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Abstract Introduction: The objective of this study was to
determine the effect of a moderate reduction of dietary
magnesium [50% of nutrient requirement (50% NR)] on
bone and mineral metabolism in the rat, and to explore
possible mechanisms for the resultant reduced bone mass.
Methods: Female rats were 6 weeks of age at the start of
study. Serum magnesium (Mg), calcium (Ca), parathyroid
hormone (PTH), 1,25(OH)2-vitamin D, alkaline phospha-
tase, osteocalcin, and pyridinoline were measured during
the study at 3- and 6-month time points in control (dietary
Mg of 100% NR) and Mg-deficient animals (dietary Mg at
50% NR). Femurs and tibias were also collected for
mineral content analyses, micro-computerized tomogra-
phy, histomorphometry, and immunohistochemical local-
ization of substance P, TNFα, and IL-1β at 3 and
6 months. Results: Although no significant change in
serum Mg was observed, Mg deficiency developed, as
assessed by the reduction in bone Mg content at the 3- and
6-month time points (0.69±0.05 and 0.62±0.04% ash,
respectively, in the Mg depletion group compared to 0.74±
0.04 and 0.67±0.04% ash, respectively, in the control
group; p=0.0009). Hypercalcemia did not develop.
Although serum Ca level remained in the normal range,
it fell significantly with Mg depletion at 3 and 6 months
(10.4±0.3 and 9.6±0.3 mg/dl, respectively, compared to
10.5±0.4 and 10.1±0.6 mg/dl, respectively, in the control
group; p=0.0076). The fall in serum Ca in the Mg-depleted

animals was associated with a fall in serum PTH
concentration between 3 and 6 months (603±286 and
505±302 pg/ml, respectively, although it was still higher
than the control). The serum 1,25(OH)2-vitamin D level
was significantly lower in the Mg depletion group at
6 months (10.6±7.1 pg/ml) than in the control (23.5±
12.7 pg/ml) (p<0.01 by the t-test). In Mg-deficient
animals, no difference was noted in markers of bone
turnover. Trabecular bone mineral content gain was less
over time in the distal femur with Mg deficiency at 3 and
6 months (0.028±0.005 and 0.038±0.007 g, respectively,
compared to 0.027±0.004 and 0.048±0.006 g, respec-
tively, in the control group; p<0.005). Histomorphometry
at these time points demonstrated decreased trabecular
bone volume (15.76±1.93 and 14.19±1.85%, respectively,
compared to 19.24±3.10 and 17.30±2.59%, respectively,
in the control group; p=0.001). Osteoclast number was
also significantly increased with Mg depletion (9.07±1.21
and 13.84±2.06, respectively, compared to 7.02±1.89 and
10.47±1.33, respectively, in the control group; p=0.0003).
Relative to the control, immunohistochemical staining
intensity of the neurotransmitter substance P and of the
cytokines TNFα and IL-1β was increased in cells of the
bone microenvironment in the Mg depletion group,
suggesting that inflammatory cytokines may contribute
to bone loss. Conclusion: These data demonstrate that
Mg intake of 50% NR in the rat causes a reduced bone
mineral content and reduced volume of the distal femur.
These changes may be related to altered PTH and 1,25
(OH)2-vitamin D formation or action as well as to an
increase release of substance P and the inflammatory
cytokines TNFα and IL-1β.
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Introduction

Epidemiologic studies have demonstrated a positive cor-
relation between dietary magnesium (Mg) intake and bone
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density and/or an increased rate of bone loss with low
dietary Mg intake, which suggests that dietary Mg
deficiency may be a risk factor for osteoporosis [1–6].
The Recommend Daily Allowance (RDA) for Mg for adult
males is 420 mg/day and for adult females, 320 mg/day [7,
8]; the usual dietary Mg intake, however, falls below this
recommendation in a large proportion of the population of
all ages, from adolescence to old age [9]. Other nutrient
deficits, such as calcium (Ca) and potassium (K), also
influence bone mass and probably coexist with dietary Mg
deficiency [7, 8]. In order to assess the effect of selective
Mg deficiency on bone, severe Mg deficiency [approxi-
mately 0.4% of the Nutrient Requirement (NR)] [10] has
been induced in rodent models; this results in osteoporosis
characterized by decreased bone formation, increased bone
resorption, and increased skeletal fragility [11–18]. This
degree of Mg depletion, however, probably rarely exists in
humans. We have recently reported that more moderate
dietary Mg restrictions, at levels of 10% NR and 25% of
NR, also results in bone loss in the rat [19, 20]. Although
this deficit of dietary Mg may also be unusual in humans,
these findings do suggest that extremes of Mg intake may
place humans at risk for osteoporosis. The cause of this
effect of Mg depletion on bone is unclear, although
abnormal parathyroid hormone (PTH) and 1,25
(OH)2-vitamin D formation and/or action as well as
increased amounts of inflammatory cytokines in the bone
of Mg-deficient mice and rats may play a role, as discussed
below.

The objective of this study was to assess the effect of a
diet containing 50% of the NR in the rat model and to
determine whether this degree of Mg depletion affects bone
mass and/or Ca metabolism, or alters the presence of
inflammatory cytokines in bone.

Materials and methods

Experimental methods

The studies reported here were approved by the IACUC of
the University of Southern California. Dietary Mg defi-
ciency was induced for 3 and 6 months in 6-week-old, 150-
to 175-g female Sprague Dawley rats (Charles Rivers
Laboratory, Wilmington, Mass.). We have previously
reported the adverse effects of severe Mg deficiency on
bone in more mature (290 g) rats [15]. We purposely
selected younger rats in this study in order to be able to
assess the effects of dietary Mg deprivation throughout the
aging process. This is an important factor of the
experimental design since dietary Mg intake in humans
falls below the RDA from adolescence to old age [7, 8]. In
addition, in our mouse studies [16] immunohistochemical
identification of cytokines were more apparent in younger
animals, thus allowing a greater opportunity to identify
changes that may adversely affect bone.

After acclimation to the vivarium as previously
described [19], experimental diets were instituted. Since
bone mass is closely correlated with body mass, group pair

feeding based on food weight was performed daily in order
to keep weight gain as close as possible in the Mg-deficient
and control groups. Distilled deionized water containing
<3×10−5 g Mg/l was used for hydration. Rats were fed
either a normal control Mg diet (100% NR) or a Mg-
deficient diet (50% of NR) (Harlan Teklad, Madison, Wis.).
The dietary intake of Ca was at or near the recommended
intake level for rats. The actual composition of these diets
is shown in Table 1.

No baseline or zero time values were obtained as the
Mg-deficient groups had their appropriate diet-matched
control adjusted so that there was no difference in body
weight (Table 1). After 3 and 6 months on the experimental
diets, rats were anesthetized (ketamine, 50 mg/kg, and
xylazine, 10 mg/kg, intramuscularly; Phoenix Pharmaceu-
ticals, St. Joseph, Mo.). Blood samples from the anesthe-
tized rats were obtained by cardiac puncture, and the rats
were then euthanized by open thoracotomy. The femurs
and tibias were harvested at each time point for mineral
analysis, micro-computerized tomography (μCT), histo-
morphometry, and immunohistochemistry.

Biochemical determinations

Blood samples were allowed to clot for 30 min and then
centrifuged at 10,000 rpm in a Labnet Hermle Centrifuge,
Model MR-2 for 10 min at room temperature. Serum was
separated from the clot and frozen at −70°C.

Serum Ca and Mg concentrations

Serum Ca and Mg concentrations were determined by
atomic absorption spectrophotometry (Spectra AA-220,
Varian, Walnut Creek, Calif.).

Serum parathyroid hormone

PTH was determined utilizing a two-site enzyme-linked
immunosorbent assay (ELISA) kit (Rat Intact PTH ELISA
kit; Immutopics, San Clemente, Calif.). This assay has a
sensitivity of 1.6 pg/ml, an intra-assay precision of 2.1–
2.4%, and an inter-assay precision of 5.1–6.0% at low to
high serum PTH concentrations.

Serum 1,25(OH)2-vitamin D

A competitive equilibrium radio-immunoassay (RIA) was
used for quantitative determination of 1,25(OH)2-vitamin
D (DiaSorin, Stillwater, Minn.). This assay consisted of a
two-step procedure involving a preliminary extraction and
subsequent purification of 1,25(OH)2-vitamin D from
serum using C18OH “Extra Clean” cartridges. Following
extraction, the treated sample was assayed using a
competitive RIA method based on a polyclonal antibody
that is 100% specific for both 1,25(OH)2-vitamin D2 and
D3. This assay measures 1,25(OH)2-vitamin D in the range
of 5–200 pg/ml and has a sensitivity of <2 pg/ml. The intra-
and inter-assay variation for low levels (25.8 pg/ml) is
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6.8 and 14.6% respectively; for mid levels (41.3 pg/ml), 7.7
and 11.1%, respectively; for high levels (105.2 pg/ml), 11.3
and 11.2% respectively.

Serum osteocalcin

Rat serum osteocalcin was determined utilizing a sand-
wiched ELISA kit (Biomedical Technologies, Stoughton,
Mass.). This assay measures osteocalcin in the range of
0.78–50 ng/ml and has a sensitivity of 0.5 ng/ml, an intra-
assay variation of 4% (95% limits) and an inter-assay
variation of 7% (95% limits).

Serum alkaline phosphatase

Alkaline phosphatase activity in rat serum was measured
using an endpoint colorimetric spectroscopy (Sigma-
Aldrich, St. Louis, Mo.) using a procedure modified to
accommodate small sample volumes. Enzymatic activity
was determined by measuring the release of p-nitrophenol
from substrate p-nitrophenylphosphate. The spectrophoto-
metric reading was made at 405 nm (Spectra MAX 250;
Molecular Devices, Sunnyvale, Calif.), and the unknown
was compared to p-nitrophenol standards. Enzymatic
activity was expressed in U/l. The total CV% for low
levels (<1.0 SU/ml) is 6%; for normal levels, 2%, for high
levels, 1%.

Serum pyridinoline assay

Pyridinoline (Pyd) crosslinks in rat serum were determined
utilizing the Metra Serum PYD EIA kit (Quidel, Mountain
View, Calif.). This competitive enzyme immunoassay
utilized a rabbit polyclonal anti-Pyd antibody to measure
Pyd in serum in a microassay stripwell format. Sample
filtering was required prior to assaying. This assay has a
detection limit of 0.4 nmol/l, a 0–12 nmol/l range of
detection, an intra-assay precision of 6.3–14.8%CV, and an
inter-assay precision of 8.7–11.6%CV.

Skeletal studies

Mineral content of bone by ashing

To assess the effect of Mg deficiency on bone mineral
content, the right femur, stripped of soft tissue, was frozen
in liquid nitrogen and stored at −70°C prior to bone ashing
[15]. Mg, Ca, and phosphorus (P) content were determined
as previously described [16].

Bone mineral content by μCT

Analyses were performed using the SkyScan 1074 X-ray
microtomograph (Skyscan, Belgium; Micro Photonics,
Allentown, Pa.) and associated three-dimensional (3D)-
Calc, cone reconstruction and ANT model building
software. Left tibias were fixed in formalin for 24 h, stored
in 70% ethanol, cleaned of soft tissue, dissected so that the
proximal tibia section was 1.2 cm in length, and dried
overnight. Specimens were placed in the chamber, oriented
with the proximal end up such that two thirds of the

Table 1 Composition of control (100% NRa) and low Mg diet
(50% NR)

Control,
(g/kg)

Low Mg,
(g/kg)

Casein 200.0 200.0
DL-methionine 3.0 3.0
Sucrose 415.1 415.7
Corn starch 250.0 250.0
Soybean oil 60.0 60.0
Cellulose 30.0 30.0
Vitamin mix 10.0 10.0
Ethoxyquin (antioxidant) 0.01 0.01
Magnesium oxide 0.82 0.398
Calcium phosphate, dibasic 13.7 13.7
Potassium citrate, monohydrate 7.7 7.7
Calcium carbonate 4.8 4.8
Sodium chloride 2.6 2.6
Potassium sulfate 1.82 1.82
Ferric citrate 0.25 0.25
Manganous carbonate 0.12 0.12
Zinc carbonate 0.056 0.056
Chromium potassium sulfate 0.02 0.02
Cupric carbonate 0.012 0.012
Potassium iodate 0.0004 0.0004
Sodium selenite 0.0004 0.0004
Energy content of diet 3.86 kcal/g 3.86 kcal/g
Diet intake per day 58 kcal 58 kcal

Composition of vitamin mix

Vitamin mix to diet,
(g/kg)

p-Aminobenzoic acid 11.01
Ascorbic acid, coated (97.5%) 101.66
Biotin 0.044
Vitamin B12 (0.1% trituration) 2.97
Calcium pantothenate 6.61
Choline dihydrogen citrate 349.69
Folic acid 0.20
Inositol 11.01
Menadione 4.96
Niacin 9.91
Pyridoxine HCl 2.20
Riboflavin 2.20
Thiamine HCl 2.20
Dry vitamin A palmitate
(500,000 U/g)

3.96

Dry vitamin D3 (500,000 U/g) 0.44
Dry vitamin E acetate (500 U/g) 24.23
Corn starch (diluent) 466.69
aNR, Nutrient requirement
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specimen’s upper segment fell within the X-ray field. An
exposure time of 1440 msec was used with a step value of
0.9. A reconstruction of the bitmap data set (consisting of
400–500 sections) was obtained and used to build the 3-D
model. The model was bisected with a plane down the
anterior/posterior midline, and a data set was obtained with
from a total of 30 sections (15 on each side of the bisecting
plane). Each final data set was based on a standardized
analysis of a tissue volume which averaged 3.255 mm3.
Care was taken so that the region of interest contained only
trabecular bone.

Quantitative bone histomorphometry

Left femurs were harvested and prepared and histomor-
phometry performed as previously described [19, 21, 22].
Quantitative bone histomorphometry utilized the OSTEO-

MEASURE software of OsteoMetrics (Atlanta, Ga.) and
standard nomenclature [21]. The following histomorpho-
metric variables were collected and analyzed: BV/TV
(percentage trabecular bone volume); OV/BV (percentage
of bone volume occupied by osteoid); NOb/BPm (the
number of osteoblasts per millimeter bone surface); ES/BS
(the total proportion of bone surface involved in resorp-
tion); OcS/BS (percentage of bone surface covered by
TRAP-positive osteoclasts); NOc/BPm (the number of
TRAP-positive osteoclasts per millimeter of bone surface);
TTh (mean trabecular width, in micrometers).

Bone immunohistochemical staining

Tibia were dissected and fixed in 2% formalin for 24 h. The
bone was demineralized in 10% EDTA at pH 7 for 1 week
and then embedded in paraffin, oriented so that a sagittal
section, including the epiphysis and metaphysis, was
obtained. Sections were stained with hematoxylin and
eosin (H & E) for analysis of the growth plate. Tartrate-
resistant acid phosphatase (Sigma) was used to stain
osteoclasts which were identified at a magnification of 25×
and counted at a magnification of 10× using a graticule in
the eyepiece to determine the number per square millimeter
in the primary and secondary spongiosa.

Indirect immunohistochemistry

Indirect immunohistochemistry was used to localize sub-
stance P, TNFα, and IL-1β in bone cells and marrow cells of

the metaphysis. The antibodies were goat and rabbit in
origin and obtained from R&D Systems, Minneapolis,
Minn. (TNFα and IL-1β) and Chemicon, Temecula, Calif.
(substance P) [23, 24]. Following deparaffinization and
rehydration, hydrogen peroxide was applied to quench any
endogenous peroxidase. Incubation in 20% normal serum of
the same species as the secondary antibody eliminated
nonspecific staining. Polyclonal antibodies at optimized
dilutions were applied for a predetermined optimized time
and temperature. Biotin conjugated anti-species in which the
antibody was made were applied followed by streptavidin
horseradish peroxidase. Localization was visualized in the
light microscope using Nova Red (Vector Laboratories,
Burlingame, Calif.) counterstained with hematoxylin. The
results were photographed in a Zeiss photomicroscope (Carl
Zeiss, Thornwood, N.Y.) using a 40× objective.

Evaluation of staining

Evaluation of staining was carried out under conditions
where the background staining was minimal compared
with the positive and negative controls. Cells and tissues
must stain specifically as described for the antigen in the
literature [23, 24]. The entire section of the growth plate
and primary spongiosa was examined (an average of ten
fields at 25×). Proliferating chondrocytes, osteoclasts,
osteoblasts, megakaryocytes, and mononuclear cells were
evaluated. Intensity was graded as 0 = no stain, 1 = weak
stain, 2 = moderate, and 3 = strong stain. The quantitative
estimate of numbers of cells staining was grade a = <20%,
grade b = 20–60%, grade c = >60%. Mean relative
positivity for bar or line graphical presentation was
<1b = 0; 2a and 2b = 1; 3b and 3c = 2 [23, 24].

Statistical analysis

Data were analyzed using SAS version 8.2. A p value of
less than 0.05 was considered to be statistically significant.
Standard statistical methods were used. Descriptive statis-
tics, including means and standard deviations, were
calculated. When data were not normally distributed, the
Wilcoxon rank sum test or Kruskal-Wallis test was
employed. Spearman’s correlation coefficients were calcu-
lated to determine relationships among the outcome
variables. Two-way ANOVAwas used to assess differences
between low Mg-treated rats and control rats at 3 and

Table 2 Body weight and femur length and width at 3 and 6 months in rats fed the control (C) or low dietary magnesium (LM) dietsa(ns not
significant)

3 Months 6 Months Effects of treatment and time (p values)

C LM C LM Treatment Time Treatment × time

Weight-initial (g)l 180.12±7.30 183.00±6.47 181.62±9.45 177.41±5.75 ns ns ns
Weight-final (g) 337.20±40.26 340.95±33.52 421.70±53.70 407.33±40.59 ns <0.0001 ns
Femur length (mm) 35.58±0.82 35.77±0.72 37.25±1.23 36.79±1.06 ns <0.0001 ns
Femur width (mm) 3.19±0.21 3.11±0.18 4.45±0.19 4.40±0.16 ns <0.0001 ns
aData are expressed as means ± standard deviation (SD). n=12 for each group
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6 months into the experiment. In two-way analysis of
variance, an interaction between the two factors signifies
that the effect of one factor is dependent on a particular
level of the other factor. In this study, a significant
interaction means that the difference between the low
magnesium diet and the control diet was not uniform across
the time points. (For instance, the difference between a
parameter in the two dietary groups may be increasing over
time.)

Results

Rat nutrition and weight

The composition of the rat diet is shown in Table 1. Initial
body weight and weight at 3 and 6 months in control and
Mg-deficient rats are shown in Table 2. Although weight
increased in both groups, with pair feeding no difference in
body weight was observed between the Mg-deficient and
control groups.

Serum parameters

It is commonly known that severe Mg deficiency results in
hypercalcemia in the rat; however, at this dietary intake, the
serum Ca fell significantly lower (although still within the
normal range) over time in the low Mg group from
3 months to 6 months, as shown in Table 3 (10.4±0.3 to
9.6±0.3 mg/dl in the low Mg group compared to 10.5±0.4
to 10.1±0.6 mg/dl in the control group; p=0.0076). No
significant difference was observed in the level of serum
Mg. The low Mg diet had a significant effect on PTH and
1,25(OH)2-vitamin D levels, with these values remaining
stable in the controls but falling in the Mg-deficient
animals. As Mg has one-third the affinity of calcium for the
parathyroid Ca-sensing receptor [25], early in the Mg
depletion treatment (at 3 months) PTH levels were
significantly elevated versus controls (603±286 pg/ml in
the low Mg group and 355±204 pg/ml in controls; p<0.01
by t-test); this explains the high 1,25(OH)2-vitamin D

levels in the Mg-deficient animals at this time point (39.6±
14.9 pg/ml in the Mg-deficient group compared to 25.7±
7.4 pg/ml in the controls; p<0.01 by t-test ). As the cell
becomes Mg-deficient, PTH cannot respond appropriately,
and renal resistance to PTH also occurs [26–29]. Therefore,
at 6 months note the significantly lower 1,25(OH)2-
vitamin D level of 10.6±7.1 pg/ml when compared to the
corresponding control value of 23.5±12.7 pg/ml (p<0.01
by t-test) and the reduction in serum PTH from the 3-month
time point onwards (505±302 pg/ml) despite the lower
serum Ca.. The slight elevation in alkaline phosphatase
levels in the low Mg animals at 3 months can also be
explained on the basis of the changes in PTH levels (33.8±
5.1 U/l compared to 27.7±7.0 U/l; p<0.05 by t-test). These
findings are similar to our observations in experimental
human Mg deficiency [30]. No difference was noted in
serum pyridinoline levels.

Bone mineral content

As noted in Table 4, there was a significantly greater
decrease in bone Mg in the Mg-depleted animals between 3
and 6 months (0.69±0.05 and 0.62±0.04% ash, respec-
tively, compared to 0.74±0.04 and 0.67±0.04% ash,
respectively, of the control; p=0.0009). This probably
occurred because the bone served as a Mg reservoir for the
serum Mg. No significant change was observed in Ca or P
contents.

Bone mineral density by μCT

The data in Table 5 show a lower trabecular bone mineral
density gain of the distal femur at 3 and 6 months in the
Mg-deficient group (0.028±0.005 and 0.038±0.007 g,
respectively, compared to 0.027±0.004 and 0.048±
0.006 g, respectively, of the control; p<0.005), and
indicates that the low-Mg animals are gaining a signifi-
cantly lower amount of bone at this site across time than are
the control animals. No significance difference was
observed in cortical bone mass.

Table 3 Serum data and statistical analysis at 3 and 6 months for the control (C) and low dietary magnesium (LM) groupsa(ns not
significant)

3 Months 6 Months Effects of treatment and time (p values)

C LM C LM Treatment Time Treatment × time

Mg (mg/dl) 2.0±0.2 1.8±0.2 2.0±0.2 1.9±0.3 ns ns ns
Ca (mg/dl) 10.5±0.4 10.4±0.3 10.1±0.6 9.6±0.3 0.0076 <0.0001 ns (0.08)
PTH (pg/ml) 355±203 603±286 381±281 505±302 0.02 ns ns
1,25-D (pg/ml) 25.7±7.4 39.6±14.9 23.5±12.7 10.6±7.1 ns <0.0001 0.0001
Osteocalcin (ng/ml) 38.9±6.6 38.8±7.1 27.2±8.4 24.6±6.5 ns <0.0001 ns
Alkaline phosphatase (U/l) 27.7±7.0 33.8±5.1 27.5±5.5 30.0±5.1 ns 0.0003 ns
Pyridinoline (nmol/l) 2.74±0.40 2.56±0.39 1.93±0.33 2.11±0.48 ns <0.0001 ns
aData are expressed as means ± SD. n=12 for each group. Data were analyzed with 2-way ANOVA. This table identifies significant findings
and shows p values for treatment, time, and interaction (differences over time)
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Quantitative histomorphometry

Histomorphometric features of low-Mg and control
animals at the 3- and 6-month time points are shown in
Table 6. Trabecular bone volume (BV/TV) was signifi-
cantly lower in the Mg-depleted group (15.76±1.93 and
14.19±1.85%, respectively, compared to 19.24±3.10 and
17.30±2.59%, respectively, of the control group; p=0.001).
Osteoclast numbers (Noc/BPm) increased significantly
more in the Mg-deficient animals (9.07±1.21 and 13.84±
2.06, respectively, compared to 7.02±1.89 and 10.47±1.33,
respectively, of the control group; p=0.0003. Osteoclast
surface (OcS/BS) also increased more in Mg-depleted
animals, 17.96±2.85 and 25.02±5.24, respectively, com-
pared to14.56±3.85 and 17.96±2.26 of the control group;
p=0.001. Osteoclast morphology appeared to be normal in
Mg-depleted animals, and scalloped surfaces were present
on the bone underlying the osteoclasts, suggesting normal
activity.

Immunohistology

Immunohistochemical staining for substance P was
observed to be low at both time points; however, in Mg-
depleted animals it was 56% higher in mononuclear cells at
3 months, and 76% higher at 6 months. Little staining was
observed in other cell types. TNFα was 149% greater in
osteoclasts, and 58% greater in megakaryocytes at
3 months; at 6 months, no increase was present, and no
difference in localization in other cell types was present.
Staining for IL-1β was 106% greater in osteoclasts, and
92% greater in megakaryocytes at 3 months, but no
increase was observed at 6 months. Of interest is the
observation that there was also a 147% increase of IL-1β in
the cartilage at 3 months and a 100% increase at 6 months.
No difference in IL-1β was noted in other cell types.

Discussion

Osteoporosis is a major health concern which accounts for
1.5 million fractures in the United States each year and a
cost of over US$15 billion [31–33]. Women with post-
menopausal osteoporosis have decreased nutrition markers,
suggesting that osteoporosis may be associated with
nutritional deficiencies [34].

Mg, the second most prevalent intracellular cation in the
body, plays an important role in enzyme activity, mem-
brane stability, and ion transport [35]. Mg exists in
macronutrient quantities in bone (0.5–1% bone ash), and
dietary Mg shortfall has been implicated as a risk factor for
osteoporosis [36–39].

The U.S. Food Nutrition Board of the Institute of
Medicine established the RDA for Mg for adult males at
420 mg/day and for adult females at 320 mg/day [7]. The
usual dietary Mg intake, however, falls below this
recommendation. According to the USDA [9], the mean
Mg intake for males is 323 mg/day (81% of the RDA) and
that for females is 228 mg/day (68% of RDA). This
deficiency is present from adolescence to old age. In
females, the mean Mg intake for ages 14–18 is 225 mg/day
(RDA: 360 mg); for ages 31–50, 236 mg/day (RDA:
320 mg); for ages 51–70, 239 mg/day (RDA: 320 mg).

This substantial dietary Mg deficit is particularly
important in an aging population where gastrointestinal
and renal mechanisms for Mg conservation may not be as
efficient as in a younger population [40–42]. Ten percent of
elderly women in the U.S. consume <136 mg of Mg per
day (<43% of RDA) [7]. In women aged 14 and over, the
mean intake at the 10th percentile was 145 mg/day (45% of
RDA) and at the 25th percentile, 177 mg/day (55% of
RDA) [7]. Morbid conditions producing body Mg loss
(diabetes, alcoholism, malabsorption) and medications
(diuretics, cyclosporine, aminoglycosides, cisplatin, am-
photericin B) also exacerbate the problem [35].

Table 4 Bone ash data and statistical analysis at 3 and 6 months for rats fed the control (C) and low dietary magnesium (LM) dietsa(ns, not
significant)

% Ash 3 Months 6 Months Effects of treatment and time (p values)

C LM C LM Treatment Time Treatment × time

Mg 0.74±0.04 0.69±0.05 0.67±0.04 0.62±0.04 0.0009 <0.0001 ns
Ca 42.3±0.9 42.4±0.9 41.4±1.2 41.9±1.1 ns 0.02 ns
PO4 17.6±0.8 17.4±0.8 16.2±1.7 16.4±1.8 ns 0.003 ns
aData are expressed as means ± SD. n=12

Table 5 Bone mineral content (BMC) data on femoral sites in the control (C) and low dietary magnesium (LM) animalsa(ns, not significant)

BMC (g) 3 Months 6 Months Effects of treatment and time (p values)

C LM C LM Treatment Time Treatment × time

Entire femur 0.506±0.037 0.509±0.046 0.550±0.059 0.549±0.060 ns ns ns
Cortical midshaft 0.021±0.001 0.021±0.002 0.018±0.002 0.018±0.002 ns ns ns
Proximal femur 0.026±0.004 0.025±0.003 0.031±0.005 0.032±0.005 ns ns ns
Distal femur 0.027±0.004 0.028±0.005 0.048±0.006 0.038±0.007 0.005 <0.0001 0.004
aData are presented as means ± SD. n=12
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The data presented here demonstrate that, in the rat, a
Mg intake at a level of even 50% NR causes decreased
amounts of trabecular bone. The finding of this study is of
importance in as much as this Mg intake level is present in
some members of our society, as stated above, and
therefore contributes significantly to the growing problem
of osteoporosis. The consumption of Mg (per nutritional/
energy value) in the rat diets (Table 1) is similar to what
may be consumed by humans.

Low dietary Ca intake is also a recognized risk factor for
osteoporosis [31, 43–45]. Low dietary Ca has been
reported to be a predictor of bone density as well as
fracture rate [43–50]. From adolescence to old age, dietary
Ca intake falls far below the established Adequate Intake
(AI) set by the U.S. Food Nutrition Board [8]. Low Ca
intake is particularly critical during adolescence when
much of the skeleton is formed. Peak bone mass is an
important predictor of osteoporosis in later life [51, 52].
Ten to twenty percent of adolescent girls have a Ca intake
less than 500 mg/day [53]. A recent study reported that
pubertal girls only partially adapt to low dietary Ca intake,
thereby placing themselves at greater risk for inadequate
Ca retention [53]. This inability to adapt may be linked to
other nutritional deficiencies, since previous studies have
suggested that other dietary factors also impact bone mass
[54–58]. As discussed below, Mg deficiency has a
profound impact on Ca and skeletal homeostasis.

The mechanistic reasons for Mg deficiency-induced
reduction of trabecular bone are probably multifactorial.
Mg deficiency in man results in impaired PTH secretion
and hypocalcemia [26–28]. A major difference in severe
Mg deficiency between humans and rodents is that
hypocalcemia develops in humans [26], while hypercalce-
mia develops in rodents [15, 16, 19]. PTH levels are low in
both humans and rodents. The low PTH level in humans is
thought to be due to a defect in PTH secretion [26]. This
may also be true in rodents; however hypercalcemia could
be responsible. The reason for the hypercalcemia in rodents
is unclear, but it does not appear to be due to an increase in
bone resorption as the administration of osteoprotegerin
does not prevent hypercalcemia in Mg-deficient mice [59].

Ca and Mg share a common intestinal Mg transport system
[60], and it is probable that, in the absence of dietary Mg,
fractional absorption of Ca is increased. Indeed, a low Ca
diet prevents hypercalcemia in the Mg-deficient rodent
[16]. All of the aforementioned studies occurred during
severe Mg depletion. It appears that the degree of Mg
depletion may alter these observations. We have recently
administered Mg diets to rats at 10% NR [19], 25% NR
[20], and, in this report, 50% NR. With the 10% NR diet,
serum Ca, with Mg depletion, continued to be slightly
higher than control. PTH levels, while initially higher, fell
over the course of 6 months to below the level of the
control. As an acute fall in serumMg affects the Ca-sensing
receptor in a manner similar to an acute fall in serum Ca
[25], this may explain the initial rise in PTH.

With the 25% NR diet, hypercalcemia did not occur in
the rat [20]. PTH levels fell significantly below those of the
control by the end of the study (6 months). In study
reported here – 50% NR – serum Ca was significantly
lower than that of the control. PTH was higher than the
control despite the absence of a significant difference in
serum Mg or Ca at 3 months. However, serum PTH fell
over time in the Mg-deficient animals, as determined at the
6-month time point, despite the decrease in serum Ca. It
appears that the effect of Mg deficiency on rat parathyroid
function is qualitatively similar to that in humans, but it is
not as susceptible to inhibition of PTH secretion. The
adverse effect of dietary Mg restriction was also reflected
in the bone. The Mg content of bone was reduced 51% in
the 10%NR diet and 27% in the 25%NR diet [19, 20]. BV/
TV was reduced 54% on the 10% NR diet and 42% on the
25% NR diet [19, 20].

Mg deficiency also impairs the effect of PTH on bone
and kidney. The rise in serum Ca and in urine hydroxy-
proline, P, and cyclic AMP, which is produced in response
to PTH administration, is decreased in human Mg deple-
tion [26, 29]. Following Mg therapy, the PTH response
normalizes [26, 29]. Similar findings have been reported in
animal models [60]. These data indicate that Mg deficiency
impairs both PTH secretion and PTH action on the kidney
and bone.

Table 6 Bone histomorphometry findings in control (C) and low dietary magnesium (LM) animalsa(ns not significant)

3 Months 6 Months Effects of treatment and time (p values)

C (n=8) LM (n=7) C (n=7) LM (n=6) Treatment Time Treatment × time

BV/TV (%) 19.24±3.10 15.76±1.93 17.30±2.59 14.19±1.85 0.001 ns ns
OV/BV (%) 0.21±0.14 0.33±0.25 0.15±0.12 0.13±0.08 ns 0.04 ns
NOb/BPm 2.35±1.58 3.21±2.32 1.46±0.98 1.26±0.83 ns 0.02 ns
OTh (μm) 1.29±0.34 1.17±0.19 1.24±0.24 1.16±0.13 ns ns ns
ES/BS (%) 17.16±2.96 17.08±2.55 19.94±1.95 18.05±3.18 ns ns ns
OcS/BS (%) 14.56±3.85 17.96±2.85 17.96±2.26 25.02±5.24 0.001 0.0009 ns
NOc/BPm 7.02±1.89 9.07±1.21 10.47±1.33 13.84±2.06 0.0003 <0.0001 ns
TTh (μm) 38.46±2.14 35.56±2.64 34.32±5.73 33.91±3.82 ns ns (0.054) ns
aData are expressed as means ± SD
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As we have confirmed in experimental human Mg
deficiency studies [28], patients with Mg depletion also
have reduced serum levels of 1,25(OH)2-vitamin D [61].
This feature can be explained on the basis of impaired PTH
secretion with subsequent loss of the trophic effect of PTH
on 1,25(OH)2-vitamin D synthesis, or by a direct effect
whereby Mg depletion impairs the metabolism of 1,25
(OH)2-vitamin D (since in vitro studies have demonstrated
that the renal 1α-hydroxylase enzyme is Mg-dependent)
[62].

Thus, it is clear that even mild Mg depletion can perturb
Ca homeostasis and result in a fall in both serum PTH and
1,25(OH)2-vitamin D. We have demonstrated in this study
that a moderate reduction in Mg intake in the rat also results
in a fall in 1,25(OH)2-vitamin D. Since PTH and 1,25
(OH)2-vitamin D stimulate osteoblast activity and/or the
synthesis of osteocalcin and procollagen [63, 64], any
decreased formation of, and/or end-organ resistance to PTH
or 1,25(OH)2-vitamin D may be a major cause of decreased
bone formation [19, 65–67]. In addition, the Mg deficiency-
induced fall in serum 1,25(OH)2-vitamin D may also
decrease intestinal Ca absorption, creating a Ca deficit – a
known risk factor for osteoporosis. Diabetic children who
were hypomagnesemic have been shown to have an impaired
rise in serum 1,25(OH)2-vitamin D when challenged with a
low Ca diet [68]. This was reversed with Mg repletion. Mg
deficiency has also been demonstrated to impair the rise in
serum 1,25(OH)2-vitaminD during dietary Ca deprivation in
a rat model [69].

Although changes in PTH and 1,25(OH)2-vitamin D
action or formation may explain low bone formation, it
does not explain our previous and current observation of an
increase in osteoclast bone resorption at various dietary Mg
intakes [15, 19]. Each year, approximately 25% of
trabecular bone is resorbed and replaced in human adults;
in contrast, only 3% of cortical bone undergoes remodeling
[70]. Such data suggest that the rate of locally controlled
bone remodeling is important in the development of
osteoporosis.

Mg has been shown to inhibit the N-methyl-D-aspartate
(NMDA) receptor [71], the activation of which induces the
release of neurotransmitters, such as substance P [71]. A
reduction in extracellular Mg lowers the threshold levels of
excitatory amino acids (i.e., glutamate) necessary to
activate this receptor. In one rodent study, dietary Mg
deficiency produced raised serum levels of neuropeptides
(such as substance P) [72]. This neurogenic response is
followed by the release of proinflammatory cytokines
(TNFα, IL-1β, IL-6) by T lymphocytes during the first
week of dietary Mg depletion [72–74]. This finding,
however, has not been observed in all studies [75–77].
Many of the actions of substance P are mediated through
the neurokinin 1 (NK-1) receptor. Elevated plasma
cytokines and the inflammatory cardiac lesions observed
in Mg-deficient rats have been shown to be prevented by
the administration of a NK-1 receptor antagonist [72–76].

Recent studies have demonstrated that there are nerve
fibers containing a number of neuropeptides, including
substance P, in bone [78, 79]. Substance P has been shown
to increase the release of IL-1β and IL-6 by bone marrow
cells [79]. These cytokines, which are systemically
released as well as locally produced in the bone micro-
environment, are known to stimulate the recruitment and
activity of osteoclasts and increase bone resorption
[80, 81]. We have found a greater intensity of immunohis-
tochemical staining for substance P, TNFα, and IL-1β in
bone from Mg-depleted mice [16] and rats [19, 20].
Increased production of these cytokines has been impli-
cated in the development of sex steroid deficiency or
postmenopausal osteoporosis [82, 83]. Recent evidence
suggests that inducible nitric oxide synthetase is stimulated
by these cytokines and may mediate localized bone
destruction associated with metabolic bone diseases
[84, 85]. Mg-deficient rodents have increased free radical
formation which may affect the cytokine cascade and
influence skeletal metabolism [74]. These cytokines could
contribute to an increase in osteoclastic bone resorption
and explain the uncoupling of bone formation and bone
resorption observed in the rat [15, 17]. Our finding of an
increase in osteoclast activity and an increase in the
histochemical staining for inflammatory cytokines in bones
of animals maintained at a dietary Mg level of 50% NR
strongly suggests that dietary Mg deprivation plays a role
in human osteoporosis. The lack of change in pyridinoline
does not reflect our observation of an increase in osteoclast
numbers. This may reflect that serum pyridinoline is not a
very specific marker of bone resorption, and a more
specific marker such as deoxypyridinoline will be used in
future studies.

Several other potential mechanisms may account for a
decrease in bone mass/strength during Mg deficiency. Mg
is mitogenic for bone cell growth and, therefore, Mg
deficiency may result in a decrease in bone formation [86].
Mg also affects crystal formation; a lack of Mg results in a
larger, more perfect crystals which may affect bone
strength [87]. Serum IGF-1 levels have also been observed
to be low in the Mg-deficient rat; decreased IGF-1 may
adversely influence skeletal growth [88].

This study demonstrates for the first time that Mg intake
at the 50% NR level – a nutritional level consumed by a
substantial proportion of our population – may be another
risk factor for osteoporosis. The mechanism for disturbed
bone metabolism may include altered PTH and 1,25
(OH)2-vitamin D secretion and/or action as well as
increased formation of substance P and inflammatory
cytokines. In future studies, it will be critical to assess the
influence of additional concomitant nutritional deficits,
especially Ca deficiency.
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