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Abstract. Magnesium (Mg) participates in the normal forma- 
tion and remodeling of bone. However,  little is known about 
effects of Mg status on the biomechanical function of bone. 
We examined gross morphometry and composition as well 
as biomechanical properties of the femurs of male rats fed 
diets adequate or deficient in Mg. Comparison of deficient 
animals and controls yielded a number of differences (all 
significant at P < 0.05). Mg-depleted animals exhibited slow 
growth, inefficient food utilization, and greatly reduced con- 
centrations of Mg in both serum and femur ash. Compared 
with controls, femurs from depleted animals were shorter, 
but wet weights, diameters,  and midfemoral cross-sectional 
areas showed no differences. Bone length was reduced to a 
greater degree than could be accounted for by differences in 
body weights between the groups. Bones of Mg-deficient 
rats contained less dry matter and less ash (which contained 
more Ca/g) than those of controls, along with a higher per- 
centage of moisture. Significantly reduced bone strength in 
depleted animals was evident from the lighter loads sup- 
ported at the elastic limit (yield point) and at fracture and 
from decreased stresses accompanying those loads. Modu- 
lus of elasticity, however,  was not affected by Mg depletion. 
Different yield and breaking loads were related to different 
body weights of groups, but stresses were reduced for defi- 
cient bones even after adjusting for body size. Our data es- 
tablish abnormal biomechanical behavior of cortical bone in 
Mg-deficient animals and emphasize the importance of mea- 
suring such functional properties of bone in the assessment 
of responses to altered metabolic conditions under experi- 
mental conditions. 

Key words: Bone - -  Stress - -  Elastici ty - -  Mechanical  
properties - -  Calcium 

Bone mineral provides both rigid support of the animal body 
and a reservoir of calcium (Ca) and other elements, of which 
critical concentrations must be maintained in cells and fluids 
throughout the body.  The criterion for adequate support 
function is the formation and maintenance of sufficient quan- 
tity and quality of bone to support the body throughout life 
and to withstand ordinary stresses to which skeletal compo- 
nents are subjected. Experiments with rats [1-3], mice [3], 
pigs [4, 5], and geese [5] have assessed bone strength after 
feeding different levels of Ca. Significant reduction in the 

Correspondence to: M. A. Kenney 

peak (breaking) load tolerated was observed at very low Ca 
intakes except in one small study [5]. Other characteristics, 
such as stress and stiffness (or modulus of elasticity), re- 
sponded less consistently to dietarY Ca in these experiments.  
In a study in which Ca and P were varied independently in 
diets of pigs [4], it was possible to develop a prediction equa- 
tion for bone-breaking force based on dietary Ca and P and 
age (R 2 > 0.8). 

Besides the two major constituents of bone mineral, nu- 
merous other nutrients, such as Mg, may affect biomechan- 
ical properties through less obvious mechanisms than that 
for Ca. Not only is Mg a component of bone [6--8], but Mg 
status also influences osteocyte proliferation, tissue organi- 
zation; mineralization, and resorption of bone [7, 9-12]. It 
may interact directly and indirectly with Ca [11, 13], temper 
the growth of apatite crystals [14, 15], interact with hor- 
monal regulators of bone metabolism [12, 16--20], and may 
support functioning of osteoblasts [21]. Mg-depleted bones 
have been described as fragile or osteoporotic or brittle [6, 
7], with thinning of the epiphyseal growth plate [22], dispro- 
portionately wide femur shafts [9, 10], and abnormal micro- 
structural characteristics [9, 21]. Despite references to weak- 
ness of Mg-depleted bones, rigorous testing of biomechani- 
cal p rope r t i e s  of  such bones  has not  been  r epo r t ed .  
Information is needed about the influence of Mg on strength 
of bone to assess the skeletal adequacy of bones of animals 
that have been subjected to Mg deficiency [10--12, 21-23]. In 
this study, we determined mass, composition, and biome- 
chanical properties of bone from growing male rats fed either 
a normal or low concentration of Mg. 

Materials and Methods 

Care o f  Animals 

Male Sprague-Dawley rats (Hormone Assay Laboratories, Chicago, 
IL, USA), 32 days old and weighing from 97 to 126 g, were assigned 
to two groups of 19 animals each. Rats were housed individually in 
stainless steel wire-mesh cages in an air-conditioned laboratory hav- 
ing 12-hour automatic lighting. Food and distilled water were fur- 
nished ad libitum and replenished daily. Rats were weighed three 
times a week and examined daily for general condition and symp- 
toms associated with Mg deficiency. 

Rats were assigned to groups fed either an adequate control diet 
or a similar diet low in Mg. Diets met other recognized nutritional 
requirements of the rat [24], while providing energy sources resem- 
bling those of human diets in the US (40% of energy from blended fat 
having P/S = 0.4, 40% from carbohydrates, and 20% from protein). 
The diets contained, in g/kg: vitamin test casein (87% crude protein), 
215.0; DL-methionine, 3.0; fat, 190.0; cornstarch, 270.0; sucrose, 
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Table 1. Body weight, food efficiency, and concentrations of Mg in serum and femur 
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Initial Final Food 
Statistic Diet No. body wt body wt efficiency Serum Mg Serum Ca Femur Mg 

g g g gain/g food 
LSM a Low Mg 19 123 340 b 0.318 b 

LSM Control 19 122 433 0.385 
SEM c -+2 +-8 -+0.007 

mEqfliter mEq/liter mg/g ash 
0.70 b 5.48 0.18 b 

1.56 5.39 0,57 
-+0.02 -+0.04 -+0.01 

a Least squares mean (LSM), adjusted for days to sacrifice 
b Different from controls, P ~< 0.05, from F test 
c Pooled standard error of means from analysis of variance 

160.0; AIN-76 TM vitamin mix [24], 10.0; choline chloride, 2.0; me- 
nadione, 0.001; modified AIN-76 mineral mix [24], 35.0; finely 
ground cellulose, to make the total of 1000 g. The commercially 
prepared mineral mix was formulated to provide 50 mg Mg/kg fin- 
ished ration (i.e., for the low Mg diet). For the control diet, Mg was 
added in an amount (4.554 g MgSO 4 �9 7H20/kg) calculated to bring 
its total to 500 mg/kg ration. Atomic absorption analysis showed 81 
and 565 mg/kg in the low Mg and control rations, respectively. 

The experiment was planned for a period of active bone growth 
and calcification. Because it was not possible to process tissues 
from all animals on a single day, four or five rats were selected 
randomly from each group to be sacrificed on empirically selected 
days 34, 36, 38, and 42. Ages of all animals, between 66 and 74 days 
at the end, were within the period of linear change in many bone 
characteristics [25]. Following an overnight fast, rats were anesthe- 
tized with an overdose of sodium pentobarbital. After exsanguina- 
tion, serum was collected and frozen (-10~ Femurs were re- 
moved, cleaned of adhering soft tissue, and weighed. Left femurs 
were frozen ( -  10~ until determination of dry weight, ashing, and 
mineral analysis. Right femurs were submerged in physiological sa- 
line solution (0.85% NaC1) and frozen until dimensions and mechan- 
ical properties could be determined. 

Strength Testing 

Femur strength was assessed by a 3-point bending (flexure) test. The 
rationale for selection of a bending test included analogy to condi- 
tions in living animals, technical difficulties with compression test- 
ing, reduced variability of results compared with that from impact 
and twisting tests that mimic clinical injuries, and simplicity of the 
test and its interpretation [26]. It is sensitive and continues to be 
widely used [1, 4, 5, 27-29]. Recently, some have utilized a 4-point 
bending device to test bone in vivo [30]. The 4-point test subjects a 
wide area (rather than a single point) to uniform maximal load, per- 
mitting identification of the weakest point [31]. The variability in 
fracture site of individual bones and the possible induction of torsion 
or shear stresses in irregularly shaped small animal bones, however, 
may complicate interpretation of the results [30]. Results of 3- and 
4-point tests are said to be comparable for small specimens [31]. No 
single test can assess response to all the causes of fracture in living 
animals. The choice of test should be governed by the objectives of 
the study, and probably is tess important than rigorous maintenance 
of constant conditions for handling the bone before and during test- 
ing. As a tool for assessing experimental treatment effects, the 
3-point test allows the investigator to predetermine a position on the 
bone at which maximal force will be applied, allowing standardized 
comparisons across treatment groups even if bones differ in size. 

For measurements and mechanical testing, bones were thawed 
and equilibrated in saline at 27 ~ and then kept wetted with saline 
throughout these procedures. The length of the right femur (to the 
nearest 0.1 mm) and external midshaft diameters (perpendicular and 
parallel to force to be applied; determined to the nearest 0.001 mm) 
were measured by micrometer. The flexure test of the femur was 
performed with a testing machine (Instron Model 1000 Universal 
Testing Machine, Canton, MA, USA) with 50-kg weigh beam, 2.5 
mm/minute crosshead speed, and supports set 11 mm apart. Internal 
diameters of the bone parallel and perpendicular to the breaking 

force were measured, using a magnifier with embedded measuring 
scale, after cutting through the bone shaft near the break with a 
fine-toothed steel saw. An elliptical shape was assumed in order to 
calculate cross-sectional area of the bone, a component of equations 
used to express mechanical properties. 

Mathematical expressions of several mechanical properties were 
calculated [28] from bone dimensions, load applied to the bone dur- 
ing testing, and a tracing of load versus deformation [23] as the load 
was increased until the bone broke. Yield stress, yield strain, and 
modulus of elasticity were determined from the initial linear portion 
of the load-deformation curve [23]. Yield stress for the femur was 
calculated as the force per unit cross-sectional area, at the point 
where the curve ceased to he linear and plastic deformation began. 
Ultimate stress was determined similarly, but based on measure- 
ments at bone breakage under peak load. 

Chemical Analysis 

Left femurs were dried (105~ weighed, ashed by beating to 600~ 
weighed, dissolved in dilute (3 N) hydrochloric acid, and further 
diluted in lanthanum chloride solution (10 g La/liter) for measure- 
ment of Ca and Mg by flame atomic absorption spectrometry. Serum 
was also analyzed for total Ca and Mg after dilution in lanthanum 
chloride solution (1 g La/liter). 

Data Analysis 

Data were analyzed by analysis of variance using the SAS general 
linear models (GLM) procedure [32]. The model included Mg con- 
centration of diet as a class variable and experimental day as a 
covariable, because animals were sacrificed at slightly different ages 
and after correspondingly different lengths of experimental treat- 
ment. Results are reported as least squares means, which represent 
estimations from GLM of treatment effects adjusted to the average 
length of feeding. Variability is represented by a single "pooled"  
standard error (SE) derived from the error mean square from the 
analysis. Differences between means are considered significant only 
if the F value for treatment effect was associated with probability of 
0.05 or less. 

To determine whether apparent effects of Mg were independent 
of differences in growth rates or body sizes, additional analyses 
included final body weight as a second covariable. From F tests 
based on type III ('partial') sums of squares [32], effects of Mg, age, 
and body weight could each be assessed, independent of the other 
variables. 

Results 

Mg Status of Animals 

Mg def ic iency  in ra ts  fed the  low Mg diet  was  m a n i f e s t e d  in 
severa l  ways .  A l though  body  weigh ts  d id  not  differ  at  the  
beg inn ing  of  the  s tudy,  f inal  we igh ts  did (Table  1). (All com-  
p a r i s o n s  d e s c r i b e d  as  d i f f e r e n c e s  a re  s i g n i f i c a n t  a t  P 



46 M.A. Kenney et al.: Bone Strength in Mg Deficiency 

Table 2. Femur weights and dimensions 

Outside Area of 
diameter cross-section 

Wet wt Length midshaft Diameter/ of diaphysis 
Statistic Diet (rag) (mm) (mm) length (mm 2) 

LSM a Low Mg 974 34.1 b 4.06 
LSM Control 1001 36.0 4.02 
SEM c +-21 +0.2 -+0.05 
Wt-adjusted 

LSM Low Mg 1045 b 34.6 b 4.19 b 
Wt-adjusted 

LSM Control 930 35.5 3.89 

0.119 b 7.86 
0.112 7.60 

+0.001 +0.23 

0.121 b 8.30 b 

0.109 7.18 

a Least squares mean (LSM), adjusted for days to sacrifice 
b Different from controls, P ~< 0.05, from F test 
c Pooled standard error of means (SEM) from analysis of variance 

~<0.05, as indicated in tables, whether or not the P value is 
repeated in the text�9 Mg-depleted animals also used food 
less efficiently than controls. More specific indicators of Mg 
deficiency were the dramatic reductions in concentrations of 
Mg in serum (55%) and in femur ash (68%). In contrast, 
serum Ca concentration was not significantly affected by 
diet. 

Morphometry of Femurs 

Mean values for wet weights of femurs did not differ signif- 
icantly, but fresh bones were heavier relative to body weight 
after Mg depletion (Table 2). This indicates that bone mass 
was affected to a lesser extent than was the rest of the body. 
Femur length, however, was reduced by the low Mg diet to 
such a degree that, even when adjusted to the same body 
weight, bones of deficient animals were still shorter than 
those of controls. 

Despite shortness of Mg-depleted bones, the middiaphy- 
seal diameters (averages of the two perpendicular measure- 
ments) were similar for the two groups (Table 2). In fact, 
when body size differences between the groups were ac- 
counted for (in weight-adjusted least squares means), femurs 
of deficient animals were relatively wider than those of con- 
trois�9 The ratio of diameter to length was greater in Mg de- 
ficiency, with or without adjustment for differences in body 
size. A comparison of inside diameters failed to show a treat- 
ment effect�9 The precision of measuring the small inside di- 
ameters, after the bone has been broken, is less than for 
outside dimensions, reducing the likelihood of detecting a 
difference. Another parameter relevant to functional integ- 
rity of bone is the cross-sectional bone area of the diaphysis�9 
Area was calculated from perpendicular inside and outside 
diameters, assuming an elliptical shape�9 The comparison of 
areas between groups resembled that of outside diameters. 
No difference in cross-section was detected unless values 
were adjusted for body size; deficient animals would have 
manifested greater bone area than controls would if of the 
same weight�9 

Bone Composition 

Dry bones from Mg-depleted rats weighed significantly less 
than those of controls (Table 3). Failure to detect a Mg effect 
in fresh weights, while noting a difference in dry weights, 
may be due to variability in removal of adhering tissue and in 

moisture content immediately after cleaning. Such variation 
should be reduced by drying the bones. However, there was 
a significantly greater percentage of moisture in bones of 
deficient animals, indicating that the quantitative effect on 
the mineral mass was selectively greater than on the organic 
components. Both fresh and dry weights for bones from de- 
pleted rats were heavier than normal in relation to body size. 

The concentration of ash in dry bone was reduced by Mg 
deficiency (Table 3). This and the decrease in dry weight 
reflect an even greater reduction in the total amount of  ash 
obtained per bone. Because depleted bones were shorter, 
ash weight was expressed relative to bone length, but ash/ 
mm length also was reduced significantly. Therefore, Mg 
deficiency reduced the mineral content of femurs, whether 
expressed per unit bone weight, per unit length, or per whole 
bone. In contrast to ash, Ca concentration in dry Mg- 
depleted bones was unaffected. Bone Ca was more concen- 
trated in the ash than normal, indicating a change in compo- 
sition of the mineral phase. 

Biomechanical Properties of Femur 

The smaller femurs of Mg-deficient animals reached the elas- 
tic limit under a load of 6.55 kg, and fractured with 8.61 kg 
(Table 4). Both loads were lighter than those supported by 
bones of controls. This difference in load tolerance occurred 
in spite of similar diameters and cross-sectional areas of 
bones in the two groups (Table 3). As bending force in- 
creases under stress of increasing body weight [29], loads 
supported by bones from animals of the same size were es- 
timated by including body weight in the analysis of variance�9 
Weight-adjusted yield and peak loads, at the elastic limit and 
at breaking, respectively, did not change greatly from orig- 
inal means when adjusted for body size, but could no longer 
be judged different by the criterion for significance (Table 4). 

Stress was determined by expressing the force of  a load 
in relation to moment of inertia, based on bone diameters. 
Because of inclusion of bone dimensions in the calculation, 
stress is relatively independent of bone size. Both yield and 
ultimate stresses, corresponding to the load at the yield point 
and at fracture, respectively, were significantly lower than 
those in control bones. The difference between groups per- 
sisted after adjusting for differences for body weight. With- 
out a reduction in diameter or cross-sectional area, the 'in- 
ability of the depleted bone to support stress as well as bones 
of control animals suggests deterioration in bone quality with 
Mg depletion�9 
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Table 3. Femur composition in Mg deficiency and in control animals 
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Dry wt Ash wt Ca 

mg/g Moisture mg/g mg/mm 
Statistic Diet mg body wt (%) mg/bone dry bone length 

mg/g mg/g 
dry bone ash 

LSM a Low Mg 510 b 1.51 b 47.7 b 309 b 606 b 9.05 b 
LSM Control 562 1.30 43.8 350 623 9.71 
S E M  c -+ 12 -+0.02 -+0.5 -+6 +2 -+0.16 

213 351 b 
213 341 
�9 +1 -+2 

a Least squares mean (LSM), adjusted for days to sacrifice 
b Different from controls, P ~< 0.05, from F test 
c Pooled standard error of means (SEM) from analysis of variance 

Table 4, Biomechanical properties of right femurs from Mg-deficient and control rats 

Yield Peak Yield Ultimate Modulus of 
Statistic Diet load load stress stress elasticity 

kg kg MPa MPa MPa 
LSM a Low Mg 6.55 b 8.61 b 77.8 b 103 b 1347 
LSM Control 7.79 ll.03 94.6 135 1502 
SEM c -+0.23 +0.39 --_3.9 -+7 +79 
Wt-adjusted 

LSM Low Mg 6.82 8.89 72.7 b 94 b 1157 b 
Wt-adjusted 

LSM Control 7.51 10.76 99.3 143 1683 

a Least squares mean, adjusted for days to sacrifice 
b Different from controls, P ~< 0.05, from F test 

Pooled standard error of means from analysis of variance 

Based on the linear (elastic) portion of the curves, bones 
of both groups showed similar bending, or strain, at the elas- 
tic limit. Young's  modulus of elasticity, the stress/strain ra- 
tio, describes the stiffness of bone. Elasticity was not signif- 
icantly affected by diet, unless values were adjusted for size 
differences. In the latter instance, Mg-depleted bones were 
significantly less stiff than those of controls. The behavior of 
depleted bones involved a normal extent of bending, but 
under a lighter load than predicted to affect control bones 
(from animals of the same size). 

D i s c u s s i o n  

These data emphasize the importance of including direct 
measurements of the mechanical properties of bones in ex- 
perimental assessments of bone responses to metabolic con- 
ditions. There were no differences between controls and Mg- 
deficient rats for wet femoral weight, midshaft diameter, 
cross-sectional area of the femur shaft, and for Ca concen- 
tration in dry bone. Further,  the fraction of body weight 
attributable to femoral mass and the concentration of Ca in 
ash were increased for Mg-deficient rats, indicating little 
negative effect of Mg deficiency on bone growth and calci- 
fication. However ,  disproport ionate reduction in femoral 
length, as previously reported [9, 10], and the lower concen- 
tration of ash from bone denote limited growth and suggest 
impaired mineralization. The literature contains seemingly 
contradictory findings as to the bone ash and its Ca content 
in Mg deficiency (see [13]). Much of this confusion may 
relate to the transitory nature of some of the changes, as 
animals go through various stages of depletion. Mg-depleted 
bones have shown diminished rates of both apposition and 
resorption, which may produce both unmineralized osteoid 
and dense cortices [9]. Urinary hydroxyproline excretion 
was reduced coincidentally with maximal bone Ca concen- 

tration [13], pointing to slow resorption. Reduced activities 
of phosphatases in Mg-deficient bones (described as "bri t-  
t le")  [6] may mean altered turnover of bone mineral. Low 
activity of alkaline phosphatase from depleted bones was 
stimulated more by addition of Mg in vitro than that of con- 
trois, indicating a low degree of saturation in vivo with that 
cofactor. An increase in Ca concentration in ash has been 
attributed by some [6] to replacement of exchangeable ad- 
sorbed Mg ions with Ca during Mg depletion. However ,  that 
would account for only about 10% of the excess Ca we found 
in bone ash, consistent with reduced rate of bone resorption 
relative to accretion. 

The reduced Mg and increased Ca concentrations of bone 
ash indicate qualitative changes in bone mineral. Consider- 
able variation in the qualitative changes reported among var- 
ious studies have made it difficult to depict  Mg deficiency as 
a static condition. Mg deficiency is dynamic,  with manifes- 
tations changing during the course of even a few weeks [13, 
18]. For  example, dry femoral weight was not significantly 
different after 30 days of feeding 40 mg Mg/kg diet to male 
rats (115 g initially), even though it had exceeded that of 
controls after the first 10 days [13]. Our rats were fed more 
Mg, for a longer time, and showed a decrease in dry weight 
after 34--42 days. It cannot be determined whether these de- 
scribe a trend of falling dry weights, after an early increase, 
that would continue in a longer experiment,  or whether other 
factors led to different responses.  Though we found an in- 
creased concentration of moisture in whole femurs, others 
reported reduced water concentration in Mg-sensitive [13] 
metaphyses of femurs of older rats of a different strain; the 
length of depletion was similar to ours, but they fed less Mg 
[18]. The Mg content of hard tissues changes during normal 
development [8], Consequently, the timing of Mg deficit in 
terms of stage of skeletal growth and development may also 
be critical in determining bone responses to Mg. Other ex- 
perimental conditions that may influence the responses of 
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the rat to Mg deficiency include dietary Ca content [12, 16, 
33]. It is therefore important that experiments describing Mg 
deficiency include a variety of measurements so that the 
stage of deficiency can be characterized. 

When we examined mechanical properties of femurs, re- 
sistance to stress was lowered in Mg deficiency. Like other 
skeletal manifestations of Mg deficiency, changes in me- 
chanical properties may vary with experimental conditions. 
Mildly Mg-depleted rats that grew normally showed normal 
bone strength except when a high level of nickel (ineffective 
in Mg-adequate rats) was also fed [23]. The greater degree of 
Mg depletion in our present study affected bone properties 
without the addition of a toxic agent. 

Reduced stress resistance of femurs in Mg deficiency was 
accompanied by similar change in ash concentration, show- 
ing its relationship to bone mineral content. The modulus of 
elasticity, which measures stiffness, did not change, despite 
altered Ca content of bone. Although dietary Ca and P pre- 
dictably altered bone mineral content, percentage of ash, 
and breaking load, they were inadequate to predict either 
modulus of elasticity or stress resistance [4]. Elasticity, in 
particular, may be determined by the organic matrix inter- 
acting with mineral. Until more is known about the roles of 
organic constituents that may be involved, mechanical prop- 
erties must be assessed directly. 

From data presented here, it seems likely that mild Mg 
deficiency can adversely affect bone strength without reduc- 
ing total bone mass (wet tissue basis). However, that same 
degree of Mg deficiency decreased adversely both the dry 
bone mass and the femoral ash concentration, components 
considered important to bone strength; those changes were 
accompanied by increased water content of the fresh bone. 

The progress of experimental Mg depletion usually has 
been followed by measuring serum Mg and Ca concentra- 
tions. Their involvement with bone through endocrine reg- 
ulation is well recognized, but incompletely understood. Un- 
like most other mammals, rats have responded to Mg defi- 
ciency by becoming hypercalcemic, hypophospbatemic, and 
hypophosphaturic, suggestive of hyperparathyroidism [17, 
18]. Circulating parathyroid hormone concentrations were 
increased after 5 days of feeding 10 mg Mg/kg diet to male 
weanling rats [18] and after 14 days of feeding 50 mg Mg/kg 
diet to male rats of 110 g initial weight [17]. The elevated 
levels disappeared by 20 days in the latter study and after 5 
days in the former. Also, a study with Mg-deficient, male 
weanling rats (70 mg Mg/kg diet for 2-21 days) showed pro- 
gressive hypercalcemia accompanied by decreasing activity 
of the parathyroid glands, as determined from histologic and 
morphometric examination [9]. It has been suggested that 
the hypercalcemia that accompanies the early increase in 
parathyroid hormone (PTH) secretion in Mg-deficient rats 
causes the parathyroid gland to respond appropriately to the 
increased blood Ca by reducing its secretion of PTH [18]. 
Plasma Ca levels remained high in Mg-deficient rats, how- 
ever, even after PTH fell [17, 18], suggesting that hypercal- 
cemia at that time was due to something other than PTH 
[18]. This conclusion is consistent with the coexistence of 
hypercalcemia and evidence of hypoactivity of the parathy- 
roid glands [9]. Furthermore, as in the study reported in this 
paper, the frequent finding that concentration and/or amount 
of Ca in bone or bone ash is maintained or increases [9, 13, 
19, 34] supports the idea that parathyroidrinduced bone re- 
sorption does not explain the hypercalcemia of Mg defi- 
ciency. Accordingly, reduced sensitivity to PTH, as an al- 
ternative to its reduced secretion as an explanation for re- 
duced bone resorption in Mg deficiency [9, 13, 20, 33], lacks 
credibility in light of evidence that infusion of PTH into 
parathyroidectomized, Mg-deficient rats brings about ex- 
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pected responses of bone [19] and a rapid decline in circu- 
lating PTH with continuing hypercalcemia [17, 18]. 

The rats in the present study were exposed to Mg defi- 
ciency for considerably longer than the 20-day period that 
reportedly reduced circulating PTH [17]. Although PTH was 
not measured, the thickening of bones (Table 2) and nor- 
malcy of serum Ca (Table 1) indicates that bones may not 
have been subjected to long-term elevated PTH. Thickened 
bones could also have resulted from the presence of sub- 
periosteal exostoses and ectopic bone in the marrow. Such 
abnormalities have been demonstrated using radiographs of 
Mg-deficient femurs and humeruses [9]. Those histologic 
studies demonstrated clearly that Mg deficiency resulted in 
poor mineralization of osteoid tissue in the metaphyses. Re- 
duced bone formation and bone resorption, also noted, pos- 
sibly resulted from negative effects of Mg deficiency on os- 
teoblasts and osteocytes [9]. A more recent study [21] also 
showed the Mg deprivation may affect osteoblasts directly 
and quickly. A reduction in circulating osteocalcin levels in 
rats after only 2 days of Mg deprivation preceded changes in 
PTH, 1,25-dihydroxyvitamin D, or calcium. Studies in vitro 
have also demonstrated that Mg concentrations in the mod- 
els used affected the structure and stability of crystalline 
biological apatites [14, 15]. Thus, the short, thickened, 
highly hydrated femurs in our experiment could have be- 
come less stress resistant as a result of abnormal bone for- 
mation, reduced mineralization, and abnormal mineral com- 
position of the femoral shaft where the breaking force was 
applied. 

In addition to our findings that bones from Mg-deficient 
rats exhibited reduced tolerance to stress, fragmentary data 
suggest a possible link between Mg status and bone loss 
leading to fractures in the elderly human population, of 
which as many as 20% may be in poor Mg status [35]. Serum 
Mg was lower in osteoporotic patients than in controls [36]. 
Dietary Mg (but surprisingly not Ca) was a significant pre- 
dictor of bone mineral density in Australian women [37]. A 
recent, apparently successful, attempt to improve bone den- 
sity in postmenopausal women by Mg therapy (in addition to 
estrogen) [38] emphasizes the need to understand the effects 
of Mg status on bone. If a relationship of Mg status to bone 
loss in the human can be confirmed, serum or blood cell Mg 
concentration might easily be included in screening to iden- 
tify individuals at high risk for osteoporosis [36]. Our obser- 
vation that deficient rats had femurs that were not of normal 
strength, despite containing a normal concentration of Ca, 
suggests a need to examine elements such as Mg, in addition 
to Ca, in evaluating bone status. 
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