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Summary. (1) Magnesium deficiency was induced in Sprague-Dawley male rats studied
with pair-fed controls. The animals were killed after 10, 22 or 30 days of treatment. (2) The
plasma composition of deficient subjects was characterized by : hypomagnesemia, slight
hypercalcemia, hypophosphatemia, normal glycemia. Urinary hydroxyprolin decreased
in deficient subjects after 21 and 29 days of deprivation. (3) The leg bones were fragmented
as shown in figure 1. Their magnesium content had decreased considerably and they were
heavier. These two changes were especially marked in the metaphysis, were moderate
in the epiphysis and less in the diaphysis. (4) Changes in the composition of some tissues
and the entire body are described. (5) Lower bone catabolism seemed to be mainly related
to lower bone magnesium, and not to plasma magnesium. Increase in bone weight appea-
red to be a result of lower catabolism. The interpretation of calcic metabolism changes is
discussed.

Introduction.

Magnesium deficiency induces bone changes for two reasons : bone is the main
magnesium store of the organism, and calcium metabolism is impaired in magnesium-
depleted animals.

The decrease of bone magnesium during deficiency has often been reported
since Orent, Kruse and McCollum (1934) and Watchorn and Me Cance (1937). The
kinetics of bone magnesium drop was described in calf (Smith, 1959) and in rat

(Forbes, 1964). It was also shown that older animals have a slower decrease in bone

magnesium (Smith and Field, 1963), however acute the deficiency may be (Hunt, 1971).
The depletion of the skeleton in hypomagnesemic calves is not uniform, occurring more
rapidly in more vascular bone (Smith, 1959), but there are no data on the kinetics
of magnesium depletion at different points in various bones.

The depletion of bone magnesium store is not the only skeletal effect of magne-
sium deficiency ; in rats 35-S-mucopolysaccharide and protein syntheses are reduced
(Belanger, 1958). In calves, bone calcium accretion and bone calcium catabolism both
drop sharply (Larvor, Girard and Brochart, 1964) ; in Mg-deficient rat, bone cata-
bolism also seems to be impaired, as evidenced by a reduction in urinary hydroxy-
prolin (MacManus and Heaton, 1969). Similar results have not been found in Mg-



deficient sheep by Hjerpe (1968), but this induced deficiency was probably too slight
and radiocalcium estimation of metabolism of too brief a duration.

The decrease of Mg concentration in the incubation medium in vitro modified

bone metabolism ; fetal rat bone resorption was reduced (Raisz and Nieman, 1969),
newborn mice calvaria resorption also declined with increased accretion (Nielsen,
1973), and sheep cartilage calcification was impaired (Cartier and Picard, 1955).
The physical solubility of bovine bone minerals increased slightly with magnesium
medium concentration in the physiological range (Pak and Diller, 1969). However,
even in a normal magnesium medium, the bones of Mg-deficient rats released less

calcium, phosphorus or hydroxyprolin than control bones from normal animals (Mac
Manus, Heaton and Lucas, 1971). In the present paper, we investigate changes
occurring in different parts of the bones during magnesium deficiency.

Material and methods.

Animals. Thirty-six Sprague-Dawley male rats, weighing initially 115 ! 1.5 g
were randomly divided into 6 groups of six animals and placed in individual wire

cages.
Diet. A semi-synthetic diet (Larvor and Labat, 1978) with a low magnesium con-

tent (40 mg/kg estimated by analysis) was given to 3 groups of rats ; the other 3 groups



were pair-fed individually with the same diet supplemented with 1 000 mg/kg Mg.
Both diets contained 6 500 mg/kg calcium and 5 500 mg/kg phosphorus.

Experimental procedure. One deficient and one control group were killed at 10, 22
and 30 days after the beginning of treatment. Two days before the end of the period,
the rats were placed for one day in a metabolism ccge to obtain 24-hr. urine collection.
One day before the end of the period, 1 ml of blood was collected into a heparinized
syringe by cardiac puncture under light ether anesthesia. Blood was immediately
centrifuged and analysed for magnesium, calcium, inorganic phosphate and glucose.
On the last day, the rats were killed with ether, and the limbs of the left side removed
and stripped of soft tissue in order to obtain the bones for analytical study.

The bones were cut to separate the epiphyse, metaphyse and diaphyse ; the medulla
was washed out and the pieces defatted in acetone, dried, weighed and ashed over-
night at 550 °C in a nickel crucible. The ash was dissolved in dilute HCI and the
solution analysed for Ca, P and Mg. Bone fragmentation was carried out according
to the diagram in figure 1.

Analytical procedure. Urine was analysed for hydroxyprolin using the method
described by Bergman and Loxley (1963) adapted to the Technicon Auto-Analyzer.
Calcium and magnesium were estimated in blood plasma and in bone by atomic
absorption spectrophotometry. Phosphorus was estimated in blood plasma and in

bone with a colorimetric method using the molybdic acid reaction, and glucose was
determined with an automated glucose oxydase technique (Michel, 1971).

Results.

Clinical signs. Classical magnesium deficiency symptoms were observed. Hype-
remia of the ears appeared some 4 days after the beginning of the experiment and



disappeared progressively. Increased excitability and delayed growth were noted as
compared to the pair-fed controls (table 1).

Blood and urine compositions (table 2). A sharp drop in blood plasma Mg was seen
in Mg-deficient animals together with a slight hypercalcemia (significant only at
21 days, P < 0.05) and a more marked hypophosphatemia. Blood glucose was not
significantly affected. Daily urinary hydroxyprolin, practically normal in Mg-
deficient animals at 9 days, significantly (P < 0.01) decreased at 21 and 23 days. Uri-
nary hydroxyprolin decreased also, but more slowly with increasing age in the
controls (table 2).

Bone weight. The weight of each bone (table 3) of both limbs slightly increased
after 10-day deficiency ; it increased considerably after 22 days, although the body
weight was then slightly lower in Mg-deficient rats ; it later returned to normal at
30 days, when the body weight of those animals was significantly lower. If bone

weight is detailed by fragment (fig. 2), it becomes evident that the diaphysis is the
least affected by weight increase during the first part of Mg deficiency, and that meta-
physis is generally the most affected.

Bone composition. Figure 3 shows the Mg ratio between deficient and normal bone
in various parts of the skeleton. There was not much difference between bones as to
overall percentage of Ivlg depletion, but within the same bone, metaphysis depletion
was greater than diaphysis depletion. Moreover, the quantity of Mg available from
bone decreased during Mg deficiency from the first decade to the third (fig. 4 ; also
see section on Gross body composition). Detailed results on Ca and P contents in

different bone sites are not given here because there are too many data, but they are
available from the authors on request. There is a non-significant tendency to bone





calcium increase, and significant phosphorus depletion in many parts of the skeleton.
This was especially marked in the metaphysis as it was for Mg depletion.

Other tissue composition. Magnesium and calcium levels of some tissues (muscle,
liver, kidney) on a dry fast-free basis are shown in table 4. Liver magnesium and
calcium were not significantly affected. Muscle calcium was not modified but muscle
Mg fell during deficiency. Kidney Mg was little affected, except at the beginning of the
experiment, but heavy calcification occurred.

Gross body composition. These results give an approximation of body weight dis-
tribution in control or deficient animals based on the following assumptions :



- Muscular mass is about 36 p. 100 of body weight in a 100 g rat and 42 p. 100
in a 200 g rat (Miller, 1969) ; skin weight is 17 p. 100 and from the data of spray
and Widdowson (1950) on the total calcium content of the rat, total bone weight is

about 9 p. 100 of the body weight.
- Water content of rat body is 76 p. 100 in the muscle (Hamoir, 1961), 60 p. 100

in the skin (Kratzing, 1961), 35 p. 100 in the bone (Eastoe, 1961) and about 80 p. 100
in other tissues.
- The Mg content in the dry matter is 0.25/1 000 in rat skin and about 0.9/1 000

in other tissues ; this content remains totally unmodified during Mg deficiency (Larvor
and Rayssiguier, 1971).
- The total skeletal weight is proportional to the limb bone weight.

If we accept these assumptions and data, body Mg is distributed as shown in

figure 4 during Mg deficiency in growing rats. The total body Mg remains practically
constant ; there is considerable Mg transfer from the bone to other tissues and a light
decrease in muscle Mg. When bone Mg is exhausted at about 22 days in our condi-
tions, it is impossible for the organism to make new tissues with a lower Mg content,
growth is inhibited (table 1).

Effect of Mg deficiency on bone matabolism. The present results confirm the impair-
ment of bone metabolism during Mg deficiency. If the correlations between urinary
hydroxyprolin, plasma Mg bone Mg are computed, the following results are obtained :

r = + 0.861 **

Urinary hydroxyprolin Mean limb bone Mg

r = -! 0.692 * * ! Plasma Mg ! 0.855 **
But if partial correlation coefficients are computed (correlation coefficient bet-

ween two factors, the third being considered as constant), the results become :



r = + 0.704 **
Urinary hydroxyprolin . - Mean limb bone Mg

r = 0.163 N. s.---------&dquo;&dquo;Plasma M9!0.718 **
This suggests that Mg deficiency being the primordial factor, the drop in urinary

hydroxyprolin is not the result of lower plasma Mg, but of lower bone Mg.

Discussion.

Bone as a Mg store. Bone appears as the main, if not the only, Mg store. The fast
decrease in metaphysis Mg results from the very short life of this part of the bone and
is due to the disappearance of high Mg bone and the synthesis of new low Mg bone.
These processes are less important in the other bone parts and the physical Mg
exchange between bone and plasma is probably the main factor then. In the Mg-
deficient rat, Mg is strongly retained by the organism. The dilution of Mg in the new
tissues of young growing animals is the principal cause for tissue Mg drop, and it

explains the differences observed in deficiency, which evolves faster in young than
in adult rats (Smith and Field, 1963 ; Hunt, 1971). This may not be the case in other
species such as cattle, where Mg deficiency appears more dramatic in adults (Rook,
1963) than in calves (Blaxter, Rook and MacDonald, 1954), perhaps because adult
bone has very poor Mg exchange ability.

Mg deficiency and calcium metabolism. Hypercalcemia during magnesium deficiency
is specific for the rat, most species being severely hypocalcemic in the same conditions.

Bone catabolism decreases in all species, as confirmed in this report by urinary
hydroxyprolin decline. The particularity of the rat (hypercalcemia) has been

ascribed by MacManus and Heaton (1969) to the very high ability of this species to
assimilate calcium, together with a classical increase in calcium digestibility during
magnesium deficiency.

The increase in bone weight still remains to be explained. It was significant only
after 22 days of deficiency, when the decrease in urinary hydroxyprolin became

evident ; the increase in bone weight might result in the diminished bone catabolism
with a normal accretion. This is confirmed by the fact that there was an especially
large weight increase in the most active parts of the bone in which Mg loss was highest.
Many hypotheses have been proposed to explain the decrease in bone catabolism.

Bones are less sensitive to PTH and to vitamin D metabolites during Mg deficiency
(Reddy et al., 1973 ; Rayssiguier, Aygbede and Mirovet, 1974 ; Rayssiguier et al.,
1975). After PTH or vitamin D injection in some experiments (Rayssiguier and
Larvor, 1974 ; Miravet et al., 1976), serum calcium is the same in Mg-deficient
animals as in the controls, but as the calcium pool decreases during Mg deficiency
(Larvor and Labat, 1978), a lower calcium release is needed to produce the same
increase in serum calcium. In addition it has been suggested that there is a lack of

parathyroid gland response to the drop in plasma calcium in Mg-deficient rats

(Rayssiguier and Larvor, 1974) and calves (Rayssiguier et al., 1977) and no change
in calcitonin secretion.



The increase in bone weight and the decrease in urinary hydroxyprolin are
suggestive of a decreased collagenolytic acitivity with an increase in bone organic
constituents. Bone refractoriness to PTH and to vitamin D might be related to the effect
of Mg deficiency on bone proteic matrix (the decrease of collagen breakdown
could inhibit bone catabolism). No reports in the literature refer to the effect of Mg
upon bone collagenolytic activity. However it has been documented that Mg defi-

ciency inhibits the release of collagenolytic activity from the uterus (Rayssiguier,
Badinand and Kopp, 1977). More experimental work would be required to eluci-

date the nature of the changes in bone organic constituents.
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Résumé. 1. La carence en magnésium a été produite chez des rats Sprague Dawley
mâles en alimentation appariée avec celle des témoins. Les animaux ont été sacrifiés à 10,
22 ou 30 jours de traitements.

2. La composition plasmatique des carencés se caractérisait par : hypomagnésémie,
légère hypercalcémie, hypophosphatémie, glycémie normale. L’hydroxyproline urinaire
diminuait chez les carencés après 21 et 29 jours de carence.

3. Les os des membres furent fragmentés selon le schéma de la figure 1. Leur teneur en
magnésium était fortement diminuée, et leur poids accru ; ces deux modifications étaient
surtout importantes dans la métaphyse, moyennes dans l’épiphyse et plus faible dans la
diaphyse.

4. Les modifications de la composition de quelques tissus et de l’ensemble du corps
sont décrites.

5. La baisse du catabolisme osseux paraît liée principalement à la baisse du magné-
sium osseux (et non au magnésium plasmatique). L’augmentation du poids de l’os paraît
résulter de la diminution du catabolisme. L’interprétation des modifications du métabo-
lisme calcique est discutée.
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