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Abstract

Although osteoporosis is a major health concern for our growing population of the elderly, there continues to be a need for well-designed
clinical and animal studies on the link between dietary magnesium (Mg) intake and osteoporosis. Relatively few animal studies have assessed
the skeletal and hormonal impact of long-term low Mg intake; however, these studies have demonstrated that Mg deficiency results in bone
loss. Potential mechanisms include a substance P-induced release of inflammatory cytokines as well as impaired production of parathyroid
hormone and 1,25-dihydroxyvitamin D. Abnormal mineralization of bones may also contribute to skeletal fragility. Clinical studies have
often varied greatly in study design, subject age, menopausal status and outcome variables that were assessed. Most studies focused on
female subjects, thus pointing to the great need for studies on aging males. According to the U.S. Department of Agriculture, the mean Mg
intake for males and females is 323 and 228 mg/day, respectively. These intake levels suggest that a substantial number of people may be at
risk for Mg deficiency, especially if concomitant disorders and/or medications place the individual at further risk for Mg depletion. In this
paper, we will review animal and human evidence of the association of Mg deficiency with osteoporosis and explore possible mechanisms by
which this may occur.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction According to the U.S. Department of Agriculture, the mean
Mg intake for males and females is 323 and 228 mg/day,
respectively [8]. These intake levels suggest that a substantial
number of people may be at risk for Mg deficiency, especially
if concomitant disorders and/or medications place the
individual at further risk for Mg depletion. Unfortunately,
the mechanistic results of low Mg intake have been more
thoroughly investigated in tissues such as muscles than they
have been in bones. This is due in part to the complex
hormonal regulatory mechanisms that function to maintain
bone homeostasis and is also due to the difficulties of
investigating osteoblast and osteoclast functions in vitro in
ways that are directly translatable to the in vivo response.
Thus, the review presented here builds upon a small body of
investigative animal research and clinical studies to present
findings on the effect of low Mg intake on bone and mineral
metabolism.

Magnesium (Mg) is the fourth most abundant cation in the
body and the second most prevalent intracellular cation [1,2].
In terms of its physiological role, Mg is essential for many
enzymatic reactions [3]. Mg has two general interactions:
first, it can bind to an enzyme substrate, thereby forming a
complex with which the enzyme interacts, as in the reaction
of kinases with magnesium ATP*~ (MgATP). Second, Mg
binds directly to the enzyme and alters its structure and/or
serves a catalytic role (e.g., exonuclease, topoisomerase and
RNA and DNA polymerases) [4,5]. Overall, the predominant
action of Mg is related to ATP utilization; it exists in all cells
primarily as MgATP. Mg deficiency has been associated with
hypertension, cardiac arrhythmias, myocardial infarction,
hypokalemia and hypocalcemia [6]. Approximately 50—60%
of Mg is in the skeleton, and dietary Mg deficiency has also
been implicated as a risk factor for osteoporosis [6]. The
current recommended daily allowance for Mg for adult males

and females is 420 and 320 mg/day, respectively [7].
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2. Animal models

Experimental research studies on Mg deficiency have
usually used a rat model with severe restriction of Mg intake
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ranging from 0.2 to 8 mg/100 g chow (normal=50-70 mg/
100 g chow) [9—14]. In animal studies using young growing
animals exposed to Mg deficiency, epiphyseal and diaph-
yseal growth plates are thinned and there is a decrease in
the number and organization of chondrocytes [11-13]. We
have recently assessed the effect of a more moderate
dietary Mg restriction, 10% of the nutrient requirement
(NR), on the growth plate and articular cartilage in rats
following a 6-month dietary Mg restriction [15,16].
Histomorphometry demonstrated decreased distal femur
articular cartilage chondrocyte density and decreased tibial
growth plate width. Growth plates of low-Mg animals
showed reduced chondrocyte column formation. Matrices
of both articular and growth plates in treated animals
displayed decreased glycoprotein content. Immunolocaliza-
tion of SOX9 was decreased in both the articular and growth
plate cartilage in treated animals compared with controls,
suggesting that Mg intake at this reduced level causes
cartilage changes that may be secondary to reduced levels of
the SOX9 transcription factor [16].

In terms of bone mass, a reduction of trabecular bone
mass has been demonstrated in rats and mice by histo-
morphometry and microcomputed tomography at very low
dietary Mg intakes [10—12,14]. A similar finding has now
been reported at a dietary Mg intake of 10% of NR [15].
This, in part, appears to be secondary to reduced osteoblas-
tic bone formation as assessed by quantitative histomorph-
ometry [11,13,17]. In addition, reduction in serum and bone
alkaline phosphatase [12,18,19] and osteocalcin [10,17,20]
as well as a decrease in collagen formation [21] support a
reduction in osteoblast function. Osteoclast activity and
number, however, appear to be increased in rats and mice at
dietary intakes of 0.2% [11,13] and 10% [15] of NR.
Therefore, there appears to be an uncoupling of osteoblast
and osteoclast activities.

Bones from Mg-deficient animals have been described as
brittle and fragile [19,22]. Biomechanical studies have
demonstrated increased skeletal fragility in rats and pigs
[10,23-26].

3. Human observations
3.1. Epidemiological studies

Epidemiological studies provide a link associating
dietary Mg inadequacy to osteoporosis; however, differ-
ences in study populations and study designs often make
such clinical data difficult to interpret and compare.

In premenopausal women, one study found a significant
correlation between the bone mineral density (BMD) of the
lumbar spine and Mg intake [27]. Another study of
premenopausal women found a positive correlation between
the BMD of the forearm, but not of the femur or spine, and
Mg intake [28]. In a third study of premenopausal women, a
significant relationship between dietary Mg intake and the
rate of change of the BMD of the lumbar spine over a 1-year

period was observed [29]. In preadolescent girls, Mg intake
was positively related to quantitative ultrasound properties
of the bone; this finding suggests that Mg was important in
skeletal growth and development [30].

A cross-sectional study of premenopausal and postmen-
opausal women did not find a correlation between Mg intake
and BMD in the distal forearm [31]. However, a longitudinal
observation over 4 years in this same study population
demonstrated that loss of bone mass was inversely related to
Mg intake. Another study of postmenopausal women did
show a significant positive correlation between the BMD of
the forearm and Mg intake [32]. Moreover, in older females
in a cross-sectional study and a 2-year longitudinal study, a
positive correlation between the BMD of the hip and Mg
intake was present in the cross-sectional analysis but not in
the longitudinal assessment data [33].

A positive correlation between Mg intake and appendic-
ular BMD was found in women aged 43—80 years [34]. In a
study of women 45-55 years old, higher intakes of Mg were
associated with higher bone mass of the forearm (but not of
the femoral neck or hip) [35]. However, such a correlation
was not found in women who recently underwent meno-
pause [28]. In addition, a cross-sectional study combining
premenopausal and postmenopausal women aged 28—74
years found no such correlation with BMD at the lumbar
spine, femoral neck or total body calcium [36].

There are only a few epidemiological studies on Mg
intake and bone density in male subjects. In a cross-sectional
study, a significant correlation between Mg intake and BMD
at the hip in elderly men aged 69-97 years was
observed [33]. A subsequent longitudinal analysis over a
4-year period showed less bone loss in men with higher
intakes of Mg, potassium, fruits and vegetables [37]. In
another study in men aged 61-81 years, no correlation was
present between mean Mg intake and appendicular BMD.
Analysis of a subset of these men taking Mg supplements,
however, did identify a significant correlation between Mg
intake and appendicular BMD [34].

In summary, these epidemiological studies link dietary
Mg intake to bone mass but point to the need of additional
well-designed studies that would include both male and
female subjects. Exceptions to the link between dietary Mg
intake and bone mass appear to include women in the early
postmenopausal period, in which the effect of acute sex
steroid deficiency may mask the effect of dietary factors
such as Mg. In addition, diets deficient in Mg are usually
also deficient in other nutrients, especially calcium, which
also affect bone mass. Further investigations are needed to
provide a firm relationship between dietary Mg inadequacy
and osteoporosis.

3.2. Effect of dietary Mg on bone turnover

“Bone markers” are the biochemical products released
into circulation during the process of bone formation (e.g.,
serum osteocalcin and bone-specific alkaline phosphatase) or
resorption (e.g., urine deoxypyridinoline and N-telopeptide
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of collagen cross-links). Elevations in these markers reflect
an increase in bone turnover and have been used in various
studies to predict bone loss [38].

In two of the epidemiological studies cited above,
markers of bone turnover were included in the study design.
When no correlation was found between BMD and dietary
Mg intake, serum osteocalcin did not correlate with Mg (or
any other nutrient) intake [36]. In another study, although
serum osteocalcin was not associated with dietary intake of
Mg or other nutrients, Mg intake was negatively correlated
with urinary excretion of pyridinoline and deoxypyridino-
line; this finding suggests that a low-Mg diet was associated
with increased bone resorption [35].

3.3. Mg status in patients with osteoporosis

While most body Mg, 50—60%, resides in the skeleton,
and skeletal Mg reflects Mg status, studies have reported low,
normal or high bone Mg content in osteoporosis [39—45].

Few studies that assessed Mg status in patients with
osteoporosis have been performed. Low serum values of
Mg, copper and zinc were found in osteoporotic subjects
compared with nonosteoporotic postmenopausal women
[46]. In another study involving perimenopausal and
postmenopausal women, women with severe osteoporosis
had significantly lower serum ionized Mg levels [47]. In
patients with Crohn’s disease, higher serum Mg predicted
higher BMD at the femur; however, a negative correlation
was observed in the spine [48]. Family members affected
with an autosomal dominant form of primary hypomagne-
semia due to renal Mg wasting demonstrated significant
reductions in serum and lymphocyte Mg concentrations as
well as significantly reduced BMD in the lumbar spine and
proximal femur [49]. These data suggest that hypomagne-
semia may be associated with low bone mass.

Mg tolerance testing and serum Mg levels were techni-
ques used to assess elderly osteoporotic subjects aged 70—85
years compared with nonosteoporotic subjects [50]. Both
groups had normal serum Mg concentrations. The Mg
tolerance test, however, revealed a significantly greater
retention in the osteoporotic patients, 38%, as compared
with 10% in the control subjects, suggesting Mg deficiency.
[The Mg tolerance test is based on the amount of Mg
excreted into the urine following an intravenous infusion of
Mg. Normal subjects usually retain less than 20% of the
infused Mg load. Greater than 20% retention is suggestive of
Mg deficiency and greater than 50% retention confirms Mg
deficiency. While this is a good indicator of Mg status, it is
cumbersome because it requires an intravenous infusion and
24-h urine collections. In addition, any disorder (e.g.,
diabetes mellitus) or drug (e.g., diuretics) that causes urine
Mg loss would negate the usefulness of this test.] In contrast,
12 younger osteoporotic women aged 55-65 years had
significantly lower serum Mg concentrations than control
subjects, but no difference in the Mg tolerance test results
was observed [39]. Red blood cell Mg was found to be
significantly lower in postmenopausal women who had at

least one vertebral fracture as compared with subjects with
degenerative osteoarthritis; however, no difference in plasma
Mg was found [40]. In a second report, however, Mg levels
in postmenopausal women with vertebral crush fracture had
a significantly lower serum Mg but no difference in red
blood cell Mg compared with nonosteoporotic women [51].

In summary, Mg status has been assessed in very few
osteoporotic patients. Low serum and red blood cell Mg
concentrations, as well as high retention of parenterally
administered Mg, have suggested a Mg deficit. These
results, however, are not consistent from one study to
another and are often difficult to compare. Similarly, while
low skeletal Mg content has been observed in some studies,
others have found normal or even high Mg content.

3.4. Effect of Mg therapy on osteoporosis

The effect of dietary Mg supplementation on bone mass in
patients with osteoporosis has not been extensively studied.
Administration of 600 mg of Mg per day over 6—12 months
to 19 patients demonstrated that the BMD of the calcaneus
increased by 11% compared with a 0.7% rise in that of
control subjects [45]. All subjects were postmenopausal,
undergoing sex steroid replacement therapy and received
500 mg of calcium per day as well as many other dietary
supplements, thus making it difficult to conclude that Mg
alone was the sole reason for the increase in bone mass. In a
retrospective study, administration of 200 mg of Mg per day,
given to postmenopausal women, was observed to produce a
small nonsignificant 1.6% rise in the bone density of the
lumbar spine; no change was seen in the femur [52]. A 2-year
trial prospective study in which postmenopausal osteoporotic
women were given 250 mg of Mg per day, increasing to a
maximum of 750 mg/day for 6 months depending on
tolerance, was conducted [53]. All subjects were given 250
mg of Mg per day from months 6 to 24. Age-matched
subjects served as controls. At 1 year, there was a significant
2.8% increase in the bone density of the distal radius.
Twenty-two of the 31 subjects had an increase in bone
density while that of 5 did not change. No significant effect
of Mg supplementation was shown at 2 years, although only
10 subjects completed the trial. In a small uncontrolled trial,
a significant increase in the bone density of the proximal
femur and lumbar spine was found in celiac sprue patients
who received approximately 575 mg of Mg per day for 2
years [54]. These subjects had shown evidence of reduced
free Mg in red blood cells and peripheral lymphocytes.

In summary, the effect of Mg supplements on bone mass
has generally led to an increase in BMD, although study
design variations limit the usefulness of some of this
clinical information.

4. Potential mechanisms for Mg-induced bone loss

A number of potential mechanisms may contribute to
Mg-deficiency-induced bone loss. These are illustrated in
Fig. 1.
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Fig.1. Potential mechanisms for Mg-deficiency-induced bone loss include
the following. (1) Increased release of substance P as low Mg enhances the
stimulation of the NMDA receptor by excitatory amino acids. Substance P
then stimulates TNFa and IL-1p production by monocytes that in turn
activate osteoclasts. (2) The development of oxidative stress during Mg
depletion may increase oxyradicals that also may induce osteoclastic bone
resorption. (3) Osteoblast bone formation may decrease due to loss of a
mitogenic effect on this cell or by decreased PTH secretion and/or
decreased 1,25(OH),-vitamin D production. (4) The formation of larger
and more perfect crystals may also contribute to skeletal fragility.

4.1. Direct effect of low Mg on cell function

Mg plays a crucial role in cell proliferation and function.
Cells are unable to proliferate in the absence of extracellular
Mg because of the resultant reduction in DNA, RNA and
protein synthesis [55,56]. In a recent study, differentiation of
malignant cell lines was shown to be influenced by
extracellular Mg concentrations [57,58].

Approximately 50—60% of body Mg is in the bones [59].
The majority of Mg in bones is incorporated into the
hydroxyapatite crystal. One third is surface limited and
appears to serve as a reservoir for maintaining extracellular
Mg concentration. Experimental Mg deficiency results in a
30—40% fall in bone Mg content [11,13,15].

Mg appears to be important in bone cell activity. It is
mitogenic for osteoblasts in culture [60] and its depletion
causes cellular growth inhibition in vitro [61]. Thus, Mg
deficiency may directly result in a decrease in osteoblastic
bone formation. We have observed a decrease in the
osteoblast number of Mg-deficient rodents [11,13,15]. In
other studies, serum and bone alkaline phosphatase and
osteocalcin and bone osteocalcin mRNA were reduced; this
finding suggests that there was a decrease in osteoblastic
function [12,17,19,20]. Decreased collagen formation,
sulfation of glycosaminoglycans [17] and decreased tetra-

cycline labeling [13] have also been observed. In a recent
study of less severely depleted rats, osteoblast number did
not differ from control subjects; markers of osteoblastic
bone formation (serum alkaline phosphatase and osteocal-
cin) were reduced, however, suggesting the presence of
impaired osteoblast activity [15]. A recent study has
suggested that Mg results in an increase in osteoblast
adhesion to bioceramic surfaces via an integrin-mediated
mechanism [62]. These above-cited studies suggest that
variation in Mg concentration may directly affect osteoblast
function and bone metabolism.

4.2. Effect on parathyroid hormone and 1,25(0OH)»-
vitamin D

Calcium is the major regulator of parathyroid hormone
(PTH) secretion. Acute changes in extracellular Mg
concentrations will influence PTH secretion in a manner
qualitatively similar to calcium by binding to the calcium-
sensing receptor. Mg deficiency, however, perturbs mineral
homeostasis, and hypocalcemia is a prominent manifesta-
tion of Mg deficiency [6,63,64]. One major cause for
hypocalcemia is impaired parathyroid gland function [6,63].
Most patients with hypocalcemia due to Mg deficiency have
low or inappropriately normal serum PTH levels. The
administration of Mg will result in an immediate rise in the
serum PTH level. The presence of normal or elevated serum
concentrations of PTH in the face of hypocalcemia suggests
that there may also be end-organ resistance to PTH action
[63]. Skeletal resistance to exogenous PTH in hypocalcemic
Mg-deficient patients has been reported [65]. Similarly,
urinary excretion of cyclic adenosine monophosphate (AMP)
and/or phosphate in response to PTH in such patients has
been observed [6,63].

The mechanism for impaired PTH secretion and action in
Mg deficiency remains unclear. It has been suggested that
there may be a defect in the second messenger systems in Mg
depletion. Adenylate cyclase has been universally found to
require Mg for cyclic AMP generation both as a component
of the substrate (MgATP) and as an obligatory activator of
enzyme activity [66,67]. PTH has also been shown to
activate the phospholipase C second messenger system. Mg
depletion could perturb this system via several mechanisms
because a Mg-dependent guanine nucleotide regulating
protein is involved in activation of phospholipase C; Mg
has also been shown to be a noncompetitive inhibitor of
inositol 1,4,5-trisphosphate-induced calcium release [68,69].

Mg is also important in vitamin D metabolism and/or
action [70]. Patients with hypocalcemia and Mg deficiency
have been reported to be resistant to pharmacological doses
of vitamin D, 1a-hydroxyvitamin D and 1,25-dihydroxyvi-
tamin D [1,25(OH),-vitamin D] [70,71]. The exact nature of
altered vitamin D metabolism and/or action in Mg deficiency
is unclear. Serum concentrations of 1,25(OH),-vitamin D
have been found to be low or low-normal in most
hypocalcemic Mg-deficient patients [70,71]. We have also
reported that serum 1,25(OH),-vitamin D is profoundly
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lowered in Mg-depleted rats [11,15]. Because PTH is a major
trophic for 1,25(OH),-vitamin D formation, the low serum
PTH concentrations could explain the low 1,25(OH),-
vitamin D levels. Mg is also known to support 25-hydroxy-
la-hydroxylase in vitro [72], suggesting that Mg deficiency
may directly impair the ability of the kidney to synthesize
1,25(0OH),-vitamin D. Because both hormones are trophic for
the osteoblast, these changes in PTH and 1,25(OH),-vitamin
D levels may contribute to impaired bone formation.

4.3. Abnormal bone crystal formation and mineralization

Mg directly affects the process of mineralization. It is
known to inhibit hydroxyapatite crystal growth in solution
[73,74]. It also binds to the surface of apatite crystals and
retards their formation and growth [73,74]. When rats are fed
excess Mg, the mineral crystals in their bones are smaller
than those in control animals [75], whereas crystal size and
perfection are significantly increased in Mg-deficient rats
[10]. Postmenopausal women with osteoporosis and docu-
mented Mg deficiency were found to have larger and more
perfect crystals in the trabecular bone as assessed on infrared
spectrophotometry [76]. Another study demonstrated de-
creased bone Mg and high crystallinity index in senile
osteoporosis and type 2 diabetes, whereas increased bone
Mg and a low crystallinity index were found in women
undergoing hormone replacement therapy [39]. Therefore,
there appears to be an inverse correlation between bone Mg
and crystallinity index. The size of mineral crystals
influences mechanical properties. When crystals are exces-
sively large, bones may be brittle and not able to bear a
normal load [73-76].

Mg deficiency has also been observed to delay the onset
of mineralization of newly formed cartilage matrix and bones
[77]. Whether this is due to the effect on crystal formation or
to some other process in mineralization is unclear. These
abnormalities, however, could contribute to reduced bone
mass and skeletal fragility induced by Mg deficiency.

4.4. Magnesium-deficiency-induced increase in
inflammatory cytokines

We have observed that Mg-deficient rats and mice
demonstrated an increase in osteoclast number, surface area
covered by osteoclasts and eroded surface [11,13,15]. This
finding suggests that increased bone resorption was a major
factor causing the decrease in bone mass. A study in humans
found that dietary Mg intake was the strongest predictor of
urinary deoxypyridinolium excretion; that is, a low Mg intake
was associated with elevated urinary deoxypyridinoline [35].

The potential mechanism(s) of the increase in osteoclas-
tic bone resorption is unclear at present. Mg has been shown
to inhibit the N-methyl d-aspartate (NMDA) receptor [78];
reduction of extracellular Mg lowers the threshold level of
excitatory amino acids necessary to activate this receptor.
Activation of the NMDA receptor induces the release of
neurotransmitters such as substance P [79]. Dietary Mg
deficiency produces elevated serum levels of neuropeptides

such as substance P within 1-3 days of low Mg diet
introduction in rodents [79,80] and is followed by release of
proinflammatory cytokines [interleukin (IL)-1p3 and tumor
necrosis factor (TNF)-o] within the first week of dietary Mg
depletion [79]. Substance P is known to be released at nerve
endings in bones and to enhance osteoclastic bone
resorption [81,82]. We have observed localized increased
levels of substance P, TNF-o and IL-1f in cellular elements
of the bone marrow microenvironment of Mg-deficient mice
and rats using immunohistochemical techniques [13,15].
This localized cytokine increase may contribute to increased
osteoclast numbers and bone resorption, thus explaining the
uncoupling of bone formation and bone resorption observed
in Mg-deficient rats [11,15] and mice [13]. These cytokines
have also been proposed to contribute to an increase in
osteoclastic bone resorption in postmenopausal women [83].
Mg deficiency is also associated with oxidative stress
[84,85]. There is a stimulation of nitric oxide and an
increase in oxyradical production. The final effector
molecule in osteoclastic bone resorption appears to be the
receptor activator of nuclear factor-«<B ligand [86]. Recently,
induced oxidative stress in rats resulted in increased bone
resorption [87] and markers of oxidative stress predicted
BMD in women [88], suggesting that this may be another
mechanism for Mg-deficiency-induced bone loss.

5. Conclusions and outlook

The relatively small body of basic science and clinical data
that are available in the literature on the effects of long-term
low-Mg dietary intake have been reviewed here. Fundamen-
tal questions can now be formulated to answer questions on
how low Mg influences bone mass, bone turnover, the bone-
related hormones and cytokine levels. For instance, what
dietary Mg intake is required to maintain skeletal health? In
addition, the impact of other common nutrient deficiencies
such as calcium and vitamin D on low dietary Mg-induced
bone loss has not been investigated. The potential role of
inflammatory cytokines in mediating the adverse effect of
Mg deficiency on bones must be investigated. The impor-
tance of elucidating the role of low Mg intake on the
development of osteoporosis cannot be overly stressed
because the aging population at risk for this disease continues
to grow and contribute to health care costs.
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