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Abstract: Animal studies have shown that magnesium deficiency induces an inflammatory
response that results in leukocyte and macrophage activation, release of inflammatory cytokines
and acute-phase proteins, and excessive production of free radicals. Animal and in vitro studies
indicate that the primary mechanism through which magnesium deficiency has this effect is
through increasing cellular Ca?*, which is the signal that results in the priming of cells to give
the inflammatory response. Primary pro-inflammatory cytokines such as tumor necrosis factor-o.
and interleukin (IL)-1; the messenger cytokine IL-6; cytokine responders E-selectin, intracel-
lular adhesion molecule-1 and vascular cell adhesion molecule-1; and acute-phase reactants
C-reactive protein and fibrinogen have been determined to associate magnesium deficiency
with chronic low-grade inflammation (inflammatory stress). When magnesium dietary intake,
supplementation, and/or serum concentration suggest/s the presence of magnesium deficiency,
it often is associated with low-grade inflammation and/or with pathological conditions for which
inflammatory stress is considered a risk factor. When magnesium intake, supplementation, and/
or serum concentration suggest/s an adequate status, magnesium generally has not been found
to significantly affect markers of chronic low-grade inflammation or chronic disease. The con-
sistency of these findings can be modified by other nutritional and metabolic factors that affect
inflammatory and oxidative stress. In spite of this, findings to date provide convincing evidence
that magnesium deficiency is a significant contributor to chronic low-grade inflammation that is
arisk factor for a variety of pathological conditions such as cardiovascular disease, hypertension,
and diabetes. Because magnesium deficiency commonly occurs in countries where foods rich in
magnesium are not consumed in recommended amounts, magnesium should be considered an
element of significant nutritional concern for health and well-being in these countries.
Keywords: magnesium deficiency, magnesium adequacy, inflammatory stress, oxidative stress,
chronic disease

Introduction

Over 85 years ago, findings were obtained that indicated magnesium deprivation in
rats resulted in an inflammatory response.! However, it was in the 1990s when evi-
dence showing that magnesium deficiency is associated with pathological conditions
characterized as having a chronic inflammatory stress (heightened inflammatory
response) component gained momentum. As reviewed in 2007, animal experiments
found that limiting magnesium intake to less than 10% of the recognized requirement
resulted in an inflammatory response characterized by leukocyte and macrophage
activation, release of inflammatory cytokines and acute-phase proteins, and excessive
production of free radicals.? Another review emphasized the roles of pro-inflammatory
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neuropeptide substance P and calcitonin — gene-related pep-
tide in inflammatory stress induced by severe magnesium
deficiency in rats.> At first glance, these findings could be
considered irrelevant for humans because they were obtained
by using deficient magnesium intakes that are unlikely for
humans based on dietary surveys.* Most people will have
intakes that meet at least 50% of the current US Estimated
Average Requirement (EAR).* Animal experiments in which
moderate-to-marginal or subclinical (~50% to less than 100%
of recognized requirement) magnesium was fed relatively
short-term (several weeks) have not been found to mark-
edly affect variables associated with inflammatory stress.>¢
However, a small number of animal studies indicate that a
subclinical or moderate magnesium deficiency can result in
inflammatory stress if the deficiency is long-term. Reduction
of dietary magnesium to 25% and 50% of the requirement
for 3—6 months increased substance P and tumor necrosis
factor-o. (TNF-a) in tibia bone of rats.”® Long-term moderate
magnesium deficiency (150 mg or 6.2 mmol magnesium/kg
diet) during aging was found to increase inflammatory and
oxidative stress and thus cardiovascular risks in rats.>!
Animal studies also indicate that environmental or nutri-
tional factors increasing the need for magnesium or causing
inflammatory and oxidative stress can result in relatively
short-term magnesium deficiency inducing or exacerbating
increased inflammation. For example, the fatty acid composi-
tion of the diet, which can affect inflammatory and oxidative
stress, was found to alter the response to marginal magnesium
deficiency in rats.'! The epidermal growth factor receptor
tyrosine kinase inhibitor, erlotinib (Tarceva), was found to
induce mild magnesium deficiency that triggered substance
P-mediated oxidative/inflammatory stress in rats.'? Although
limited in number, these latter studies suggest that animal
findings involving inflammatory stress can be reasonably
extrapolated to humans.

Plausible mechanism through which
magnesium deficiency is linked to
increased inflammation and resulting
oxidative pathology

Animal and in vitro studies indicate a plausible mechanism
through which magnesium deficiency induces increased
inflammation resulting in an increased risk for chronic dis-
ease. The increased inflammation can involve the priming of
phagocytic cells to give an inflammatory response; increas-
ing substance P, a tachykinin neuropeptide that induces the
production of proinflammatory cytokines; and activating
nuclear factor-kappa § (NFxp), a transcription factor respon-

sible for the expression of inflammation-related genes. As
described in a review, animal studies show that magnesium
deficiency enhances the recruitment of phagocytic cells to
perform their effector functions, which ultimately leads
to the generation of reactive oxygen species.”* Excessive
or chronic production of reactive oxygen species (oxida-
tive stress) pathologically affecting tissue is a reason that
inflammatory stress is considered a risk factor for numerous
chronic diseases. Priming agents are needed to stimulate
phagocytic cells to produce reactive oxygen species. These
priming agents do not elicit oxidative effects but stimulate
the production of other factors that do. The priming agent
can be cytokines such as TNF-o, whose release is induced
by increased intracellular Ca*, which is considered a signal
to initiate the inflammatory process. The increase in cellular
Ca? could occur through magnesium deficiency activating
the L-type calcium channel.' Increased intracellular Ca**also
could occur through enhanced activation of the of N-methyl-
D-aspartate (NMDA) receptor.®'> It has been hypothesized
that increased intracellular Ca** via the NMDA receptor is
the stimulus for increased production of substance P in the
primary sensory (C) fibers that increases pro-inflammatory
cytokines and ultimately causes neuronal injury through
oxidative activity in magnesium-deficient animals.> Recent
studies also have indicated that pro-inflammatory cytokine
production induced by magnesium deficiency involves NF«f3,
including TNF-o and IL-1B.!%!7 L-type calcium channels
were found to be involved in magnesium supplementation
attenuating the production of pro-inflammatory cytokines
whose production was increased by NF«[3.!416

All the systems involved in magnesium deficiency
affecting inflammatory stress already described involve
magnesium’s role as a physiologic Ca?* channel blocker, that
is, in magnesium deficiency, cellular Ca** increases through
an influx from extracellular sources via slow Ca?" transport
channels, and the release from intracellular stores such as the
sarcoplasmic reticulum. This suggests that increasing cellular
Ca*"is the primary mechanism through which magnesium
deficiency induces inflammatory stress.

Markers of chronic inflammatory stress

used in magnesium deficiency studies

Numerous substances have been used to determine whether
increased chronic low-grade inflammation has occurred that
could lead to pathological effects. Many of these are used to
associate magnesium deficiency with increased inflammation
and are described in an American Heart Association/Center
for Disease Control and Prevention Scientific Statement.'s
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The substances include primary pro-inflammatory cytokines
TNF-a and interleukin-1 (IL-1); the messenger cytokine
IL-6; cytokine responders E-selectin, P-selectin, intracellular
adhesion molecule-1 (ICAM-1) and vascular cell adhesion
molecule-1 (VCAM-1); and acute-phase reactants C-reactive
protein (CRP), fibrinogen and serum amyloid A. In this
statement, CRP was determined to be a useful marker of
inflammatory stress that could lead to atherosclerosis, with
a value of >3.0 mg/L indicating a high risk of inflammatory
stress. Based on the statement, CRP is one of the more com-
monly used markers of inflammatory stress in pathological
conditions, especially chronic diseases, associated with
magnesium deficiency.

Determination of magnesium deficiency

in humans

Because magnesium has so many critical functions, the
body has mechanisms to assure that it is readily available to
perform them. During low intakes of magnesium, the percent
absorbed from the diet is increased, the amount in urine is
decreased, and body reserves (bone is the major reserve) are
used. When the dietary intake of magnesium is adequate, the
opposite occurs. Thus, the response of the body to maintain
magnesium homeostasis when changes in dietary intakes
occur has made it difficult to establish indicators and dietary
intakes disclosing the presence of magnesium deficiency.
Dietary intake and serum concentration of magnesium usu-
ally are used as markers of magnesium status. In 1997, the
USA and Canada set the EAR and Recommended Dietary
Allowance (RDA) for adult women at 255-265 mg (10.49—
10.90 mmol)/day and 310-320 mg (12.75-13.16 mmol)/
day, respectively.!” The EAR and RDA, respectively, for
adult men were set at 330-350 mg (13.57-14.40 mmol)/day
and 410-420 mg (16.86—17.28 mmol)/day."” These Dietary
Reference Intakes (DRIs) were based on highly variable bal-
ance data from 16 men and 18 women on self-selected diets
with reduced magnesium during the period when balance
determinations were made. The current reference interval for
serum magnesium of 0.75-0.95 mmol/L (1.82-2.30 mg/dL)
is based on data reported in 1974.° This reference value was
based on the distribution of serum magnesium in a normal
population, not on the basis of a relationship between serum
magnesium and clinical outcomes.

Since the DRIs and serum reference values for magnesium
were established, data have accumulated indicating that using
these values might be of questionable validity for establishing
the likelihood of a subclinical magnesium deficiency in an indi-
vidual. The newer data indicate that the DRIs might be too high

for some individuals and the “normal” serum reference range
might include some magnesium-deficient individuals. Thus,
using the current old reference values could result in the conclu-
sion that some individuals are subclinical magnesium deficient
when they have an adequate magnesium status, or vice versa.
This could be partly the basis for magnesium deficiency not
being consistently found in pathological conditions with which
it is often associated, and for assumed magnesium-deficient
individuals to not always exhibit some type of pathology.!

Balance data obtained since 1997 indicate that the EAR
and RDA for magnesium should be 175 and 250 mg (7.20
and 10.28 mmol)/day, respectively, for 70 kg healthy indi-
viduals, and increase or decrease based on body weight.?>?
Data from balance studies indicate that 40—80 mg (1.65-3.29
mmol) magnesium/day is excreted when magnesium intakes
are less <250 mg (10.28 mmol)/day and 80-160 mg (3.29—
6.58 mmol)/day when intakes are >250 mg (10.28 mmol)/
day.? It should be noted that urinary magnesium excretion
changes within a few days after any significant change in
magnesium intake.?* Thus, a single 24-hour determination
of urinary magnesium would not be useful as an indicator
of current magnesium status because magnesium excretion
may be low while the individual still has an adequate status,
and vice versa. However, urinary magnesium would be use-
ful in indicating magnesium intakes or status in population
studies. Metabolic unit depletion/repletion experiments show
that serum magnesium concentrations decrease only after a
prolonged depletion if an individual starts with an adequate
magnesium status. As a result, individuals with serum mag-
nesium concentrations in excess of 0.75 mmol/L (1.82 mg/
dL) might be magnesium deficient because such individuals
respond to magnesium supplementation.? This is consistent
with a recent workshop conclusion that some individuals
within the “normal” reference range for serum magnesium
could be subclinical magnesium deficient.?* Recent evalu-
ations of serum magnesium as an indicator of status have
indicated individuals with serum magnesium values <0.75
mmol/L (1.82 mg/dL) most likely are magnesium deficient
and those with values of >0.85 mmol/L (2.07 mg/dL) are
most likely magnesium adequate.”** Individuals with serum
magnesium concentrations between these values need the
determination of additional measures to establish magne-
sium deficiency or adequacy. A urinary excretion of <80
mg (3.29 mmol)/day and/or a dietary intake history showing
a magnesium intake of <250 mg (10.28 mmol)/day would
support the presence of magnesium deficiency, especially if
there is a concurrent chronic disease that is associated with
chronic inflammatory stress.?
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The occurrence of subclinical magnesium deficiency
based on set or suggested DRIs commonly occurs in countries
in which magnesium-rich foods such as whole grains, pulses,
nuts, and green vegetables are not regularly consumed. In the
USA, a 2005-2006 survey indicated that ~60% of all adults
did not meet the set EARs for magnesium.* If the suggested
RDA of 250 mg (10.28 mmol)/day for a healthy 70 kg per-
son?>% is used, the survey indicates that almost 50% of adult
females and 25% of adult males still would have intakes less
than recommended. Many individuals weigh more than 70 kg
and thus it is likely that more than 25% of adults have usual
intakes less than the suggested EAR of 175 mg (7.20 mmol)
for a healthy 70 kg person.?>?

Magnesium deficiency and increased

inflammation

A meta-analysis and systematic review of seven cross-
sectional studies with a total of 32,198 individuals were
performed to evaluate the effect of magnesium status on
serum CRP concentrations.?® Meta-regression analysis found
that dietary magnesium was significantly and inversely
associated with serum CRP concentrations in four cross-
sectional studies. In three of the studies where the data
were appropriate to use, dietary intake ranged from 205 to
398 mg (8.43-16.37 mmol)/day. The three studies gave a
pooled odds ratio of 1.49 (95% CI: 1.18-1.89) for a CRP of
at least 3.0 mg/L for the lowest in comparison to the highest
magnesium intake. A prospective cohort study also showed
a significant inverse association between dietary magnesium
intake and serum CRP concentration.?’ In addition, with
a comparison between apparently deficient to sufficient
concentrations, serum magnesium concentration was sig-
nificantly inversely correlated to serum CRP concentrations
in two cross-sectional studies.?

Although CRP is commonly used to show an association
between inflammatory stress and magnesium deficiency,
the association has been substantiated by other indicators
of inflammatory stress. In a cross-sectional study involving
192 non-diabetic, non-hypertensive participants, obese indi-
viduals were found to exhibit higher serum concentrations of
TNF-a and lower serum concentrations of magnesium than
lean and overweight individuals.?® In each group of 54, obese
individuals had a mean serum magnesium concentration of
0.67 mmol/L and a TNF-o. mean concentration of 8.4 pg/
mL, whereas the lean and overweight individuals had mean
magnesium concentrations of 0.83 and 0.81 mmol/L and
mean TNF-o concentrations of 4.1 and 6.2 pg/mL, respec-
tively. Elevated concentrations of TNF-ot (3.5 pg/mL) were

found in 91 individuals — 7 (10.9% of group), 31 (48.4% of
group), and 43 (67.2% of group) in lean, overweight, and
obese groups, respectively.?® The odds ratio between serum
magnesium and TNF-a in obese individuals was 1.8 (95%
CI: 1.2-9.1), and in lean and overweight individuals was
1.1 (CI: 0.7-8.7) and 1.3 (95% CI: 0.9-10.8), respectively.
In another cross-sectional study involving 98 individuals
newly diagnosed with metabolic syndrome, severe hypo-
magnesemia (<0.49 mmol/L) but not hypomagnesemia
(=20.49-<0.74 mmol/L), when compared to individuals with
serum magnesium concentrations of >0.74 mmol/L (con-
sidered normomagnesemia), was associated with elevated
concentrations of TNF-a..” The odds ratio, adjusted by the
obesity measure waist circumference, between serum TNF-o
and severe hypomagnesemia was 3.7 (95% CI: 1.1-12.1) and
hypomagnesemia was 1.6 (95% CI: 0.7-3.6). However, the
odds ratio of 0.28 (95% CI: 0.1-0.6) for normomagnesemia
indicated that magnesium had a protective role against ele-
vated TNF-a.. A more recent cross-sectional study involving
300 individuals with known coronary heart disease found that
serum TNF-o was significantly higher with serum magne-
sium concentrations <0.66 mmol/L than with higher concen-
trations, and with dietary intakes of <350 mg (14.40 mmol)/
day compared to intakes >350 mg (14.40 mmol)/day.>® This
study also found a similar result with IL-6, which confirmed
earlier reports associating a lower magnesium status with
higher serum IL-6. In the longitudinal Coronary Artery Risk
Development in Young Adults (CARDIA) study involving
4,497 Americans, dietary magnesium intakes at baseline, 7
and 20 years and IL-6 at 20 years were determined.?” With
quintiles in which the lowest intake was 99.9 mg/1,000
kecal (4.11 mmol)/4.2 MJ) and the highest was 201.5/1000
kcal (8.35 mmol/ 4.2 MJ), dietary magnesium intake was
inversely associated with serum IL-6 concentration. In the
Women’s Health Initiative Observational Study (WHI-OS),
dietary magnesium and IL-6 were measured at baseline in
3,713 postmenopausal women free of cardiovascular disease,
cancer, and diabetes.*! With quintiles of magnesium intakes
ranging from 168.5 to 310.2 mg/day (6.93—12.76 mmol/
day), an increase in 100 mg (4.12 mmol)/day in magnesium
was inversely associated with serum IL-6 concentration.
Interestingly, the inverse relationship was more obvious in
overweight than in normal weight women. The WHI-OS
study also found that an increase of 100 mg (4.12 mmol)/
day in magnesium intake was inversely associated with the
serum adhesion factor VCAM-1.3! The CARDIA study also
found that magnesium intake was inversely associated with
the acute-phase reactant fibrinogen in serum.?
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Although cross-sectional studies suggest that dietary
magnesium deficiency is a risk factor for chronic low-grade
inflammation, it cannot be discounted that the deficiency
association with inflammatory stress is confounded by
another dietary factor concurrently occurring with the low
intake. A recent report stated that 45 dietary factors are
associated with the serum concentrations of six inflammatory
markers according to peer-reviewed publications through
2010.32 Thus, intervention studies may give a better indication
of whether magnesium deficiency is a significant contributor
to inflammatory stress that can lead to pathological condi-
tions. The review by Dibaba et al evaluated five intervention
studies that used serum magnesium concentration as a marker
of magnesium status.?® Three studies involved participants
with elevated serum CRP concentrations (3.0 mg/L) and
deficient serum magnesium concentrations (<0.75 mmol/L)
that were increased by magnesium supplementation.’*-3
The magnesium supplementation alleviated elevated serum
CRP concentrations. A similar finding was obtained in a
subsequent randomized double-blind placebo-controlled
study of 62 men and women.*® Magnesium supplementation
decreased highly elevated CRP more than did the placebo.
Although the placebo group also exhibited decreased serum
CRP at the end of the study, it was still elevated compared to
the supplemented group (17.5 vs 4.8 nmol/L). The placebo
attenuation finding was attributed to diet intervention and
exercise during the study that had anti-inflammatory stress
effects. In the review by Dibaba et al, two studies did not
show a significant effect of magnesium supplementation on
serum CRP2¢ In both of these studies, the participants did not
have elevated serum CRP concentrations (<3.0 mg/L) and
had serum magnesium concentrations indicating an adequate
magnesium status (~0.80 and 0.90 mmol/L, respectively).?’
Further evidence that the participants in these studies were
magnesium adequate was that the magnesium supplemen-
tation did not significantly increase serum magnesium
concentrations. Without a magnesium deficiency to induce
or exacerbate an elevated CRP and without an elevated
CRP to be attenuated with magnesium supplementation, it
might be predicted that these two studies would not show
an effect of magnesium on a marker of chronic low-grade
inflammation. A recent study that also found magnesium
supplementation did not significantly affect markers of
chronic low-grade inflammation can be critiqued in a similar
manner.* Magnesium was supplemented for 24 weeks in 52
overweight/obese individuals with mean serum magnesium
concentrations ranging from 0.84 to 0.87 mmol/L. In these
apparently magnesium-adequate individual, magnesium

supplementation did not decrease adhesion factors serum
VCAM-1, ICAM-1, and E-selectin.*® A recent systematic
review and meta-analysis of randomized controlled trials
support the suggestion that magnesium supplementation will
affect markers of inflammatory stress only when they are
elevated.” In the overall meta-analysis, magnesium treatment
did not significantly affect CRP. However, when the analysis
was stratified to compare subgroups of studies in populations
with baseline plasma/serum CRP concentrations of <3 mg/L
and >3 mg/L, magnesium treatment significantly decreased
CRP in the latter group.*

Magnesium deficiency in pathological
conditions characterized with an

inflammatory stress component

The concept that a moderate or subclinical magnesium
deficiency can eventually induce chronic low-grade inflam-
mation by itself or exacerbate inflammatory stress caused by
other factors is supported by numerous studies showing an
association between a low magnesium status and pathological
conditions for which chronic low-grade inflammation is con-
sidered a risk factor (see Table 1). The pathological conditions
receiving the most attention are hypertension, cardiovascular
disorders, the metabolic syndrome, and diabetes.

In a meta-analysis of six studies involving 20,119 cases
of hypertension, an inverse relationship was found between
dietary magnesium and hypertension when the highest
magnesium intake group (mostly >300 mg [12.34 mmol]/
day) was compared to the lowest magnesium intake group
(mostly <200 mg [8.23 mmol]/day) in each study.*' A 100 mg
(4.11 mmol)/day increment in magnesium intake was associ-
ated with a 5% reduction in the risk of hypertension. Another
meta-analysis that included 11 studies with 543 individuals
with insulin resistance, prediabetes, or non-communicable
disease found that magnesium supplementation (365-450
mg [15.0—18.5 mmol]/day) for a median of 3.6 months gave
mean reductions of 4.18 mm mercury (Hg) in systolic blood
pressure and 2.27 mm Hg in diastolic blood pressure.*?

A meta-analysis of 19 studies with 532,979 participants
found an inverse association between dietary magnesium and
the risk for cardiovascular events such as coronary heart dis-
ease, stroke, and cardiac disease mortality.* The greatest risk
reduction occurred when magnesium intake increased from
150 to 400 mg (6.17-16.45 mmol)/day. A meta-analysis of 16
studies comprising 313,041 individuals, of which there were
7534 cases of ischemic heart disease and 2686 fatal ischemic
heart disease events, found an inverse association between
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Table | Summary of meta-analyses indicating that magnesium deficiency is associated with increased inflammation

Association with CRP - a marker of chronic inflammatory stress

Reference Studies Individuals Mg Indicator Affect

Dibaba et al?* 7-Cs 32,198 Deficient intake Elevated serum CRP
Dibaba et al?* 5—INT® 138 Intake Inverse with serum CRP
Simental-Mendia et al* Il —RCT Supplementation Decreased serum CRP

Association with pathology with chronic increased inflammation a risk factor

Han et al*! 7-Pe 18,434/
144,915¢
Dibaba et al* I1-RCT 543
Qu et al® 13-P 14,918/
474, 680¢
Quetal® 8-P 5,884/
74,422¢
Del Gobbo et al** 16 —P 7534/
313,041¢
Larson et al* 7-P 6,477/
241,378¢
Nie et al* 8-P 8,367/
304,551¢
Adebamowo et al¥’ 8-P 3,780/
180,864¢
Ju et al*® 8-CS&2-P 10,161/
30,092¢
Larson and Wolk* 7-P 10,912/
286,668¢

Intake Inverse with risk of hypertension

Supplementation
Intake

Decreased blood pressure
Low intake increased CVD risk
events

Serum concentration Decreased CVD risk events with
increasing concentrations

Intake up to 250 mg/day Inverse with ischemic heart

disease

Intake Inverse with risk of ischemic
stroke

Intake Higher intake reduced total and
ischemic stroke risk

Intake Inverse with total and ischemic
stroke risk

Intake Inverse with metabolic syndrome

Intake Inverse with type 2 diabetes risk

Notes: *CS, cross-sectional studies; °INT, intervention trials; °P, prospective studies; ‘cases or events/sample size.
Abbreviations: CRP, C-reactive protein; CVD, cardiovascular disease; RCT, randomized controlled trial.

these events and magnesium intake.* The inverse association
was non-linear in which it occurred up to a threshold intake of
~250 mg (10.28 mmol)/day. Three meta-analyses have shown
an inverse association between magnesium intake and stroke.
In seven studies with 6477 cases of stroke among 241,378
participants, an intake increment of 100 mg (4.11 mmol)/day
was associated with an 8% reduction for the risk of stroke.*
In a meta-analysis of eight studies that had 8367 stroke cases
among 304,551 participants, an inverse association was found
between magnesium intake and total stroke cases and the
risk for ischemic stroke.* The range of mean magnesium
intakes for the quartiles or quintiles was 228-471 mg/day
(9.38-19.37 mmol/day). In an analysis of 86,149 and 94,715
women in the Nurses’ Health Study I and II, respectively, 3780
stroke cases were documented.’” A comparison between the
lowest quintiles of magnesium intake (226 and 240 mg/day
or 9.30 and 9.87 mmol/day, respectively) and the highest
quintiles of intake (387 and 434 mg/day or 15.92 and 17.84
mmol/day, respectively) in these two studies also found an
inverse association with magnesium intake and total stroke
cases and the risk for ischemic stroke.*’

Meta-analyses also have been performed, which show an
inverse association between magnesium intake and the meta-

bolic syndrome and diabetes. Based on eight cross-sectional
and two prospective cohort studies, a meta-regression deter-
mination found a generally linear inverse association between
magnesium intake and the metabolic syndrome.* The pooled
relative risk for the metabolic syndrome per 150 mg (6.17
mmol)/day increment in magnesium intake was 0.88 (95%
CI: 0.84-0.93). In all but one of seven cohort studies that
included 286,668 participants and 10,192 cases of type II
diabetes, an inverse relation between magnesium intake and
the risk for diabetes was found.” The overall relative risk
for a 100 mg (4.11 mmol)/day increase in magnesium intake
was 0.85 (95% CI: 0.79-0.92). Most recent support for the
association between magnesium and diabetes is findings from
the Canadian Health Measures Survey cycle 3 (2012 and
2013) involving 5561 individuals aged 3—79 years.* Type 1
or 2 diabetes was associated with 0.04—0.07 mmol/L lower
serum magnesium compared with not having diabetes. Serum
magnesium concentration was not only negatively associated
with diabetes, but also with serum glucose, serum insulin,
hemoglobin Alc, and homeostatic model assessment of
insulin resistance.’® A substantial percentage of adult sex-age
groups and adolescents were found to have serum magnesium
concentrations <0.75 mmol/L.>
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Other pathological conditions for which low serum mag-
nesium concentrations or dietary magnesium intake have
been inversely associated include colon cancer and osteopo-
rosis. In a meta-analysis that involved three case—control stud-
ies of colorectal adenomas and six prospective cohort studies
of carcinomas, every 100 mg (4.11 mmol)/day increase in
magnesium intake was associated with a 13% lower risk of
colorectal adenomas and tumors.> In the Kuopio Ischemic
Heart Disease prospective cohort study involving 2245 men
aged 42—61 years, low serum magnesium concentrations and
magnesium intakes were associated with an increased risk
for total and femoral fractures.*? The serum association was
obtained by using quartiles in which the lowest concentra-
tion was 0.74 mmol/L and the highest was 0.89 mmol/L.
A study involving 224 postmenopausal women found that
those with magnesium intakes <237 mg (9.75 mmol)/day had
poorer bone mineral contents, densities, and T scores than
those with higher intakes.*® This study is consistent with a
meta-analysis that found a marginally significant correlation
between magnesium intake and bone mineral density of the
femoral neck and total hip.**

Modifiers of the association between
magnesium deficiency and pathology
whose risk is increased by chronic low-

grade inflammation

Not every study of a group of individuals has shown an asso-
ciation between magnesium intake or serum concentration
and pathology whose risk is increased by inflammatory stress.
With these studies, magnesium intakes and serum concentra-
tions need to be closely examined. For example, in a prospec-
tive cohort of 39, 876 women aged 39—89 years with no history
of cardiovascular disease or cancer, a median 10-year follow-
up identified 1037 incident cases of cardiovascular disease.>
Comparing the highest quintile of magnesium intake (median
433 mg [17.81 mmol]/day) with the lowest quintile (median
255[10.48 mmol]/day) found that magnesium intake was not
significantly associated with incident cardiovascular disease.
Based on the suggested DRIs for a 70 kg person,?>* the dietary
intakes could be considered adequate for most of the women
whose mean body mass indexes (BMIs) ranged between 25.2
and 26.7 kg/m?. In another study o0f 23,366 Swedish men aged
45-79 years, dietary magnesium intake was not associated
with all-cause cardiovascular disease or cancer mortality.*® In
this study, mean tertile magnesium intakes ranged from 387 to
523 mg (15.92-21.51 mmol)/day; these intakes indicated that
most of the individuals did not have a deficient magnesium

intake based on the 1997 DRIs" or the suggested DRIs for
70 kg individuals.???* The findings in these studies indicating
an adequate intake of magnesium was not associated with the
chronic disease studied, is consistent with the comparison
of populations with baseline plasma/serum CRP concentra-
tions of <3 mg/L and >3 mg/L; magnesium supplementation
significantly decreased CRP concentrations in the population
with >3 mg/L.* The negative findings with apparent adequate
magnesium intakes or serum concentrations conform to the
concept that the response or beneficial effect of a nutrient as
it approaches adequacy will decrease based on the typical,
sigmoid-shaped dose response to a nutrient deficiency.”” In
other words, no effect is likely to be seen with an increased
intake of a nutrient in individuals with an adequate status,
while an effect is likely if the starting status of the nutrient
is deficient.

Another possible reason for not consistently finding an
apparent magnesium deficiency significantly associated with
chronic low-grade inflammation or pathological conditions
whose risk is increased by inflammatory stress is that other
dietary factors or metabolic changes have not been factored
in the analysis. The relationship between calcium, vitamin D,
and protein is an example of how the response to a nutrient
may depend upon the status of another nutrient.’” As indicated
by animal experiments described in the Introduction, the
detrimental effect of magnesium deficiency may be magni-
fied if other factors are present such as nutrient deficiencies
or metabolic changes that have a similar detrimental effect.
Conversely, the effect of magnesium deficiency may be
attenuated if other factors with similar beneficial effects,
such as on inflammatory or oxidative stress, are provided in
sufficient amounts.

An example of how magnesium deficiency effects can be
modified is its relationship with obesity and its associated risk
for chronic disease. Numerous experimental, epidemiologi-
cal, and clinical studies have shown that obesity is associ-
ated with chronic low-grade inflammation that increases
inflammatory signaling pathway activation and cytokine
and acute-phase reactants production.’® For example, in
a cross-sectional study of 16,573 individuals in the third
NHANES study (1988—-1994), logistic regression analysis
found odds ratios for an elevated serum CRP concentration
among individuals with BMIs of 25<30, 30<35, 35<40, and
>40 kg/m? were 1.51. 3.9, 6.11, and 9.30, respectively.>’
Another cross-sectional study found that CRP and IL-6
increased significantly with increasing adiposity in children.®

However, similar to magnesium-deficient individuals, not
all overweight and obese individuals exhibit signs of chronic
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low-grade inflammation or associated pathological condi-
tions.?836! This lack of inflammatory stress may be caused
by attenuation through increased intakes of long-chain ®-3
fatty acids, antioxidant vitamins, and plant flavonoids.** For
example, intakes of total fat, the antioxidant vitamins C and
E, and carotene were determinants of subclinical inflamma-
tion in overweight Swiss children.*

Magnesium deficiency or sufficiency also may be fac-
tors of whether chronic low-grade inflammation occurs in
obesity. Several studies have found that obese individuals
are more likely to have serum magnesium concentrations
indicative of magnesium deficiency.?®3% In these studies, the
magnesium deficiency in obesity is associated with chronic
low-grade inflammation. Other studies have found markers
of inflammatory stress not elevated in obese or overweight
individuals with serum magnesium concentrations indicat-
ing adequacy.’®** Conversely, obesity or being overweight
may be significant factors in finding an association between
magnesium and chronic low-grade inflammation. Obese
and overweight individuals might have a higher magnesium
requirement to counteract chronic low-grade inflammation.
In addition, these individuals often having fat- and sugar-
rich diets deficient in magnesium, which would make them
at risk for a more severe magnesium deficiency that induces
chronic low-grade inflammation.

Because chronic low-grade inflammation and resulting
oxidative stress can be attenuated by factors such as increased
intakes of long-chain ®-3 fatty acids, antioxidant vitamins,
and plant flavonoids, or enhanced by deficient nutrients that
induce inflammatory and oxidative stress,* it is likely that
these factors would also magnify or attenuate the response to
magnesium deficiency. In addition, the possible involvement
of a low magnesium status in the induction of chronic low-
grade inflammation by other factors may not be recognized.

Conclusion

Many factors affect the determination of the extent to
which magnesium deficiency has a role in the occurrence
of chronic low-grade inflammation that increase the risk
for chronic disease. However, because of magnesium’s
role as a physiologic Ca?* channel blocker, the indication
of widespread inadequate intakes of magnesium, and large
number of reports associating magnesium deficiency with
inflammatory and oxidative stress, the role of magnesium
can be considered extensive.
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