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SUMMARY

Animals fed a diet containing strontium develop several physiological imbalances
within the calcium homeostatic
system.
Ingestion of stable strontium inhibits intestinal calcium absorption (1, 2), depresses plasma calcium concentration,
and promotes the development
of rachitic bone lesions (2). The particular form of rickets produced by strontium differs from calcium
or phosphorus deficiency rickets in that vitamin D supplements
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do not correct the lesion (3). To date, only the return to feeding
of a calcium-supplemented
diet has been effective in curing the
malady (4, 5). Several general explanations
of the strontiuminduced lesions have been advanced (2, B), however, direct proof
of such hypotheses has been elusive.
Only recently has a beginning been made in exploring
the cellular
mechanism
of
strontium’s action (7).
Recently Corradino
et al. (2) found that intestinal
calcium
absorption
and calcium-binding
protein production
in normal
chicks is decreased by feeding a strontium
diet. Such an inhibitory action by strontium in the intestine can be envisioned
as occurring via a direct or indirect mechanism.
Previous results (3), which showed an apparent refractoriness of the lesion
to vitamin D, suggested to us that strontium could act by inhibiting the metabolism of vitamin D to its functional metabolites. Alternatively
it could act directly on the intestine to inhibit calcium transport.
A study of vitamin D metabolism in
strontium-fed
animals was, therefore, undertaken
(7). Such
an investigation
was facilitated
by the recent advances in the
isolation of various vitamin D metabolites (8, 9). Of particular
interest was the identification
of 1,25-dihydroxycholecalciferol
(1,25-(OH)&C)’
as a kidney metabolite of 25.hydroxycholecalciferol (25-OHCC)
(9, 10). Several investigators
have shown
that 1,25-(OH)&C
acts in the intestine to stimulate calcium
absorption (11, 12) and is most likely the tissue-active form for
the intestine
(13). From these experiments
it seems that
the liver 25-hydroxylation
of cholecalciferol
(CC --) 25.OHCC)
(14), or the 1-hydroxylation
in the kidney of 25.OHCC
(25-OHCC --) 1,25-(OH)&C)
(15, 16), or both, would represent
likely sites for a strontium-induced
met.abolic block.
The effect of such a block in metabolism is illustrated by the
recent investigation
of 25-OHCC metabolism in rats previously
treated with actinomycin
D or cycloheximide
(17, 18). Both
substances inhibit the hydroxylation
of 25-OHCC to 1,25-(OH&
CC, resulting in a block of calcium transport in rati given 25OHCC.
Although
earlier interpretations
had suggested the
actinomycin D block of calcium transport to be an inhibition
of
protein synthesis in the intestine proper (19), it is clear in rats at
least, that actinomycin
D does not block the stimulation
of intestinal calcium transport by 1,25-(OH)&C
(17).
Of great importance are the recent demonstrations
that phys1 The abbreviations
used are: 1,25-(OH),CC,
1,25-dihydroxycholecalciferol;
25.OHCC, 25.hydroxycholecalciferol.
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Inhibition
of calcium absorption
by dietary strontium
is
the result of a block in the renal synthesis of 1,25-dihydroxycholecalciferol
(1,25-(OH)&C)
from 25-hydroxycholecalciferol (25-OHCC).
The administration
of 1,25-(OH)&C
but not 25-OHCC
restores to normal calcium absorption
in
strontium-fed
chicks.
Kidney
mitochondria
from strontium-fed
chicks do not
metabolize
25-OHCC
to 1,25-(OH)&C,
but rather to a
metabolite
designated Peak V,. The function of Peak V, is
unknown while it is believed that 1,25-(OH)&C
is the metabolically active form of vitamin D in the stimulation
of calcium
absorption
from intestine and mobilization
from bone.
The
changes in the kidney metabolism
of 25-OHCC
in response
to dietary strontium
occur over a period of several days and
correlate closely with changes in intestinal
calcium absorption.
Feeding a normal calcium diet can correct the strontiuminduced
inhibition
of intestinal
calcium absorption.
This
restoration
of calcium absorption correlates with an increased
The exact mecharate of in vitro 1,25-(OH)&C
synthesis.
nism whereby
strontium
alters the renal metabolism
of
25-OHCC is unknown.
However, indirect evidence suggests
that it may operate through humoral
agents such as parathyroid hormone, or calcitonin, or both, which are responsible
for maintenance
of plasma calcium concentration.
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iological responses of intestine and bone to vitamin D can be
controlled by the regulation of functional vitamin D metabolsim
(7, 20, 21). Certainly
the metabolism
of 25.OHCC
can be
altered by varying the dietary calcium intake of the animal (20,
21). Additional
studies have shown a correlation
between intestinal calcium absorption and the synthesis of 1,25-(OH)&C
in chicks receiving diets varying in calcium.2
The mechanism
whereby calcium effects control of 25-OHCC metabolism
is a
topic of current investigation.
This paper presents in @vo and in vitro evidence that strontium
feeding blocks intestinal
calcium transport
at the site of 25OHCC conversion to 1,25-(OH)&C
in the kidney.
A preliminary report has been communicated
(7).
METHODS

Animals

Vitamin

and

1 ,%(OH)&‘C

Repletion

Two-week-old
chicks were fed a (-) strontium or (+) strontium diet for 4 days at which time the chicks were repleted and
dosed (orally) thereafter with 25-OHCC (125 pmoles, 0.2 ml of
Wesson oil), 1,25-(OH)&C
(125 pmoles, 0.2 ml of Wesson oil)
or the vehicle (Wesson oil, 0.2 ml). Following
repletion, each
group of chicks was divided in half and fed either a (-) strontium
or (+) strontium diet. Control chicks (Wesson oil) were fed the
(-) strontium diet. Calcium absorption was measured at 24hour periods following the initial administration
of metabolite
(see Fig. 5).
2 J. L.

manuscript

Omdahl,

I. T.

in preparation.

Calcium-binding

Protein

Assay

The heat-treated
high speed supernatant
fluid from intestinal
mucosa homogenates was assayed as to its affinity for sequestering 45Ca by the previously described Chelex resin method (24,
25). The calcium-binding
protein present in the supernatant
fraction and the insoluble Chelex resin are mixed in the presence
of 45Ca, resulting in a partitioning
of 45Ca between the calciumbinding protein and resin. An increase of 45Ca in the supernatant solution occurs with increasing
calcium-binding
protein
concentration.
Results are expressed as percentage of added
45Ca which is present in the supernatant solution.
Total protein
in the supernatant
fluid was estimated by the method of Lowry
(26) and the calcium-binding
protein data expressed per mg of
protein added to the assay tube.
Intestinal

Calcium Absorption

An in situ method employing the isolated duodenal loop was
used for determining
calcium absorption
(12). The absorption
time was shortened to 20 min.

D3 Repletion

Two dietary and repletion schemes were used. In Scheme A,
2.week-old chicks were divided into three groups and fed a (-1
strontium,
(+) strontium, or (+) calcium diet. After 7 days,
half of the (+) calcium chicks and all the (-) strontium and (+)
strontium chicks received a single dose of 6.5 nmoles of vitamin
Ds intravenously
in 0.05 ml of 9501, ethanol.
The remaining
(+) calcium chicks were given the 0.05 ml of (95% ethanol)
vehicle and used as controls.
All animals were continued on their
respective diets for 4 days during which time calcium absorption
and calcium-binding
protein activity were measured daily.
In
Scheme B, chicks at 2s weeks of age were fasted for 16 hours and
then dosed orally each day with vitamin Da (260 pmoles daily
in 0.2 ml of cottonseed-soybean
oil (Wesson)).
Feeding of a
(-) strontium, (+) strontium, or (+) calcium diet was initiated
at, the time of vitamin replet,ion.
d5-OHCC

Tissue samples were extracted with chloroform-methanol
(22,
23), and the chloroform-soluble
fraction was evaporated to a desired volume with a stream of nitrogen.
The concentrated sample was chromatographed
on columns (1.5 x 20 cm) containing
10 g of Sephadex LH-20.
The Sephadex LH-20 was equilibrated
in Skellysolve B-chloroform
(35 : 65) and the columns eluted with
the same solvent mixture.
25-OHCC, 1,25-(OH)&C,
and an
intermediate
peak, designated Peak V,, could be clearly separated with the Sephadex LH-20 chromatographic
system (8).

Boyle,

R. W.

Gray,

and

H.

F. DeLuca,

Plasma Calcium and Strontium
Blood was taken in heparinized
syringes via cardiac puncture
and plasma prepared by centrifugation.
Total plasma calcium
and strontium
was determined
by atomic absorption spectrophotometry
(Perkin Elmer model 403) (12).
Metabolism

of 25-OHCC

In viv+A
dose of 25-OH[26,27-3H]CC
(325 pmoles; 2.8 x
lo3 dpm per pmole) was dissolved in 0.05 ml of 95% ethanol and
injected intravenously
6 hours before killing.
The chicks were
killed by cervical dislocation and the desired tissue samples obtained for chloroform-methanol
extraction
(23). Metabolites
present in the chloroform phase were separated by the use of
Sephadex LH-20 chromatography.
In vitro-Chick
kidney tissue was homogenized
(10% w/v)
in 0.32 M sucrose (50 mM Tris-acetate, pH 7.4) and mitochondria
were isolated according to the method of DeDuve et al. (27).
The isolated mitochondria
were washed once with the 0.32 M
sucrose solution and then suspended in incubation
Medium A
(sucrose, 200 mM, MgCIZ, 1.9 mM, Tris-acetate,
15 mM, sodium
succinate, 5 mM; pH 7.4) at a concentration
of 5 to 6 mg of protein per ml. The mitochondrial
preparation
was incubated in a
25-ml Erlenmeyer flask (1.5 ml per flask) with gentle shaking at
38” under an oxygen atmosphere.
After a 5-min preliminary
incubation
0.156 or 1.25 nmoles (104 and 13 PCi per mmole,
respectively) of 25-0H[26,27-3H]CC
was added in 20 ~1 of 95%
ethanol and the incubation
continued for 15 min. The incubation was stopped by the addition of 4.5 ml of methanol-chloroform (2:l).
Radioactive Compounds-The
25-OH[26, 27-3H]CC was pre-

Downloaded from http://www.jbc.org/ by guest on March 31, 2017

Male leghorn chicks (Dekalb), obtained from a local hatchery
(Northern
Hatcheries, Beaver Dam, Wis.), were maintained
in
heated cages devoid of ultraviolet
light.
They were given a
vitamin D-deficient diet (12) and water ad Zibitum for 2 weeks at
Three vitamin
which time they were used for experimentation.
D-deficient diets were used during the experimental
period and
consisted of: (a) a (-) strontium diet, low in calcium (0.080/,),
(b) a (+) strontium diet, low in calcium (O.OSoJ,) with added
strontium
(2.35’%), and (c) a (+) calcium diet in which the
strontium from the (+) strontium diet was replaced on an equal
molar basis by calcium (1.1%).
Both calcium and strontium
Vitamin
Da, 25-OHCC, or 1,25were added as carbonates.
(OH)JZC was used for repletion of vitamin D-deficient chicks.

Chromatography
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pared in this laboratory according to the method of Suda et al.
(28) and had a specific activity of 1.3 Ci per mmole.
The 1,25-(OH)J26,
27-3H]CC was prepared
enzymatically
by the 1-hydroxylation
of 25-[26,27-3H]OHCC.
A kidney
homogenate
(10% w/v) from vitamin D-deficient
chicks was
prepared with Medium
A (see “Metabolism
of 25-OHCC”).
The incubation
was conducted in a 250-ml Erlenmeyer
flask
which contained 6 ml of homogenate and 6.25 nmoles of 25OH[26, 27-3H]CC (10 &!i per mmole).
The flask was flushed
with oxygen, stoppered, and incubated with shaking at 38” for 1
hour.
Sephadex LH-20 chromatography
was used for isolating
1,25-(OH)&C
from the chloroform
extract of the incubation
mixture (8).
Radioactive calcium (45Ca) (1 Ci per mM) was purchased from
International
Chemical and Nuclear Corp. (Irvine, Calif.).
The radioactivity
of 3H and 45Ca samples was estimated with a
Tri-Carb
model 3375 liquid scintillation
counter as previously
described (12).
RESULTS

81 A.

CaBP

ACTIVITY

I

TABLE

Absence

of 1,25-(OH)z[26,27-3H]CC
intestinal mucosa

in
from

crude

strontiw-fed

nuclear
chicks

of

pellet

Chicks
were fed (+) strontium
or (-)
strontium
diet and given
vitamin
Da (260 pmoles daily)
for 10 days prior to the intravenous
injection
of 25-OH[26,27-3H]CC
(312 pmoles).
Pooled
mucosal
tissue
from
three
chicks
was obtained
2 hours
after
25-OH[26,27-3H]CC
injection,
homogenized
in 0.25 M sucrose,
50 rn%f
Tris-Cl,
pH 7.4, and the crude
nuclear
pellet
prepared
(27).
The lipid
extract
from
the nuclear
pellet
was chromatographed
on Sephadex
LH-20
as described
under
“Methods.”
Percentage

of recovered

3H”

Diet
25.OHCC

1,25-(0H)KC

%
(-)
(+)

Strontium.
Strontium.

%

32.9
1.0

41.9

65.5

a Radioactivity
not
(OH)&C
was present

1

accounted

as the ester

for by 25-OHCC
of 25.OHCC.

1,25-

+Sr

-StI

and

INTESTINE

I

80

*Y

40

0

202
s

60

8

4

ti”
OOllll

96
HOURS

1. Vitamin
D-deficient
chicks
were fed a (-)
strontium,
(+) strontium,
or (+) calcium
diet for 7 days (see Scheme A under
“Vitamin
Da Repletion”)
at which
time repletion
was effected
using
vitamin
Da (6.5 nmoles
in 0.05 ml of 95% ethanol,
i.v.).
Calcium
binding
protein
activity
(A) and calcium
absorption
(B)
were measured
as described
in the text.
The control
group
was
fed the (+)
calcium
diet and injected
with 0.05 ml of ethanol.
Values
represent
the mean of five observations.
FIG.

0

50

loo 150 0 50
ELUTION VOLUME

100 150
(ml)

A FIG. 2. Sephadex
LH-20
chromatographic
profile
of lipid
extracts
from intestine,
kidney,
and blood
of chicks
6 hours after
injection
of 312 pmoles of 25-OH[26,27-3H]CC.
The columns
were
developed
using chloroform-Skellysolve
B (65:35)
and 5.ml frnctions
were collected.
Chicks
were supplemented
with
vitamin
DO (260 pmoles
daily,
0.2 ml of Wesson
oil) and fed either
a (-)
strontium
or (-I-) strontium
diet for 7 davs orior to the experiment.
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The inhibitory effect of strontium feeding on intestinal calcium
absorption and calcium-binding
protein activity in vitamin DPrepleted chicks is shown in Fig. 1. A rapid increase in calcium
absorption
(at 24 hours) and calcium-binding
protein activity
(at 48 hours) was observed in chicks repleted with 6.5 nmoles of
vitamin D3 and fed either a (+) calcium or (-) strontium diet.
In contrast, repleted chicks fed a (+) strontium diet showed only
a marginal
increase in calcium-binding
protein activity and
calcium absorption over values obtained from vitamin D-deficient controls (Fig. 1). Comparison of calcium-binding
protein
activity and calcium absorption reveals a characteristic
lag in
the rise in calcium-binding
protein activity in response to vitamin
Da (Fig. 1) (29).
It has been shown in a preliminary report (7) that the accumulation of 1,25-(OH)&C
in intestinal mucosal tissue is inhibited

in chicks fed a (+) strontium diet. Further in viva results in
Fig. 2 show an apparent decrease in 1,25-(OH)&C
accumulation
in kidney tissue and blood obtained from (+) strontium chicks.
The major metabolite
of 25-OHCC in the nuclear fraction of
intestinal homogenates
is 1,25-(OH)&C.
However, in chicks
fed the (+) strontium diet little 1,25-(OH)&C
could be detected
in that fraction (Table I). Of additional
interest is the Peak
V, radioactivity
which appears in (+) strontium
kidney extracts and increases in blood from (+) strontium chicks (Fig. 2).
Peak V,, as obtained from LH-20 chromatography,
appears to be
heterogeneous,
although one compound constitutes greater than
95% of the peak. Identification
of this compound is in progress.
Results from an earlier study (7) together with the data presented in Fig. 2 suggest that the feeding of a strontium diet could
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150
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profile

of lipid extracts

mitochondria.
Dietary
protocol
was as described
in
vitamin
Da was the variable
and only the (+) stron-

was used.

in the text

The incubations

using

1.25 nmoles

were carried

out as de-

of 25-OH[26,27-3H]CC.

TO

DAYS

FED

RESPECTIVE

DI

strontium

(A--A)

values

are the mean

from

four

chicks.

result in the inhibition
of 1,25-(OH)&C
production
in kidney
mitochondria,
the known site of 1,25-(OH)&C
synthesis3 (15).
Direct evidence for such a block in 1,25-(OH)&C
synthesis
was obtained in vitro with kidney mitochondria
from (+) stront’ium-fed chicks (Fig. 3). After 1 day the mitochondria
from (+)
strontium
chicks appeared capable of producing
substantial
amounts of 1,25-(OH)&C.
However, a 65% decrease in rate
was evidenced at 3 days and 1,25-(OH)&C
synthesis was undet,ectable at 5 days. In contrast to the suppression of 1,25(OH)&C
synthesis, an increase in production
of Metabolite
V,
occurred with time of strontium feeding such that after 5 days
MitoPeak V, was the only detectable 25-OHCC metabolite.
chondria from (+) calcium chicks gave results similar to those
observed with mitochondria
from (+) strontium chicks, although
development of the (+) calcium response was noticeably slower
(Fig. 3). High rates of 1,25-(OH)&C
synthesis occurred in
mitochondria
from (+) calcium chicks through Day 5, however,
by the 7th day a lower rate of 1,25-(OH)&C
was revealed which
was nearly equivalent to the rate of Peak V, synthesis.
Metabolite V, synthesis did not occur in mitochondria
from (-) strontium chicks. Only 1,25-(OH)&C
was produced by mitochondria from (-) strontium
chicks where the rate of synthesis
rapidly increased after 7 days of dietary treatment (Fig. 3).
Of additional interest was the finding that vitamin D is necessary for the inhibition
of 1,25-(OH)sCC
synthesis and stimulation of Peak V, synthesis in strontium-fed
animals.
When
examined at the ‘i-day point (Fig. 3), it was observed that mitochondria from vitamin D-deficient chicks fed the (+) strontium
diet metabolized
25-OHCC to only 1,25-(OH)&C,
no effects
from the dietary strontium
treatment
being evident (Fig. 4).
3 1:. W. Gray,
J. L. Omdahl,
submitted
for publication.

J. G. Ghazarian,

and H. F. DeLuca,

I

24

0

I

48

I

72

96

HOURS

FIG. 5. Response
of intestinal
calcium
absorption
of chicks
fed either a (+) or (-) strontium
diet to metabolites
of vitamin
D.
The experimental
protocol
is described
under
“Methods,”
“25OHCC
and 1,25-(OH)&C
Repletion”
and calcium
absorption
was
studied using the in situ isolated loop method.
There was no
statistical
difference
between
the 1,25-(OH)&C
(+)
strontium
and 1,25-(OH)&C
of five

(-)

strontium

groups.

Values are the mean

observations.

It now appears that mitochondria
from deficient or (-) strontium (i.e. low calcium)-fed chicks metabolize 25-OHCC to only
1,25-(0H)zCC.
If the strontium-induced
lesion in calcium absorption does in
fact stem from an inhibition
of 1,25-(OH)&C
synthesis, as suggested from in viva and in vitro metabolism studies, then (+)
strontium chicks supplemented
with 1,25-(OH)&C
should bypass the lesion and show a normal rate of calcium absorption.
Such was the case as shown in Fig. 5. Chicks supplemented with
25-OHCC and fed the (+) strontium diet showed the expected
inhibition
in calcium absorption, whereas 1,25- (OH)&C-treated
animals were insensitive to the inhibitory action of dietary strontium.
The rate of 1,25-(OH)zCC
synthesis was also measured in
vitro with mitochondria
obtained from the 25-OHCC-repleted
chicks (Table II).
The mitochondrial
preparations
from (+)
strontium chicks showed approximately
a 5Oa/, reduction in rate
of 1,25-(OH)&C
synthesis at 24 hours when compared to the ( -)
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? FIG. 3. The in v&o
metabolism ‘of 25.OH[26,27-3H]CC
by
kidney mitochondria
from chicks fed a (-) strontium, (+) strontium, or (+) calcium diet. Chicks started receiving vitamin Da
(266 pmoles daily) and were fed the respective diets at zero time
(see Scheme B under “Vitamin
Da Repletion”).
Each in vitro
incltbation
flask contained 1.25 nmoles of 25-OH[26,27-3H]CC,
wherein production of 1,25-(0H)zCC
is linear.3
Results
for 1,25(OH)&C
(O---O)
and Peak V, (O---O)
synthesis are the
mean of two observations while plasma calcium (O--O)
and

5524
TABLE II
Influence of dietary

strontium

bb-OH[26,97-3H]CC

on in vitro metabolism
by kidney
mitochondria

of

Dietary protocol for chicks is given under “Methods ” under
“25OHCC
and 1,25-(OH)&C
Repletion”
wherein chicks received only 25-OHCC.
In vitro
metabolism was as described
under “Methods” with 1.25 nmoles of substrate added per flask.
In vilro metabolism
recovered
W

(percentage
Time after
repletion

Diet

krs

24
72

%

(-)
(+)
(-)
(+)

Strontium
Strontium
Strontium
Strontium

0
0
0
10.9

%

29.7a
15.3
22.4
1.2

PlWIla
concentration

?nM

2.0
2.1
2.0
2.2

WLM

1.1
1.3

4 Values for the in vitro metabolism is the mean of two observations while plasma calcium and strontium values are the mean
from four chicks.

HOURS FOLLOWING CALCIUM REPLETION
6. Correction of dietary strontium’s inhibition
of calcium
absorption by feeding a normal calcium diet. Chicks were fed a
(+) strontium diet for 7 days (legend to Fig. 2) and then switched
to a (+) calcium diet for 72 hours. An in situ technique was
used for measuring calcium absorption (mean of five observations),
whereas the rate of 1,25-(OH)&C
synthesis (mean of two observations) was determined in vitro using kidney mitochondria
as
previously explained.
FIG.

121
IO

1

1

58

4

g
ii!
i6

E2

3

FIG. 7. Relationship
between plasma calcium and strontium
and synthesis of Peak V, and 1,25-(OH)&C
during calcium repletion. Plasma calcium (O--O)
and plasma strontium (A-A)
are expressed as milligrams per 100 ml, whereas the summation
of calcium and strontium is presented as millimolar
quantities.
The experiment was carried out as described in Fig. 6. The
synthesis of either Peak V, or 1,25-(OI-I)KC
was studied in vitro
using isolated kidney mitochondria
from the animals at various
times after the strontium was replaced wit.h calcium in the diet.

Throughout
the previously discussed experiments strontium
feeding appeared to have only a negligible effect on plasma calcium when compared to its control (i.e. (-) strontium group).
However, measurement of serum phosphorus revealed a significant decrease in the strontium-fed
chicks (Table III).
Such
a depression of plasma phosphorus is characteristic
of animals
which are hypercalcemic,
suggesting the combined concentration of calcium and strontium in the (+) strontium group may
effect a pseudohypercalcemic
state.
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strontium
group.
This rate of 1,25-(OH)&C
production
continued to decrease, being only 5% of the (-) strontium group
at 72 hours.
Also observed at 72 hours was the appearance of
Peak V, as the major 25-OHCC metabolite
in kidney mitochondria from chicks which were fed the (+) strontium diet
4 days before 25-OBCC repletion (Table II).
The significant amount of 1,25-(OH)&C
produced in vitro
by (+) strontium kidney mitochondria
at the 24-hour point
(Fig. 3 and Table II) provides a plausible explanation
for the
observed initial increase in calcium absorption for both vitamin
D- and 25-OHCC-supplemented
(+) strontium
chicks (Figs.
1 and 5). A high plasma strontium titer alone does not appear
to suppress the initial rise in calcium absorption,
This is exemplified by the vitamin D-supplemented
chicks (Fig. 1B) which
were fed the (+) strontium diet for 7 days prior to repletion
with vitamin D. The plasma strontium was high before repletion (1.2 mM) and had increased only slightly (1.4 mM) 24 hours
after repletion, emphasizing again a necessity for the synergetic
action of strontium and vitamin D in the suppression of 1,25(OH)&C
synthesis, as shown in Fig. 3.
The previously discussed strontium lesion in calcium absorption, which was prevented by 1,25-(OH)&C
repletion, could
be corrected by switching the (+) strontium-fed
chicks to a
(+) calcium diet (Fig. 6). Absorption
began to increase at
24 hours following dietary change and by 72 hours was back
to normal.
Increased in vitro 1,25-(OH)&C
synthesis correlated with the elevation in calcium absorption (r = 0.979, p <
0.01). Strontium
was found to rapidly
disappear from the
plasma of (+) strontium chicks fed a (+) calcium diet (Fig. 7)
showing the apparent lack of homeostatic control for strontium
as previously suggested (30). Plasma calcium increased following the elevation of calcium absorption and 1,25-(OH)&C
synthesis whereas plasma strontium decreased rapidly, an inverse
correlation being evident between the two cations (r = -0.979,
p < 0.01, Fig. 7). In vitro synthesis of Peak V, was initially
high and represented the major metabolite produced by kidney
mitochondria
from (+) strontium
chicks. However, feeding
of a (+) calcium diet resulted in a decreased synthesis of Peak
V,. Actually, in vitro Peak V, synthesis paralleled the plasmasummed concentration
of calcium and strontium
(r = 0.958,
p < 0.01).

OL

TABLE

III

dietary strontium on plasma calcium, strontium,
and phosphorus
I?ietary protocol is described in the legend for Table I. Plasma
phosphorus was determined by the method of Chen et al. (31).
Effect

of

Diet

Plasma concentration

I
Calcium

Strontium

Phosphorus

mg/lOOml
(-)
(f)

Strontium..
Strontium..

(+)

Calcium.

13.6 *

1.0

9.0
11.7

0.2b
0.3

f
f

0 hlcan & S.E. of six observations.
fi Significantly different from mean of other groups (p < 0.01).
DISCXJ'SSION
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from (+) strontium chicks were visually
4 Parathyroid
glands
detected
to be approximately
one-half
the size of glands from (-)
stront,ium
(low calcium)
chicks.
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The previously unexplained
inhibition
of intestinal calcium
traIlsport due to the ingestion of strontium can now be attributed
to :I depressed synthesis of 1,25-(OH)&C
in the kidney.
Furthermore,
1,25-(OH)&X
administration
completely
reverses
the inhibition
of intestinal
calcium absorption
by strontium
feeding.
Kidney mitochondria
from strontium
chicks metabolize
25.
OHCC to an unidentified
metabolite,
designated Peak V,, instead of 1,25-(OH)#C.
What function Metabolite
V, is performing in strontium-fed
chicks is not presently understood.
However, a high production
of Peak V, has recently been observed in certain hypercalcemic states, which suggests that the
metabolite
may function in the lowering
of plasma calcium,
possibly at the kidney level (21).
Intestine,
bone, and kidney are prospective
target organs
of 1,25-(OH)&C
action.
Best established is the action of 1,25(011)&C
in the intestine, where the metabolite
functions as
a potent stimulator of calcium absorption
(11, 12). Since intestinal mucosal cells have a life span of approximately
2 days
(32) it is readily evident how a decrease in 1,25-(OH)&C
synt,hesis in the kidney lyould result in a depression of intestinal
Such
a direct correlation
between 1,25calcium transport.
(011)&C
synthesis and calcium absorption was shown in this
st,udy (Fig. 5 and Table II, Fig. 6), providing a graphic illustrat,ioll of how the strontium-induced
kidney lesion results in an
inhibition
of calcium transport.
A further correspondence
between 1,25-(OH)&C
synthesis
and intestinal calcium transport is apparent from the time course
plot of in vitro 1,25-(0H)KC
synthesis for (-) strontium
(i.e.
low calcium)- and (+) calcium-fed chicks (Fig. 3). Animals
fed :I low calcium diet are known to adapt by increasing their
rate of calcium absorption.
Such a dietary treatment was observed to cause an increase in 1,25-(OH)&C
synthesis whereas
animals fed a normal calcium diet (i.e. (+) calcium diet) showed
a decreased rate of 1>25-(OH)&C
synthesis with time.
It seems
from such results that the control of intestinal calcium transport
is effected via modulation
of 25.OHCC metabolism.
The scope
a,nd validity of such a concept is currently being evaluated.
The mechanism whereby strontium
effects the previously
described change in 25-OHCC metabolism is not clearly understood. However, some insight into the mechanism can be obtnined from the present study.
Initially it can be stated that
the modulation
of 25.OHCC metabolism by dietary strontium
is a gradual process. Several days are required before a change
in 25-OHCC metabolism
can be observed.
Also, vitamin D

or 25.OHCC is required for demonstration
of strontium’s action
which suggests a feedback type of control.
Whether the renal
intracellular
strontium
concentration
per se or an extrarenal
humoral agent effects the change in 25.OHCC metabolism and
whether this change involves de noyo protein synthesis is currently unknown.
In the present study plasma strontium consyncentration correlates inversely with in vitro 1,25-(OH)&C
t,hesis, however, nothing definite can be stated regarding a direct
action by the cation at this time.
It is known, however, that
animals with a low dietary calcium intake metabolize 25.OHCC
to 1,25-(OH)&C
whereas animals with an excess calcium intake produce Peak V, (20, 21). Thus, it seems animals are capable of detecting their need for calcium.
Such a monitoring
of endogenous calcium stores could be effected by components
of the Servo control system which are responsible for maintenance
of plasma calcium, namely the parathyroid
and thyroid glands.
Since the behavior of strontium in viva is similar to calcium (33)
it seems reasonable to assume that strontium could be effecting
its action on a component of the control system. To date a
change in plasma calcium concentration
has been observed as
affecting only parathyroid
hormone and thyrocalcitonin
secretion; however, the release of yet undetected
humoral agents
from other organs (e.g. bone and kidney) cannot be ruled out.
In the present study, both the (-) strontium- and (+) strontium-fed animals were hypocalcemic and should, therefore, have
had a high plasma titer of parathyroid
hormone.
Yet upon
considering
the (+) strontium
animals it becomes apparent
that a pseudohypercalcemic
state could be effected due to the
high plasma strontium
concentration.
The summed plasma
concentration
of calcium and strontium
(i.e. 3.3 mM, Fig. 7)
is high enough to prompt a hypercalcemic response, which under
physiological
conditions, would be triggered by calcium alone.
Such a response would involve decreased parathyroid
hormone
secretion and increased calcitonin
secretion.
Two pieces of
indirect evidence are available from this study which should
be mentioned
in light of such a phenomenon.
(a) Both (-)
strontium and (+) strontium chicks are hypocalcemic;
yet the
,+) strontium animals have a significantly
lower plasma phosphorus, a response normally
observed in hypercalcemia.
(b)
The hypertrophied
parathyroid
glands in the (-) strontium
chicks diminish in size, and assumedly activity, in (+) strontium
chicks.4 Direct evidence has not been obtained for a parathyroid hormone, or calcitonin influence on 25.OHCC metabolism,
or both.
Therefore, mediation
of strontium’s
action via the
parathyroid
or thyroid glands remains equivocal.
Nevertheless,
strontium
may represent an important
tool
in unraveling
the mysterious and complex feedback regulation
of 25.OHCC metabolism in the kidney, a new and previously
unappreciated
“endocrine”
organ involved in calcium homeostasis.
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