
Chapter 9
Magnesium Role in Health and Longevity

Mario Barbagallo and Ligia J. Dominguez

Abstract Reduced Magnesium (Mg) intake is a frequent cause of Mg deficit with
age. A decreased intestinal Mg absorption and an increased Mg loss may also con-
tribute, as well as the use of medicaments. Furthermore, Mg requirements may be
higher with aging. Alterations ofMgmetabolismwith age, cellularMg transport sys-
tems and problems with measurement methods are discussed. Mg contained in water
ismore bio-available thanMg in food and it is a possible alternative toMg supplemen-
tation in the correction ofMg deficiencies.Mild tomoderateMg deficits are generally
asymptomatic and clinical signs are usually absent or non-specific. Hyperemotion-
ality, tremor, asthenia, sleep disorders, and amnesic and cognitive disturbances are
frequent in older adults, and may be often overlooked or confused with age-related
symptoms. Chronic Mg deficiency results in oxidative stress and chronic, low-grade
inflammation, which may be linked to several age-related diseases, and to the aging
process itself. Mg deficit-related conditions may involve different tissues and organs,
including hypertension and cardiovascular diseases, diabetes mellitus and metabolic
syndrome, asthma and airways constrictive syndromes, depression and psychiatric
disorders, Alzheimer’s disease and neuromuscular diseases (chronic fatigue, muscle
pain, fibromyalgia), fragility fractures, and cancer. Keeping an optimal Mg balance
throughout life might help to prevent some chronic disease associated to aging, and
to extend healthy life. This needs to be proven by future studies.
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9.1 Introduction

Magnesium ion (Mg) is the second most abundant cation after potassium (K) in the
intracellular compartment and the fourth most common mineral in the human body
after calcium (Ca), sodium (Na) and K; Mg atomic weight is 24.305 g/mol, and its
atomic number is 12 (Table 9.1). Mg is a member of Group IIA in the periodic table
and thus an alkaline-earth element; it forms most stable complexes with phosphate
and carboxylate anions or with nitrogen base. Mg is an essential cofactor for numer-
ous biological processes, and it is required for energy production, oxidative phospho-
rylation, glycolysis, protein synthesis, and nucleic acid synthesis and stability (Saris
et al. 2000). Mg plays a role in the active transport of other ions across cell mem-
branes, such as Ca and K, modulating neuron excitability, muscle contraction, and
normal heart rhythm.Mg has a key role in the adenosine triphosphate (ATP) synthesis
in mitochondria, to create a complex withMg (MgATP) (Barbagallo and Dominguez
2007). Cell signaling requires MgATP for protein phosphorylation and for the syn-
thesis and activation of cell-signaling molecule cyclic adenosine monophosphate
(cAMP) involved in a myriad of biochemical processes (Reinhart 1988).

Mg has critical role in modulating a wide variety of critical cellular activities and
metabolic pathways.Mg is cofactor in over three hundred enzymatic reactions, and in
particular is required for the activity of all rate-limiting glycolytic enzymes, protein
kinases, and in all phosphorylation processes and in all reactions that involve ATP
utilization and transfer (Barbagallo and Dominguez 2007). Mg has a weak calcium
antagonist action and has many structural functions (multi-enzyme complexes, i.e.,
G-proteins, N-methyl-d-aspartic acid [NMDA] receptors, mitochondria, polyribo-
somes, proteins and nucleic acids synthesis, etc.).

Therefore, Mg is a critical factor for normal cellular and body homeostasis
(Table 9.2). Over the past decades, the clinical relevance and biological signifi-
cance of Mg have been documented, as well as the impact of Mg on molecular and
physiological processes of aging, and on health and age-related clinical diseases.

Table 9.1 Characteristics of ionic magnesium

• Element category: alkaline earth metal

• Atomic number: 12

• Atomic weight: 24.305 g/mol

• Valence: 2

• Normal serum: 0.75–0.95 mmol/L; 1.7–2.5 mg/dL

• Total body content: 24 g

• Distribution in serum:
– free ionized 70–80%
– protein-bound 20–30%
– complexed 1%
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Table 9.2 Physiological roles of magnesium

Enzyme function

Enzyme substrate
• Kinases
• ATPases/GTPases
• Cyclases

Direct enzyme activation
• Phosphofructokinase
• Creatine kinase
• 5-phosphoribosyl-pyrophosphate synthase
• Adenylate cyclase
• Na-K-ATPase

Structural function

• Proteins
• Polyribosomes
• Nucleic acids

• Multiple enzyme complexes
• Mitochondria

Calcium antagonist

• Muscle contraction/relaxation
• Neurotransmitter release
• Action potential conduction in nodal tissue

Membrane function

• Cell adhesion
• Transmembrane electrolyte flux

9.2 Magnesium Metabolism and Requirement

In the human body, approximately 24 g (1 mol) of Mg are present, of which about
65% are stored in bone and 34% in the intracellular space. Less than 1% of total
Mg is contained in blood serum; normal serum Mg concentrations range between
0.75 and 0.95 mmol/L (1.7–2.5 mg/dL or 1.5–1.9 meq/L). The levels of Mg in
the plasma of healthy people are extremely constant and are tightly controlled and
maintained within this narrow range by the small intestine and the kidney; both
increase their fractional Mg absorption under conditions of Mg deprivation. If Mg
depletion continues, the bone store helps to maintain serum Mg concentration by
exchanging part of its content with extracellular fluid (Fig. 9.1) (Barbagallo et al.
2003).

In the serum, Mg exists in three forms: a protein-bound fraction (25% bound to
albumin and 8%bound to globulins), a chelated fraction (12%), and themetabolically
active ionized fraction (Mg-ion: 55%). Hypomagnesemia is defined as a serum Mg
level less than 0.75 mmol/L (Barbagallo et al. 2003). Intracellular Mg concentrations
are highly regulated andMg itself acts as an intracellular regulator of cell cycle control
and apoptosis. Intracellular Mg exists mainly in a bound form. Plasma Mg levels do
not always reflect intracellular or total Mg.

Mg balance is controlled by Mg intake, by its absorption through intestine, by
the renal excretion, and by the Mg requirement of different tissues (e.g., skeletal
and cardiac muscle uptake and usage) (Quamme 2008). Daily Mg requirement is
calculated to be around 300–400 mg in healthy adults (5–6 mg/kg/day) but may be
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Fig. 9.1 Magnesium homeostasis and age (arrows indicate possible sites of alterations with aging)

Table 9.3 Determinants of magnesium equilibrium

• Gastrointestinal absorption and renal excretion are the main determinants of Mg equilibrium

• Healthy individuals need to consume 0.2–0.4 mmol/kg of body weight/day to stay in balance

• Extracellular Mg is in equilibrium with that in the bone, kidneys, intestine, and other soft
tissues

• Bone is the main reservoir of Mg

• Primary renal disorders cause hypomagnesemia by decreased tubular reabsorption of Mg

• Osmotic diuresis results in magnesium loss

• Drugs may cause magnesium wasting

higher in several physiological conditions (i.e. pregnancy, aging, exercise, etc.) and
diseases (type 2 diabetes, infections, etc.). The main site for Mg absorption is the
small intestine. Healthy persons need to consume 0.2–0.4 mmol/kg/day to maintain
the balance (Table 9.3). Since the Mg stored in the bone cannot quickly exchange
with theMg in extracellular fluids, the quickMg needs are provided by theMg stored
in the intracellular compartment. Kidney also has a key role in Mg homeostasis and
about 120mg ofMg are excreted into the urine each day (Saris et al. 2000). RenalMg
handling is tightly dependent onMg body status, sinceMg deficiency increases renal
Mg reabsorption across all nephron segments. In fact, urinary excretion is reduced
whenMg is depleted (Shils 1969). Diuretic drugsmay alsomodify renalMg handling
by reducing Mg reabsorption (Quamme 1997).
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Although no known hormonal factor is specifically involved in the regulation of
Mg metabolism, many hormones are recognized to have an effect on Mg balance
and transport.Among them, parathyroid hormone (PTH), calcitonin, catecholamines,
and insulin have a major role (Barbagallo et al. 2003, 2007).

9.3 Magnesium Measurements Methods

Measurements of total serumMg concentrations (MgT) are not an accurate measure
of the body Mg status; MgT measurements are useful in epidemiological studies,
but do not detect subclinical Mg deficit in an individual basis (Elin 2010). Others,
more precise and expensive techniques, such as 31P-NMR spectroscopy, still remain
mainly a research tool. The development of Mg-specific ion-selective electrodes,
that measure the active ionized fraction of Mg, has been more appropriate, allowing
measuring extracellular free levels of Mg with a higher sensitivity thanMgT in order
to detect subclinicalMg deficits in severalmedical conditions (Barbagallo et al. 2014;
Resnick et al. 1997).

9.4 Cellular Magnesium Transport System

Transient receptor potential (TRP) is a family of protein containing both, a cation-
permeable ion channel and a kinase domain (Clapham et al. 2001). TRPM7 is a
divalent cation-selective ion channel that is permeable toCa2+ andMg2+. The channel
is downregulated by intracellular levels of Mg2+, MgATP, and other Mg-nucleotides
(Penner and Fleig 2007). The channel plays a key role in Mg homeostasis due to
its preference for divalent ions (Romani 2011). TRPM7 represents a ubiquitous
homeostatic mechanism that regulates Ca2+ and Mg2+ fluxes. Reducing the cellular
levels of Mg stimulates the activation of TRPM7-mediated currents (Faouzi et al.
2017).

9.5 Magnesium Deficiency with Aging: Causes
and Mechanisms

Mg deficits are common in old age (Barbagallo and Dominguez 2010). Total plasma
Mg concentrations do not change with age (Yang et al. 1990). Differences in Mg
levels are generally related to the presence of age-related diseases and alterations in
renal function. Studies using 24-hMg retention showed an increasedMg retention in
old age, suggesting a significant subclinical Mg deficit, not detected by total serum
Mg (Gullestad et al. 1994). In healthy persons, we showed that intracellular free
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Table 9.4 Main mechanisms of magnesium deficit with aging

Primary Mg deficit

• Inadequate Mg dietary intake
• Reduced efficiency of Mg absorption (associated with reduced vitamin D levels)?
• Increased urinary excretion of Mg (Mg) (associated with age-dependent reduction of kidney
function and of Mg tubular reabsorption)

Secondary Mg deficiency

• Associated with age-related diseases and comorbidities
• Increased urinary Mg loss secondary to drugs (i.e. diuretics) frequently used in the older
persons

Mg decreases with age; we have specifically studied the behavior of intracellular
Mg content with age, using the gold standard method (31P-NMR spectroscopy) in
healthy young and older persons and have shown a continuous age-dependent fall of
intracellular Mg levels in red blood cells of healthy older adults (Barbagallo et al.
2000), while total serum Mg was not significantly altered with age. It has been
shown that many older adults are prone to chronic latent Mg deficiency (Table 9.4),
and epidemiological data from US and Europe have confirmed that low Mg intake
is a common condition in older persons (Ford and Mokdad 2003; Galan et al. 1997).

However, it has been suggested thatMg requirement do not changewith age (Hunt
and Johnson 2006). Data from theNational Health andNutrition Examination Survey
(NHANES) III showed that Mg intake tend to decrease with age (Ford and Mokdad
2003). In addition, older adults affected by chronic conditions and on chronic drug
treatment have an additional risk of beingMg deficient. The recommendedMg intake
in the US population is 420 and 320 mg/day for men and women, respectively, but
Mg intake in the US older population is far below (225 and 166 mg/day for men and
women, respectively) (Table 9.5) (Ford and Mokdad 2003). Sixty eight per cent of
US adults consume less than the recommended daily allowance (RDA) ofMg, Forty-
five per cent consume less than 75% of the RDA, and nineteen per cent consume
less than 50% of the RDA (King et al. 2005). The “Suppléments en Vitamines et
Minéraux AntioXydants” (SU.VI.MAX) study showed that seventy-seven per cent
of women and seventy-two per cent of men have dietaryMg intakes lower than RDA;
twenty three per cent of women and eighteen per cent of men consumed less than
2/3 of these RDA (Galan et al. 1997).

Decreased intestinalMg absorptionmay further contribute toMg deficiency in the
elderly (Coudray et al. 2006). Mg absorption tends to decrease with age. Duodenum
and ileum aremainly involved inMg absorption and both passive and active transport
processes are involved. The alterations of the intestinal absorption of Mg in old
age may be also aggravated by the frequent age-related impairment of vitamin D
homeostasis. Kidney active reabsorption of Mg takes place in the loop of Henle
and in the proximal convoluted tubule. A latent primary renal disorder may also be
associated to an increased Mg loss linked to a reduced tubular reabsorption.
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Table 9.5 Recommended dietary allowance (RDA) for magnesium (AI: adequate intake when
RDA cannot be determined)

Life stage Age Females (mg/day) Males (mg/day)

Infants 0–6 months 30 (AI) 30 (AI)

Infants 7–12 months 75 (AI) 75 (AI)

Children 1–3 years 80 80

Children 4–8 years 130 130

Children 9–13 years 240 240

Adolescents 14–18 years 410 360

Adults 19–30 years 400 310

Adults 31 years and older 420 320

Pregnancy 18 years and younger – 400

Pregnancy 19–30 years – 350

Pregnancy 31 years and older – 360

Breast-feeding 18 years and younger – 360

Breast-feeding 19–30 years – 310

Breast-feeding 31 years and older – 320

Secondary Mg deficiencies may also be associated with drug use or with patho-
logical conditions (i.e., type 2 diabetes mellitus, insulin resistance, alcoholism,
hyperadrenoglucocorticism, HIV/AIDS, acute myocardial infarction, stroke, etc.).
Mg depletion due to an excess urinary loss may be related to treatment with loop
diuretics. Patients receiving long-term treatment with thiazide diuretics are also at
risk, especially in old age. Hypokalemia is often associated with diuretic-induced
Mg depletion. It has been reported the finding of hypomagnesemia in 38–42% of
hypokalemic patients. The correction of a K deficit may be difficult to achieve unless
theMg deficit is also corrected, hence patients with hypokalemia should be evaluated
for Mg deficiency. Other commonly used medications may diminish Mg absorption
and/or reduce Mg levels (e.g., H2 blockers, proton pump inhibitors, antacids, antibi-
otics, antihistamines, antivirals, and antiepileptic drugs, among others).

Western diets, generally very low in whole grains and green vegetables, and high
in refined foods, are often severely deficient in Mg (Table 9.6). Food processing
may significantly lower Mg content. Because most of the Mg present in food is
lost in cooking or refining procedures, diets that provide a high proportion of daily
calorie requirements from refined or processed foods are likely to be low in Mg
(Durlach et al. 1985). Cooking, especially boiling of foods may cause a significant
loss of Mg. Processed food accounts for a substantial portion of the diet in western
countries, which makes more probable the establishment of a state of true or relative
Mg deficiency (Barbagallo and Dominguez 2010). Furthermore, phytic acid found
in certain foods lowers the absorption ofMg. Some pesticide agents, commonly used
in the crops, such as glyphosate, may chelate minerals including Mg (Cakmak et al.
2009), further decreasing the content of Mg in soil and in some crops. Organic food,
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Table 9.6 Some food sources of magnesium

Food Serving Magnesium (mg)

Cereal all bran 1/2 cup 112

Cereal oat bran 1/2 cup dry 96

Brown rice, medium-grain,
cooked

1 cup 86

Fish, mackerel, cooked 3 oz 82

Spinach, frozen, chopped,
cooked

1/2 cup 78

Almonds 1 oz (23 almonds) 77

Swiss chard, chopped, cooked 1/2 cup 75

Lima beans, large, immature
seeds, cooked

1/2 cup 63

Cereal, shredded wheat 2 biscuits 61

Peanuts 1 oz 48

Molasses, blackstrap 1 tablespoon 48

Hazelnuts 1 oz (21 hazelnuts) 46

Okra, frozen, cooked 1/2 cup 37

Milk, 1% fat 8 fluid ounces 34

Banana 1 medium 32

from pesticide-free soils, was found to have significantly more Mg than non-organic
control food (Griffiths et al. 2012).

Because of this substandard dietary content of Mg in developed countries, Mg
intake is often significantly reduced. In this context, Mg intake derived from drinking
water rich in Mg may represent a possible alternative to supplements in Mg deficits
(Galan et al. 2002).

In the SU.VI.MAX cohort, drinking water contributed 6–17% of total daily Mg
intake depending on the Mg concentration of the mineral water used. Drinkers of
mineral water rich in Mg and water with a moderate mineral content had Mg intakes
significantly higher than those of drinkers on lowmineralized or tapwater. Therefore,
mineral-rich water may provide an important supplementary contribution to total Mg
intake (Galan et al. 2002). In addition, bio-availability of Mg in water is higher when
compared to Mg in food and it is easy to add Mg to water, but virtually impossible
to add Mg to foods. Mg content may be important not only in drinking water, but
also in water used for cooking, since the concentration of Mg in water may interfere
with the leakage of Mg in food during cooking, and may reduce the loss of Mg in
the cooked/boiled food.
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9.6 Magnesium, Inflammation and Oxidative Stress

Hypomagnesaemia has been shown to cause increased production of oxygen free
radicals. Poor Mg diets are associated with a low-grade chronic inflammatory state,
both, by initiating an excessive production and release of interleukin (IL)-1β and
tumor necrosis factor (TNF)-alfa, and by stimulating the synthesis of nitric oxide and
some inflammatory markers (Kramer et al. 2003; Mazur et al. 2007). Mg deficiency
also increases the aggregation and adhesiveness of platelets, and inhibits growth and
migration of endothelial cell, potentiallymodulatingmicrovascular functions (Mazur
et al. 2007).

In animals, several studies have shown thatMg deprivation causes: (i) marked ele-
vation of proinflammatory molecules TNF-alfa, IL-1-beta, IL-6, vascular cell adhe-
sion molecule (VCAM)-1, and plasminogen activator inhibitor (PAI)-1 (Malpuech-
Brugère et al. 2000; Mazur et al. 2007); (ii) increased circulating inflammatory cells
(Galland 1988), and (iii) increased hepatic production and release of acute phase
proteins (i.e., complement, alfa2-macroblobulin, fibrinogen) (Bussière et al. 2003;
Mazur et al. 2007).

In humans, clinical data have shown that low serumMg levels aswell as inadequate
dietaryMg are strongly related to low-grade systemic inflammation (King et al. 2005;
Guerrero-Romero et al. 2011; Song et al. 2007). Several other studies have confirmed
an inverse relationship amongMg intake, serumMg and inflammation markers. Data
from the Women’s Health Study have shown that Mg intake is inversely related to
systemic inflammation,measured by serumC-reactive protein (CRP) concentrations,
and with the prevalence of the metabolic syndrome in adult women (Song et al.
2005). Using the 1999–2002 NHANES databases, King et al. found that dietary Mg
intake was inversely related to CRP levels. Among 70% of the population not taking
supplements, Mg intake below the RDA was significantly associated with a higher
risk of having elevated CRP (King et al. 2005).

Mg deficiency has been associated with increased oxidative stress and decreased
antioxidant defense competence. Previous studies have shown compellingly that
Mg deficiency results in an increased production of oxygen-derived free radicals
in various tissues, increased free radical-elicited oxidative tissue damage, increased
production of superoxide anion by inflammatory cells, decreased antioxidant enzyme
expression and activity, decreased cellular and tissue antioxidant levels, and increased
oxygen peroxide production (Weglicki et al. 1996; Mazur et al. 2007)

In rats, Mg deficiency has been shown to increase lipid peroxidation and malon-
dialdehyde and to decrease hepatic glutathione, superoxide dismutase, and vitamin
E (Calviello et al. 1994). We have suggested a link between the action of Mg in
altering the antioxidant capacity and in activating oxidative stress, inflammation,
and lipid oxidation with insulin resistance, diabetes, and cardio-metabolic syndrome
(Barbagallo and Dominguez 2007).

Aging is characterized by a chronic, low-grade inflammatory state that involves
several tissues and organs, and that has been named “inflammaging” (Franceschi
et al. 2017).
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Fig. 9.2 Chronic magnesium deficit has been proposed as one of the physiopathological links that
may help explain the interactions among inflammation, oxidative stress, and aging

We have suggested that theMg deficiency through its role in facilitating an impair-
ment of the redox status and a low-grade inflammation may be a link to several
age-related diseases and/or to accelerated aging (Fig. 9.2) (Barbagallo et al. 2009;
Barbagallo and Dominguez 2010). Mg itself possesses antioxidant properties scav-
enging oxygen radicals possibly by affecting the rate of spontaneous dismutation of
the superoxide ion (Weglicki et al. 1992).

9.7 Mg and the Immune Responses

There is evidence that Mg may play a role in the immune response as a cofac-
tor for immunoglobulin (Ig) synthesis, C3 convertase, immune cell adherence,
antibody-dependent cytolysis, IgM lymphocyte binding, macrophage response to
lymphokines, and T helper-β cell adherence (Tam et al. 2003; Galland 1988). In
addition, Mg deficiency seems to accelerate thymus involution. One of the most
remarkable results regarding effects of Mg deficiency on the organism is the higher
level of apoptosis shown in thymuses from Mg-deficient rats as compared with con-
trols (Malpuech-Brugère et al. 1999). Mg-deficient diet has been shown to alter
polymorphonuclear cell number and function, together with an increased number of
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neutrophils, related to an increased activity of phagocytosis (Bussière et al. 2003).
Mg is also involved in human cell apoptosis. Fas-induced β-cell apoptosis is Mg-
dependent. Elevation of intracellular free Mg levels is needed for Fas molecule bind-
ing expression on the β-cell surface to trigger signaling pathways that cause apoptosis
and cellular death (Chien et al. 1999).

9.8 Magnesium Deficits and Aging Related Diseases

9.8.1 Clinical Signs and Symptoms

Severe Mg deficit may be associated with neuromuscular symptoms, such as weak-
ness, tremor,muscle fasciculation, dysphagia, positiveChvostek’s sign (facial twitch-
ing as a reaction to the tapping of the facial nerve), and positive Trousseau’s sign
(spasm of muscles of the hand and forearm following the application of a pres-
sure cuff, transiently occluding the brachial artery). Neurologic disturbances may
involve both, the sympathetic and parasympathetic nervous systems, causing ortho-
static hypotension or borderline hypertension.

Mild to moderate Mg deficits are generally asymptomatic and clinical signs are
usually absent and/or non-specific. Subjective symptomatology may include non-
specificmanifestations, such as anxiety, hyperemotionality, fatigue, depressive symp-
toms to major depression, headache, insomnia, light-headedness, dizziness, and ner-
vous fits. Peripheral signs are commonly present such as myalgias, acroparesthesias,
and cramps. Functional complains may be present and are non-specific and may
include chest pain, sine materia dyspnea, precordialgia, palpitations, extrasystoles
and other arrhythmias, etc. Hyperemotionality, tremor, asthenia, sleep disorders and
amnesic and cognitive disturbances are particularly important in elderly patients, and
may be often overlooked or confused with age-related symptoms.

Elin suggested to name this common condition of persons with mild, chronic,
negativeMg balance, associated with a non-specific symptomatology, as a syndrome
of “Chronic Latent Magnesium Deficiency” (CLMD) (Elin 2010). Persons affected
of CLMD have a total serum Mg concentration still within the lower part of the
reference interval (latent), and from a clinical standpoint are generally undiagnosed
being considered as having normal Mg status.

However, a chronic lowMg status has been associatedwith numerous pathological
conditions characterized by a chronic inflammatory stress component. In humans,
Mg deficiency through exacerbating chronic inflammatory stress may contribute
significantly to the occurrence of several chronic age-related diseases.
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9.8.2 Magnesium, Hypertension and Cardiovascular
Diseases

ChronicMg deficits have been linked to an increased risk of numerous preclinical and
clinical cardiovascular outcomes, mostly observed in older populations, including
hypertension, ischemic heart disease, cardiac failure and cardiovascular mortality,
stroke, cardiac arrhythmias, atherosclerosis, endothelial dysfunction, alterations in
lipid metabolism, platelet aggregation/thrombosis, inflammation, oxidative stress
(Paolisso and Barbagallo 1997; Barbagallo et al. 2007).

Kobayashi in 1957 first noted that the nature of drinking water might influence
death rates from cardiovascular disease; the incidence of stroke was significantly
lower in areas with hardwater (mainly linked toMg and calcium content) (Kobayashi
1957). Schroeder surveyed the hardness of drinking water in the US, analyzing the
relationship between the death rates and the water hardness found that death rates
from cardiovascular diseases (particularly from coronary heart attacks in white men
45–64 years old) was significantly higher in states with soft water than in states with
hard water (Schroeder 1966).

Mg has a crucial role in cardiovascular homeostasis. Although not directly
involved in the biochemical process of contraction, Mg modulates vascular smooth
muscle tone and contractility by affecting calcium ion concentrations and its avail-
ability at critical sites (Altura andAltura 1981;Altura et al. 1984). Consistentwith the
above, not only calcium-induced contraction in vascular smoothmuscle is sensitive to
changes in Mg concentration, but direct reduction of extracellular Mg raises smooth
muscle Ca content, while conversely, elevations in Mg concentrations reciprocally
lower calcium content in smooth muscle (Turlapaty and Altura 1980). Moreover,
Mg directly affect uptake, distribution, and content of calcium in vascular smooth
muscle cells, and can itself function as a nature’s weak physiologic calcium channel
blocker (Iseri and French 1984), modulating calcium-channel activity in heart cells
(Agus et al. 1989). In view of such direct and indirect actions of Mg on cardiac and
vascular smooth muscle cells, it is reasonable to suggest that Mg deficiency might be
relevant to disorders of blood pressure homeostasis, such as hypertension. Indeed,
vascular hyperreactivity and frank hypertension can be induced by depleting of Mg
both the in vitro environment, or in the organism as a whole (Altura andAltura 1991).
Measurements of serum Mg levels are not useful, since no distinct alterations of cir-
culating total Mg levels have been identified in essential hypertension. However,
several abnormalities of Mg metabolism have long been recognized in hypertensive
subjects. Epidemiologic studies have suggested an inverse relationship between Mg
dietary intake and hypertension, lower dietaryMg intake being associatedwith higher
blood pressure (Joffres et al. 1987). In aging populations, a gradual rise in blood pres-
sure, a gradual fall in total serum Mg levels with age (Petersen et al. 1977), and an
age-related suppression of intracellular free Mg (Barbagallo et al. 2000) have been
observed, suggesting a possible role for Mg deficit in hypertensive states. Fasting
levels of intracellular free Mg were found significantly suppressed in hypertensive
patients as compared with normotensive controls (Resnick et al. 1984). Moreover,
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in different experimental rat models of hypertension, diets that raised or lowered
intracellular free Mg, consistently lowered and raised blood pressure, respectively.
Abnormalities of Mg urinary excretion in hypertensive experimental models have
also been described (Barbagallo et al. 1992). Similarly, the ability of a high salt diet
to elevate blood pressure was shown to be related to intracellular free Mg in humans
(Resnick et al. 1994).

Mg was first recommended to lower blood pressure in patients with malignant
hypertension as early as 1925 (Blackfan and Hamilton 1925). Therapeutical use of
Mg has consistently been found beneficial in preeclampsia and eclampsia (Chien
et al. 1996) and in patients with malignant hypertension (Winkler et al. 1942),
while the response to Mg in essential hypertensives is heterogeneous (Resnick and
Laragh 1985). In some studies, Mg supplementation may have significant hypoten-
sive effects, while in others blood pressure may not change or may worsen. A
Cochrane review suggested that there was not yet enough information to suggest
the use of Mg in hypertension despite a small statistical reduction in diastolic blood
pressure (Dickinson et al. 2006). Thus, even if a role for decreased Mg levels in
the pathophysiology of hypertension appears likely, a consistent, reproducible effect
of Mg supplementation on blood pressure has not yet been confirmed in hyper-
tension and further data are needed to consider Mg as a non-pharmacological tool
for treating hypertension. Among the reasons for this are the virtual absence of ade-
quately designed clinical trials ofMg therapy in hypertension, the differing treatment
schedules used in a number of smaller clinical reports, and a failure to appreciate
the heterogeneity of the underlying mechanisms contributing to hypertension. Thus,
long-term prospective therapeutic trials of Mg in hypertension are clearly needed in
the near future.

Mg deficiency may also have a role in the development of atherosclerosis. Con-
trasting results have been reported on the relationship between serum lipids and
total and ionized serum Mg concentrations. Serum Mg has been found to be pos-
itively (Randell et al. 2008) or negatively (Corsonello et al. 2007) associated with
serum lipid levels. Binding interactions between Mg and lipoproteins may, at least
partially, account for these contrasting results, although it is also possible that the
relationship between Mg status and lipids in healthy persons may be different from
that in patients with chronic conditions, such as obesity, diabetes, and hypertension
(Corsonello et al. 2007). Low Mg status has been suggested to contribute to vas-
cular calcification, altered lipid accumulation, and reduced cholesterol transport by
high density lipoprotein (HDL) (Rayssiguier 1984). Mg has been suggested to have
role in preventing atherosclerotic plaque formation, and to have a positive effect on
metabolic lipid profiles.

Rosanoff and Seelig proposed that Mg may act as a weak inhibitor and a mod-
ulator of 3-hydroxy-3-methylglutaryl-CoA-reductase activity. Mg is also essential
for the activity of other enzymes of the lipid metabolism such as lecithin choles-
terol acyl transferase (LCAT), which regulates low density lipoprotein-cholesterol,
HDL-cholesterol, and triglyceride levels, and thus may modestly help to raise HDL-
cholesterol and lower triglycerides (Rosanoff and Seelig 2004).
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Mg may be beneficial as a support in the treatment of atrial and/or ventricular
arrhythmias, in particular when there is co-existent hypokalemia (McLean 1994).
Indeed, Mg plays a role in the heart’s electrical conduction andMg deficiencies have
been linked to many cardiovascular conditions. Mg deprivation has been suggested
to compromise cardiovascular health and favor the occurrence of heart arrhythmias.
Hypomagnesemia is relatively common in patients presenting with atrial fibrillation
(AF) (Singh et al. 1976) and low serumMgwas suggested to bemoderately associated
with the development of AF (Khan et al. 2013).

Dietary Mg restriction to about one third (33%) of the RDA induced heart rhythm
changes including AF and flutter that responded quickly to Mg supplementation
(Nielsen et al. 2007). A meta-analysis conducted in Canada has suggested that intra-
venous Mg administration is an effective and safe strategy for the acute management
of AF. An overall favorable response was achieved in 86 and 56% of patients in the
Mg and control groups, respectively (OR 4.61; 95% CI 2.67–7.96) (Onalan et al.
2007). Intravenous administration has been proposed as a very effective and safe
treatment for torsade de pointes, because its application is rapid and simple (Tzivoni
et al. 1988; Gupta et al. 2007).

Major cardiac effects of Mg are prolongation of atrial and atrioventricular nodal
refractory periods, which may facilitate rate and rhythm control in AF (DiCarlo et al.
1986). These antiarrhythmic actions of Mg may, at least in part, help to explain
the possibility that a high Mg dietary intake may reduce the risk of sudden death.
Women in the highest quartile of Mg intake were found to have a reduced risk of
sudden cardiac death (Chiuve et al. 2013).

In patients with severe congestive heart failure (NewYorkHeart Association func-
tional classification IV), under optimal medical cardiovascular treatment, oral Mg
supplementation improved clinical symptoms and survival outcomes as compared to
placebo (Stepura and Martynow 2009).

9.8.3 Magnesium and Type 2 Diabetes

The link between Mg deficiency and type 2 diabetes mellitus (DM2) is well known.
DM2 is frequently associated with both extracellular and intracellular Mg deple-
tion, in particular in those patients with poorly controlled glycemic profiles, with
longer duration of the disease, and with the presence of micro- and macrovascular
chronic complications (Mather and Levin 1979; Schnack et al. 1992; Barbagallo and
Dominguez 2007, 2015). Depletion in intracellular and/or ionized plasma Mg can
be found in individuals with normal total serumMg (Resnick et al. 1993; Barbagallo
et al. 2014). Among the mechanisms that may favor Mg depletion in diabetes, the
most important are a low Mg dietary intake and an increased Mg urinary loss, while
absorption and retention of dietary Mg seems to be unchanged in patients with DM2
(Wälti et al. 2003). An inverse association between dietary Mg and the incidence of
DM2 has been reported. A diet deficient inMg is associated with a significant impair-
ment of insulin-mediated glucose uptake and with a considerable increased risk of
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developing glucose intolerance and diabetes (Barbagallo and Dominguez 2007). Mg
depletion in DM2 is associated with renal Mg and calcium wasting. Hyperglycemia
and hyperinsulinemia may both have a role in the increased urinary Mg excretion
contributing to Mg depletion (McNair et al. 1982). Hyperglycemia, which is a hall-
mark of lack of good metabolic control, may have a role in urinary Mg wasting.
Hyperinsulinemia, present in insulin resistant states, may contribute per se to the
urinary Mg depletion and the reduced insulin sensitivity, and may itself affects Mg
transport (Djurhuus et al. 1995). Lower Mg levels may not only be a consequence,
but may also predispose to the development of DM2.

Mg deficits have been associated with an increased risk for the development of
glucose intolerance, cardiometabolic syndrome, and DM2 (He et al. 2006; Lopez-
Ridaura et al. 2004; Song et al. 2004). Intracellular Mg depletion, causing a defec-
tive activity of the tyrosine kinase insulin receptor, as well as other Mg-dependent
kinases of the insulin signaling, impairs insulin sensitivity and may contribute to the
development of clinical conditions associatedwith insulin resistance, such as glucose
intolerance and DM2. Inflammation and oxidative stress have been proposed as addi-
tional mechanisms by which Mg is linked to insulin resistance/metabolic syndrome.
More generally, chronic hypomagnesemia and conditions commonly associated with
Mg deficiency, such as DM2 and aging, are all associated with an increase in free
radical formation with subsequent damage to cellular processes (Barbagallo and
Dominguez 2007). The hypothesis that a dietary Mg deficit would induce and/or
exacerbate insulin resistance is confirmed by data, both in experimental animals and
in humans, showing that dietary-induced Mg deficiency is associated with insulin
resistance (Schnack et al. 1992). A Mg-deficient diet in sheep caused a signifi-
cant impairment of insulin-mediated glucose uptake (Matsunobu et al. 1990), while
Mg supplementation delayed the development of diabetes in a rat model of diabetes
(Balon et al. 1995). HigherMg intake is associated with lower fasting insulin concen-
trations among women without diabetes (Fung et al. 2003), and a significant negative
correlation is present between total dietary Mg intake and the insulin responses to an
oral glucose tolerance test (Humphries et al. 1999). The increased risk for developing
glucose intolerance and DM2 in persons with dietary and/or serum Mg deficits have
suggested potential benefits ofMg supplementation in personswithDM2 orwith risk
factors for diabetes. The use ofMg supplements has been proposed as a potential tool
for the prevention and the metabolic control of DM2. Benefits of Mg supplements
on glycemic profile in most, but not all, studies does not explain whether according
to meta-analysis a net beneficial effect is to be expected. While the body of evi-
dence from epidemiological studies consistently shows a strong inverse relationship
between dietary Mg intake and the risk of developing DM2, research concerning Mg
supplementation in people with or at risk of diabetes is limited (Rodríguez-Morán
et al. 2011; Von Ehrlich et al. 2014). A recent systematic review and meta-analysis
including eighteen double-blind randomized controlled trials (12 in people with dia-
betes and 6 in people at high risk of diabetes) showed that Mg supplementation
appears to have a beneficial role improving glucose parameters in people with DM2
and also improving insulin-sensitivity parameters in those at high risk of diabetes
(Veronese et al. 2016).
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9.8.4 Magnesium in Asthma and Airway Constriction

The first suggestion of a role for Mg in asthma was proposed in 1940 by an anecdotal
report of Haury in two hospitalized patients having acute exacerbations of asthma
who had a favorable clinical response after intravenous Mg sulfate administration.
Haury reported that both patients were relieved immediately and remained free from
symptoms for eighteen and twenty-four hours, respectively (Haury 1940).

Afterwards, the possible role ofMg in the pathogenesis of bronchial constriction as
well as in its treatment regained considerable attention, particularly because of several
reports confirming positive results of Mg administration in acute airway constriction
(Okayama et al. 1987; Bloch et al. 1995) although some studies reported negative
results (Tiffany et al. 1993; Bernstein et al. 1995). Even in the absence of an acute
exacerbation, the functional pulmonary tests have been shown to improve with the
administration of intravenous Mg and the action of Mg appears to be additive to the
bronchodilating effect of the anti-asthmatic medicaments terbutaline (Skorodin et al.
1994) and salbutamol (Rolla et al. 1994).

Mg has modulatory effects on the contractile state of smooth muscle cells in
various tissues: hypomagnesemia leads to contraction and hypermagnesemia leads
to relaxation. Potential mechanisms for the direct relaxing effects ofMg on bronchial
smooth muscle include calcium channel blocking properties (Iseri and French 1984),
inhibition of cholinergic neuromuscular transmission with decreased sensibility to
the depolarizing action of acetylcholine (McLean 1994), stabilization of mast cells
and T-lymphocytes (Chyrek-Borowska et al. 1978), and stimulation of nitric oxide
(Kemp et al. 1994) and prostacyclin (Nadler et al. 1987). In accordance with this
hypothesis, Britton et al. showed that dietary Mg intake was independently related
to lung function and to the occurrence of airway hyperreactivity, suggesting that
a low Mg intake may be involved in the etiology of asthma (Britton et al. 1994).
Significant positive independent associations of dietaryMg intake and lung function,
airway reactivity to inhaled methacholine, and respiratory symptoms (wheezing) in
the general population were reported (Britton et al. 1994).

Serum Mg measurements are not clinically useful for predicting the severity of
the asthmatic attack, nor are they predictive of the response to Mg infusion, and no
differences were present in serumMg in asthmatic patients during acute exacerbation
compared to a non-asthmatic population (Falkner et al. 1992). Conversely, cellular
skeletal muscle Mg was found to be lower in the asthmatic patients when compared
to non-asthmatic controls (Gustafson et al. 1996). We have shown a strong and direct
relationship between the intracellular Mg levels and the methacholine bronchial
reactivity in asthmatic patients suggesting a key role of intracellular Mg alterations
and favorable effects ofMg administration in these patients (Dominguez et al. 1998).

Altogether the data are in agreement for a role of a deficit in cellular and body
Mg as a relevant contributor to an increased reactivity and contractility of smooth
muscle in the vascular and bronchial tissues, causing both vasoconstriction and bron-
choconstriction (Seelig 1994).



9 Magnesium Role in Health and Longevity 251

9.8.5 Magnesium, Depression, Other Psychiatric Disorders,
and Neuromuscular Symptoms

Mgdeficits have been associatedwith numerous acute and/or chronic psychiatric dis-
orders including depression, hypochondriasis, generalized anxiety, behavioral alter-
ations, panic attacks, hyperexcitability, cephalalgias, as well as focal seizures, ataxia,
anxiety, dizziness, tremor, irritability, insomnia, and psychotic behavior. Neuromus-
cular symptoms may include age-related muscular weakness, asthenia and myalgias
(e.g., fibromyalgia and chronic fatigue syndrome). These conditions are generally,
at least in part, reversible (Durlach et al. 2000).

As regards the central nervous system, Mg deprivation has been suggested to
cause electrophysiological signs of hyperexcitability. In Mg deficient rats, changes
in the electroencephalogram (EEG) were studied during auditory stimulation and
correlated with behavioral alterations. The EEGs showed consistent changes with
spike activity, initiating in the hippocampus and then spreading to the neocortices
bilaterally, suggesting that behavioral changes induced by auditory stimulation in
Mg-deficient rats are due to aMg-related increased excitability of the central nervous
system, resulting in seizures in deeper brain structures, particularly in the limbic
system, later developing secondary generalization and projecting secondarily to the
neocortices (Goto et al. 1993).

In humans, many characteristic signs and symptoms of Mg deficiency have been
associated with neural and neuromuscular hyperexcitability (Galland 1991). Durlach
have reviewed a number of possiblemechanisms ofMgdeficiency,whichmay induce
depolarization and mediate central nervous hyperexcitability (Durlach et al. 2000).
These include the previously described effects of Mg affecting cellular calcium
homeostasis, increased susceptibility to peroxidation, increased activity of excita-
tory neurotransmitters, such as acetylcholine, catecholamines,N-methyl-d-aspartate
(NMDA) and non-NMDA receptors of excitatory aminoacids, decreased activity of
inhibitory neurotransmitters, such as gamma-aminobutyric acid (GABA), taurine,
glutaurine, adenosine and K receptors of opioids. Systemic effects that may also be
involved include increased production of inflammatory mediators: neuropeptides,
prostanoids, cytokines and decreased activity of anti-oxidant defenses.

Because of these important connections with the biological and transduction path-
ways implicated in the pathophysiology of depression, and in particular its role on the
ion channel of the NMDA-receptor complex that is subject to voltage-dependent reg-
ulation byMg ions (Decollogne et al. 1997),Mg supplementation has been suggested
to be useful for the treatment of depression (Eby and Eby 2010; Derom et al. 2013).
No significant correlation between total plasma Mg levels, severity of depression,
and anxiety were observed (Barra et al. 2007; Kirov et al. 1994), although antide-
pressant drugs sertraline and amitriptyline have been shown to increase intracellular
Mg levels (Nechifor 2009).

A systematic review including twenty-one cross-sectional studies, three interven-
tion trials, one prospective study, one case only study, and one case series study,
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concluded that a higher intake of dietary Mg was associated with lower depression
symptoms (Derom et al. 2013).

Mg appears to be effective to some extent in the treatment of depression but data
are scarce and incongruous. Oral Mg supplementation may help in the prevention of
depression andmight be used as an adjunctive therapy. However, more interventional
and prospective studies are needed in order to further evaluate the benefits of Mg
supplementation for the treatment of depression.

Mg has also been used as an adjuvant in the treatment of insomnia. Thus, Mg as
a natural NMDA antagonist and a GABA agonist, may have a relaxant effect, may
increasing melatonin levels, and may facilitate sleeping well (Abbasi et al. 2012).

9.8.6 Mg and Alzheimer’s Disease

The role of Mg in dementia and other degenerative disorders has been the focus of
increased attention (Glick 1990). Some epidemiological, experimental and clinical
data have linked Mg depletion to dementia and Alzheimer’s disease (AD) although
themechanismsof this association havenot been clearly definedyet.Mg insufficiency
and its altered concentrations in the brain, as well as the effects of Mg supplementa-
tion in AD, have been investigated. Total serumMg levels, ionized plasmaMg levels,
and Mg content in various tissues of patients with Alzheimer’s disease in clinical,
experimental and autopsy studies have consistently shown to be reduced (Vural et al.
2010; Cilliler et al. 2007; Barbagallo et al. 2011; Andrási et al. 2005). Mg concentra-
tion affects multiple biochemical mechanisms in the brain, which are involved in the
cognitive process, including NMDA-receptor response to excitatory amino acids,
cell membrane fluidity and stability, and toxic effects of calcium (Barbagallo and
Dominguez 2010). In addition, high intake of a neurotoxic metal, such as aluminum,
which inhibits activity of Mg-requiring enzymes, impairs transport of Mg and/or
enhances transport of the neurotoxic metal into brain tissue, has been hypothesized
to have a role to alter incorporation of Mg into brain neurons (Glick 1990).

9.8.7 Magnesium and Bone Disease

Mg deficiency has been proposed as a potential risk factor for developing osteo-
porosis and fragility fractures. Insufficient dietary Mg intake has been associated in
humans with low bone mass and postmenopausal osteoporosis. Epidemiologic stud-
ies have demonstrated a positive significant correlation between dietary Mg intake
and bone density and/or an increased rate of bone loss with low dietary Mg intake
(Tucker et al. 1999; New et al. 2000). In two thousand thirty-eight older black and
white men and women aged 70–79 at baseline enrolled in the Health, Aging and
Body Composition Study, higher Mg intake, assessed using a semiquantitative food
frequency questionnaire, was found to be associated with higher bone mineral den-
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sity in healthy older white (but not in black) participants (Ryder et al. 2005). The
effect of selective dietary Mg depletion has been extensively studied in experimental
rat model. Preclinical studies have shown that Mg-depleted mice with frank hypo-
magnesemia had impaired bone growth, decreased bone formation, increased bone
resorption, osteoporosis, and increased skeletal fragility (Kenney et al. 1994; Rude
et al. 1999).

The pathophysiologic basis for this effect of Mg on bone, however, remains
unknown, although elevated serum concentrations of inflammatory cytokines may
play a role. The possible role of Mg deficiency in determining bone loss is confirmed
by data from Rude and Gruber showing an increased osteoclastic bone resorption
associated with an increased concentration of substance P and TNF-alfa in bone from
Mg-deficient rats (Rude and Gruber 2004).

Mg is required for activation of vitamin D and Mg deprivation is associated with
hypoparathyroidism, low production of 1,25-OH2 D3, and resistance to PTH and
vitamin D actions (Medalle et al. 1976). The combined effects of Mg deficiency and
lowPTHand 1,25-OH2 D3 synthesis and secretionmay also contribute to impair bone
growth and mineralization and to reduce bone quality, strength, and bone mineral
density. Oral Mg supplementation suppresses bone turnover and may help to prevent
osteoporotic disease (Aydin et al. 2010; Dimai et al. 1998).

A recent report in a large cohort of American men and women involved in the
Osteoarthritis Initiative followed over a period of 8 years showed thatwomenmeeting
the recommendedMg intake were at a 27% lower risk for future fractures, suggesting
a protective effect of Mg on the risk of incident fragility fractures (Veronese et al.
2017).

9.8.8 Mg and Muscular Disease (Chronic Fatigue, Muscle
Pain, and Fibromyalgia)

Muscle pain may be associated with Mg deficiency. The original symptoms, which
may have been due toMg deficiency, includeweakness and night cramps. Fibromyal-
gia is a rheumatic disease characterized by muscular pain and tenderness associated
with a non-specific general symptomatology that includes fatigue, sleep disorders,
bowel dysfunction, and headache, among others. The etiology is still unknown,
although it has been suggested that deficiency in trace elements may contribute
to the development of fibromyalgia (Sendur et al. 2008).

There are limited data about the effects of Mg treatment on fibromyalgia symp-
toms, although it has been suggested that Mg supplementation may have a role in
reducing pain, tenderness, and symptom severity in patients with fibromyalgia (Bagis
et al. 2013).
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Table 9.7 Mechanisms by which low magnesium status may affect muscle, increasing oxidative
stres

• Energetic metabolism (oxygen uptake and energy production)

• Transmembrane transport

• Muscle contraction and relaxation (by means of MgATP and the release of Ca)

9.8.8.1 Mg and Muscle Performance

Mg status is crucial to muscle ATP concentration, muscle energetic metabolism,
transmembrane transport, and muscle contraction and relaxation, while Mg defi-
ciency is associated with poor physical performance. In agreement with the role
of Mg deficiency in increasing oxidative stress and inflammation (Weglicki et al.
1996), Mg depletion is also associated with impaired intracellular calcium levels and
muscle cells structural damage, affecting energetic metabolism (oxygen uptake and
energy production), transmembrane transport, andmuscle contraction and relaxation
(Table 9.7) (Rock et al. 1995). A significant, independent and strong relationship was
found between circulatingMg andmuscle performance, which was consistent across
several muscle parameters for both men and women (Dominguez et al. 2006).

Mg supplementation (up to 8 mg/kg daily) enhanced muscle strength, enhanced
endurance performance, and decreased oxygen use in young volunteers (Brilla and
Haley 1992). In older persons, oral Mg supplementation (300 mg per day) improved
physical performance, in particular in those participantswith a lowMgdietary intake,
suggesting a role for Mg supplementation in preventing or delaying the age-related
decline in physical performance (Veronese et al. 2014).

9.8.9 Magnesium and Cancer

A complex relationship links Mg and cancer. In animal model, Mg may exert a pro-
tective effect in the early phases of chemical carcinogenesis. It has been reported that
Mg inhibits nickel-induced carcinogenesis in the rat kidney (Kasprzak et al. 1994),
and protects against 3-methyl-cholantrene-induced fibrosarcomas in rats (Patiroğlu
et al. 1997).Mg acts as a protective agent in colorectal cancer in experimental models
by inhibiting c-myc expression and ornithine decarboxylase activity in the mucosal
epithelium of the intestine (Mori et al. 1997). It has been suggested that a decrease
in Mg intake may increase cell proliferation by activating Ca channels (TRPM7),
which can provide the milieu for the development of cancer (Hanano et al. 2004).
A higher serum Ca/Mg ratio has been shown to be associated with an increased risk
of postmenopausal breast cancer (Sahmoun and Singh 2010). Likewise, an increase
in dietary Mg consumption has been reported to be inversely related to the risk of
developing colorectal adenomas and colorectal cancer (Wark et al. 2012).
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The relationship of cancer protection and Mg intake is not clear because Mg con-
tent in the diet is closely related to fiber and largely obtained from green vegetables.
There is general agreement about the inverse significant correlation between the risk
of cancer and the regular consumption of fruit, whole cereals and vegetables, rich
sources of fiber, micronutrients, vitamins and minerals, including Mg.

9.9 Role of Magnesium in the Aging Process and Longevity

In cellular systems, Mg is highly required to maintain genomic stability. Mg has
stabilizing effects on DNA and chromatin structures and is an essential cofactor in
almost all enzymatic systems involved in DNA processing. Furthermore, as essen-
tial cofactor in nucleotide excision repair, base excision repair, and mismatch repair,
Mg is required for the removal of DNA damage generated by environmental muta-
gens, endogenous processes, and DNA replication (Hartwig 2001). Thus, Mg defi-
ciency increases the susceptibility to oxidative stress and immune dysfunction, which
may decrease membrane integrity and function and contribute to several mitochon-
drial alterations with age (decreased number, morphology modifications, increased
DNA mutations, decreased biogenesis, decreased autophagy, increased apoptosis)
(Table 9.8) (Barbagallo and Dominguez 2010).

Mg has a central role in direct regulation of protein synthesis and in ancillary
processes as a response to membrane perturbation and repair (Hartwig 2001; Rubin
2005). DNA is continuously damaged by environmental mutagens and by endoge-
nous processes. Intracellular free Mg increases in cells facing apoptosis. Mg raise
is an early event in apoptosis, possibly linked to a mobilization of Mg from the
mitochondria, and appears to be a “second messenger” for downstream events in
apoptosis (Chien et al. 1999).

There is increasing evidence from animal experiments and epidemiological stud-
ies, that Mg deficiency may decrease membrane integrity and membrane function,
increasing the susceptibility to oxidative stress, cardiovascular heart diseases, as well
as accelerated aging. The aging process is associated with a shortening of telomeres,
repetitive DNA sequences, and associated proteins that cap and protect the ends of

Table 9.8 Effects of aging on the mitochondria by which oxidative stress may be increased

• Decreased number

• Morphology modifications

• Increased DNA mutations

• Decreased biogenesis

• Decreased autophagy

• Increased apoptosis
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chromosomes. Low telomerase activity is associated with increased catecholamines
while the sensitivity of telomere synthesis to Mg ions is primarily seen for the longer
elongation products (Blackburn 2000). Several studies have reported alterations in
cell physiologywith senescence features duringMg deficiency in different cell types.
Mg-related alterations may include reduced oxidative stress defense, cell cycle pro-
gression, culture growth, and cellular viability and activation of the expression of
proto-oncogene and of transcription factors (Sgambato et al. 1999). Culture of pri-
mary fibroblasts in Mg-deficient media caused a loss of replicative capacity and
an acceleration of the expression of biomarkers associated with senescence and in
telomere attrition. In addition, a significant decrease in the replicative lifespan was
seen compared to fibroblast populations cultured in normal Mg media conditions
(Killilea and Ames 2008).

Because of the crucial role of Mg in stabilizing DNA, reducing the potential for
oxidative stress and promoting DNA replication and transcription, a Mg deficiency
might lead to an increased genomic instability, inhibited DNA repair, and altered
function of mitochondria, thus contributing to cellular senescence and accelerated
aging (Killilea andMaier 2008; Hartwig 2001). Mg protects against these effects and
against the shortening of telomeres seen with lower Mg, associated with a reduction
in life expectancy. It has been hypothesized that because of the effects of Mg supple-
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Fig. 9.3 Different factors may converge in old age and determine a lowmagnesium status. Because
magnesium acts as an antioxidant reducing the production of free radicals by the mitochondria, its
deficitmay contribute to the accumulation of oxidative damage,which in turnmay trigger the release
of inflammatory mediators conforming a state identified as “inflammaging”. This term refers to the
low-grade chronic inflammation frequently seen in old age and associated with several age-related
chronic conditions
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mentation in maintaining telomere length, it may also have a role in extending the
life span (Rowe 2012).

9.10 Conclusions

Aging is frequently associated with chronic Mg deficiency. Several age-related
chronic conditions have been linked to a low-grade chronic inflammation and/or
to an excessive production of oxygen-derived free radicals. Since Mg deficits trigger
both these conditions, we have previously hypothesized that a chronic Mg insuffi-
ciency may help to explain the interactions between low grade chronic inflammation
and oxidative stress with the aging process and/or age-related diseases (Fig. 9.3)
(Barbagallo et al. 2009; Barbagallo and Dominguez 2010).

It is thus possible to postulate that preserving an optimalMg homeostasis through-
out life might help to prevent some aging-related conditions, associated with Mg
inadequacy, and may lengthen healthy life. In this context, also the possible role
of Mg supplementation remains unclear. Very few prospective blind studies on the
effects ofMg deficiency treatment in older adults have been performed. The possibil-
ity that Mg may supplementation may become a safe and economic health strategy
in the aging population is a suggestive hypothesis that needs to be proven by future
prospective studies.
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