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SOME FACTORS INFLUENCING CALCIUM
AND STRONTIUM METABOLISM IN THE BODY

Krista KosTralL

In this article some of the results obtained at the Institute for Me-
dical Research in the field of the comparative metabolism of calcium and
strontium are presented. Special attention has been paid to the effect
of dietary additives on strontium and calcium absorption from the ga-
strointestinal tract. New chelating agents have been tested for their
toxicity and efficiency in radiostrontium removal. Changes in calcium
and strontium metabolism due to special physiological conditions were
studied in newborn and lactating rats. Investigations of the effect of
estrogen hormones on bone were also performed.

Studies of calcium metabolism in humans include data on the role of
plasma proteins in calcium transport as well as data on the kinetic anal-
ysis of calcium metabolism in normal subjects.

Studies of strontium as a substitute for calcium in synaptic transmis-
sion are included.

Calcium is one of the most important inorganic elements of the body,
essential for the maintainance of most physiological functions. Stron-
tium, however, is only a trace element whose physiological function
is not yet known.

Recently the interest in strontium metabolism has greatly increased
because of its radioactive isotope, strontium-90, which appeared in the
human environment. The protection against strontium-90 received a
particular scientific interest since strontium-90 proved to be one of the
most toxic fission products. Beside similarities between calcium and
strontium metabolism many differences in their behaviour have been
observed. This applies particularly to the passage of these cations
through biological membranes. For calcium an active transport system
has been found, while the passage of strontium seems to be only pas-
sive. This probably represents the physiological basis for the well
known discrimination against strontium in the body (1). This discrimi-
nation mainly occurs during the absorption of these cations from the
gastrointestinal tract, as well as during their passage through the pla-
centa, mammary gland and kidney.

It is hoped that a better understanding of these metabolic processes
will permit enhancement of the discrimination against strontium and
thereby reduction of the hazard of strontum-90 for man.
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At the Institute for Medical Research a group of scientists has been
studying the effect of various factors on the comparative metabolism
of calcium and strontium for several years. This article is a survey of
the results they have obtained.

EFFECT OF DIETARY ADDITIVES ON STRONTIUM AND CALCIUM
ABSORPTION FROM THE DIGESTIVE TRACT

In studying factors which might influence the comparative metabo-
lism of calcium and strontium special attention has been paid to the
effect of the dietary factors on the absorption of these cations from
the digestive tract. The gastrointestinal tract represents the main route
of entry of radioactive strontium into the body. When present in the
diet, strontium is deposited primarily in the skeleton, but following
a complex chain of metabolism at a Sr/Ca ratio lower than in the diet.
It is hoped that in some of this processes its metabolism can be influ-
enced by various dietary additives.

In earlier work special attention was paid to increasing dietary cal-
cium as a way to reduce strontium absorptian from the gut (2), neg-
lecting to a great extent the important effect of dietary phosphates.

The scope of our work was to investigate how the changes in the
dietary phosphates within the physiological range influence the compar-
ative metabolism of calcium and strontium. We have been able to
show that skeletal retention of radioactive strontium is strongly affected
by the phosphate level of the diet (3).

Phosphate ions influence the comparative Sr/Ca metabolism at two
sites: in the intestine by reducing strontium absorption and in the kidney
by lowering its excretion. Higher phosphates preferentially reduce stron-
tium absorption and strontium excretion as compared to calcium. The
former effect on strontium absorption which tends to reduce body con-
tamination with strontium is stronger than the latter on strontium ex-
cretion whose tendency is opposite. An increase of dietary phosphates
from 0.5 to 1.2 % P has the net effect of reducing skeletal retention of
strontium almost to one half leaving skeletal calcium almost unaffected.
Phosphates exert this action if present in the gut at the moment of ra-
dioactive strontium contamination and previous feeding with high
phosphate diets does not improve this effect (4, 5, 6). The effect of
phosphates seems to be independent of the function of the parathyroid
gland and of smaller variations in the vitamin D content in the diet
(7, 8). The phosphate effect is also independent of the chemical form
of phosphate additives (9).

Systematic investigation of two important variables which were
shown to affect the relative absorption and retention of calcium and
strontium, i.e. the dietary levels of calcium and phosphates showed that
the effect of phosphates can be improved by increasing at the same
time the calcium content of the diet. The minimum body burden of
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strontium-90 would be attained il the calcium level of the diet were
increased to a maximum by use of uncontaminated calcium and if, at
the same time, the phosphate level were also increased to a maximum
(10, 11).

Later on a comparison was made of the effect of other substances
which proved to be efficient in decreasing radioactive strontium
absorption from the intestine i.e. of sulphates (12), phosphates and
alginates (13). The combined therapy with alginate and calcium phos-
phate supplementation produced the highest reduction of the absorbed
or retained strontium that we have so far obtained with any dietary
supplementation (6-7 times) (14, 15). Rats fed this diet for 4 months
showed no changes in growth increment rates. On dissection no pathol-
ogical changes were observed. Histological findings in the kidney
were normal (16).

EFFECT OF AGE ON CALCIUM AND STRONTIUM METABOLISM

It is well known that age is one of the imnortant physiological factors
which influence calcium and strontium metabolism. We have been able
to prove that the labile fraction of bone changes with age. In young
animal (9-10 weeks) the labile fraction of the skeleton amounts to 23%0
of the bone calcium while in adult rats (23-24 weeks) to only 6% (17).

Recently considerable interest has been taken in the turnover of
strontium and calcium in the newborn. It has been postulated that in
the very young the turnover of body stores of calcium and strontium
must be relatively rapid compared with that in adults, that is, the cal-
cium and strontium are much more labile. Our experiments on new
born rats lend considerable support to this hypothesis. By labelling
rats in utero we were able to show that the Sr/Ca ratio of the infant
bone existing at birth as well as that of the new bone being formed
assumes a value determined by the phosphate content of the mother’s
diet (18).

We also showed that strontium deposited in the fetus during embry-
onic development was as available for exchange and removal from the
body as that administered parenterally. In other words essentially all
of the fetal strontium was available to enter into exchange equilibrium
with the circulating fluids. It is thus to be expected that the Sr/Ca
ratio of the bone formed in utero rapidly changes to become identical
with that of the new bone being formed (19, 20).

Using data from these animal experiments calculations can be made
to anticipate gains or losses of stable strontium under varying condi-
tions (20).

The results of these experiments suggest that an increase in the
phosphate intake of nursing mothers could provide an effective means
of decreasing the uptake of radioactive strontium in the newborn. This
effect could be caused by either the action of the higher phospate con-
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tent in mother’s milk on calcium and strontium absorption from the
gastrointestinal tract in newborn rats or by a decreased ratio of Sr/Ca
in the milk caused by the influence of phosphates on calcium and
strontium metabolism in the nursing mother. To clarify this point we
introduced a method of artificial feeding of 5-day-old rats. The results
obtained show a high absorption efficiency and an almost complete
lack of discrimination against strontium in animals of this age. They
also indicate that an increase in the phosphate content of the milk does
not influence calcium or strontium absorption from the gastrointestinal
tract of young animals. The reduction of radioactive strontium reten-
tion observed in baby rats in our previous experiments was therefore
due to a decreased Sr/Ca ratio in mother’s milk influenced by the
increased phosphate content of the diet. It is also interesting to note that
an increase of the calcium and phosphate content of the milk caused a
5-6 times greater total absorption of calcium from the intestine (21).

THE EFFECT OF PREGNANCY AND LACTATION ON CALCIUM
AND STRONTIUM METABOLISM

Changes in calcium and strontium metabolism are known to occur
during pregnancy and lactation (22,23). We were mainly concerned
to find out which part of skeletal minerals is being mobilized during
lactation and to study changes in the kinetics of calcium metabolism
due to lactation.

By marking the maternal skeleton at two different time intervals be-
fore the beginning of the lactation period we were able to prove that
during the first phase of lactation (0-10 day) only minerals from
the superficial i.e. exchangeable fraction of the skeleton are being mo-
bilized. During the second phase of lactation a small fraction of minerals
from the deeper i.e. unexchangeable fraction of the bone are also mo-
bilized (24). Maximal mobilization of calcium and strontium from the
skeleton occurs between the 15th and 20th day of lactation (25).

By measuring the specific activity of calcium-47 in the serum and
tibiae of rats during lactation we were able to prove an increase in the
size of the exchangeable fraction of bone calcium and an increased cal-
cium accretion rate into bone (26).

THE INFLUENCE OF SOME HORMONES ON CALCIUM
AND STRONTIUM METABOLISM

Numerous data have been published about the influence of estrogenic
hormones on bone tissue. It is however still uncertain whether estrogens
affect bones directly or whether the estrogenic action on bones should
be attributed to the activation of adrenal glands caused by estrogens
(27). Our experiments were undertaken to elucidate the mode of action
of exogenous estrogen hormones on mineral metabolism of bone tissue.
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Estradiol administered to male rats in the course of 20 days caused
a reduction of radioactive calcium and strontium retention in the bone.
This effect of estradiol was non-specific for 2 reasons: chronic formalin
stress — acts in an analogous way, and adrenalectomy inhibits this effect
of estradiol. Our results therefore strongly support the hypothesis that
the effect of estrogens on bones should be attributed to the action of
the adrenal gland (28).

Studies of calcium and strontium metabolism in rats with a mam-
motropic tumor of the hypophysis undertaken to estimate the effect of
various hormones on calcium and strontium metabolism also indicate
that the reduction of calcium and strontium retention in bones of these
rats is mainly due to the action of adrenal hormones. While adrena-
lectomy inhibits the effect of the mammotropic tumor on bone tissue an
addition of cortizol to adrenalectomized animals restores this effect (29).

THE EFFECT OF SOME COMPLEXING AGENTS ON CALCIUM
AND STRONTIUM METABOLISM

Chelation therapy with polyaminopolycarboxylic acids such as EDTA
(ethylenediamine tetraacetic acid) has not proved very useful in remov-
ing radiostrontium from the body since formation constants of these
complexing agents with calcium are higher than those with strontium.
In order to find a chelating agent more effective for radiostrontium
removal, chelating agents with a higher relative complexing power for
strontium than those already in use are being synthetized. The only
chelating agent which was found to be efficient in removing radioactive
strontium from the body was BADE (2:2"-bis/di(carboxymethyl)amino/
diethylether) (30, 31). We tested the efficiency of some newly synthe-
tized chelating agents such as CPDTA (cyclopentanediamine tetraace-
tic acid), DIMEDTA (dimethylethylenediamine tetraacetic acid), and
PDTA (propylenediamine tetraacetic acid) in enhancing radioactive
strontium elimination from the body. All these chelating agents proved
to have higher relative complexing power for strontium than EDTA.
Their toxicity was found to be of the same order as that of EDTA
(32, 33).

Of all the chelates tested only the strontium chelate of CPDTA
applied intraperitoneally at the time of radioactive strontium applica-
tion caused a 20% reduction of skeletal retention of radiostrontium.
Strontium chloride injected intraperitoneally was equally efficient in
removing radioactive strontium from the body as equimolar amounts
of strontium chelate of BADE or CPDTA. Chelation therapy proved
to be not only inefficient in the case of oral contamination with radio-
active strontium, as assumed by other authors, but caused a statistically
significant increase in the skeletal retention of radioactive strontium

(34).
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STRONTIUM AS A SUBSTITUTE FOR CALCIUM IN SYNAPTIC
TRANSMISSION

At neuromuscular junction as well as at neuronal synapses calcium
plays an essential part in the process of synaptic transmission (35, 36).
The question is raised whether strontium ions can replace calcium in
this process. Conflicting reports regarding the capacity of strontium
or barium to restore the indirect excitability of neuromuscular prepa-
ration have been reported (37, 38).

We used the isolated perfused superior cervical ganglion of the cat
to study the effect of strontium ions on synaptic transmission. When
calcium chloride was substituted with equimolar amounts of strontium
chloride in the perfusion fluid, contractions of the nictitating membrane
to preganglionic nerve stimulation were well maintained for a pe-
riod of over 60 mins. (89). In experiments in which acethylcholine
output was determined, we proved that strontium ions could well re-
place calcium ions in releasing acethylcholine from preganglionic nerve
terminals. The output of acethylcholine remained unchanged while per-
fusing the ganglion with Locke’s solution containing equimolar amounts
of strontium instead of calcium.

These results were confirmed by Miled;i who found that strontium
can replace calcium in the process of transmitter release by a nerve
impulse at the neuromuscular junction and that the transmitter is still
released in quantal fashion (40).

STUDIES OF CALCIUM METABOLISM IN HUMANS

The role of plasma proteins in the process of calcium transport in
body fluids is still uncertain (41, 42). We performed electrophoretic
investigations of the calcium transport in plasma to obtain more data
on the subject. Labelled plasma electrophoresis was carried out in a
barbiturate medium with the aid of discontinual and continual tech-
nique. At these conditions it was shown that albumins, beta- and gam-
ma-globulins may take part in the transport of calcium (43).

A direct method of assessing calcium accretion rates in humans was
introduced by using forearm radioactivity measurements of calcium-47.
This method avoids daily collections of urine and faeces. The radio-
activity in the forearm was determined by means of two scintillation
counters connected to a single-channel analyser. By using the modi-
fied Wendeberg’s kinetic model (44) a linear correlation was found
between values of accretion rates obtained from human forearm
measurements and whole body measurements (dose — excreta). The main

advantage of this method is its technical simplicity and reliable re-
sults (45, 46).
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Kinetic analysis of calcium metabolism in humans was performed
in 9 normal subjects using Wendeberg’s model system. Values for accre-

tion rates were found to be 0.57 = 0.12 g/day and the amount of
calcium in S and E pools 2.01 £ 0.32 and 2.86 + 0.39 g respectively
(47).

This work was performed by the members of the staff of the Laboratory for Mi-
neral Metabolism and Laboratory for Human Metabolism of the Institute for Medi-
cal Research, Yugoslav Academy of Sciences and Arts. Some experiments were per-
formed in collaboration with Dr. G. E. Harrison and his assistants from the M.R. C.
Radiobiological Research Unit, Harwell, England, and with Prof. G. L. Comar, De-
partment of Physical Biology, Cornell University, Ithaca, New York, U.S. A.
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