflect a rate limiting step
in the mucosal-serosal transport of calcium in the
rachitic animal. Intracellular phosphate concentration
may influence directly or indirectly through a high
energy phosphate intermediate, such as ATP, this step
in the transport process. Thus, stimulation by vitamin D
of intracellular phosphate accumulation and the
restoration of intracellular phosphate concentrations
towards normal may play an important if not primary
role in the ultimate expression of the cells’ response
to the vitamin D sterols.
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