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Abstract

There is an enormous amount of data concerning the role of magnesium in health, disease and exercise capacity. More
than 350 enzymes, in addition to those involved in metabolic cycles, appear to require and to be regulated by magnesium.
Furthermore, magnesium affects many cellular functions, including transport of potassium and calcium ions, signal trans-
duction, hormone secretion, energy metabolism and cell proliferation. However, the diagnosis of magnesium status is still
under debate mostly due to the lack of functional biomarkers of body magnesium stores. It seems likely that magnesium
deficiency contributes to the development of hypertension, type 2 diabetes and various cardiac diseases. At least in 20%
of the population daily magnesium intake is suboptimal. Highly active subjects and especially elite sportsmen are at gre-
ater risk of magnesium deficiency due to ion losses in sweat and urine. Data concerning magnesium effects on exercise ca-
pacity are equivocal. A beneficial effect of magnesium supplementation on strength and endurance has been recognized in
some studies. Concomitantly, the lack of effects of dietary magnesium intake on performance has also been demonstrated.
However, assuming increased magnesium losses due to intensive physical activity, magnesium supplementation may be
useful, at least in athletes with suboptimal magnesium intake. This is especially true for female athletes, who frequently do

not consume adequate energy relatively to expenditure.
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Introduction

The essential character of magnesium for humans
has been acknowledged since the 1920’s and since
then an enormous amount of investigation have fo-
cused on the role of magnesium in health and disease
(1). Itis well documented that more than 350 enzymes,
in addition to those involved in metabolic cycles, ap-
pear to require and be regulated by magnesium (2). In
addition, magnesium affect many cellular functions,
including transport of potassium and calcium ions,
and modulates signal transduction, hormone secretion,
energy metabolism and cell proliferation (3, 4).

However, the diagnosis of magnesium status is still
under debate mostly due to the lack of functional bio-
markers of body magnesium stores (5-8).

On the other hand, in developed countries marginal
primary magnesium deficit is not uncommon and af-
fects 15-20% of the population and is now believed
to contribute to many diseases (metabolic syndrome,
type 2 diabetes, myocardial infraction, hypertension)
and its role as a therapeutic agent has been tested in
numerous clinical trials (9-12).

Despite the above mentioned indispensability of
magnesium in metabolic processes, the mechanism
of its homeostasis, turnover and precise role in my-
ocardium, striated muscle, in the regulation of insulin
sensitivity and nervous system action is still subject
of intensive research.

Magnesium distribution and turnover in the
body

The total magnesium content in the human body
is 20-28 g. About 60% of total magnesium builds up
the bone structure, and the remaining about 40% is
in other tissues (13). Blood and interstitial fluid ma-
gnesium makes up about 1% of its total body con-
tent (14). Magnesium concentration in body fluids
and erythrocytes according to Durlach (15) is pre-
sented in Table 1.

At present it is well documented that magnesium
undergoes constant exchange between different body
compartments. According to Feillet-Coudray el al.
(16) in healthy women exchangeable magnesium
pools represents 11-12% of total body magnesium

Table 1. Physiological concentration in body fluids and
erythrocytes (according to 15)

Magnesium
concentration(mmol-1"")

Plasma 0.88 = 0.05
Sweat 0.25-0.29
Saliva approx. 0.44
Cerebro-spinal fluid 1.03-1.24
Seminal fluid approx. 4.4
Erythrocytes 2.30+0.24
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on the basis of multicompartmental analysis. Ad-
ditionally, research has demonstrated that 25% of to-
tal magnesium exchanges rapidly from the plasma
compartment with two extraplasmatic pools (17) One
of the extraplasmatic compartments contains 80% of
the exchangeable magnesium with a transport rate ap-
proximately 48 mg-h!, the second — exchanges 179
mg of magnesium per hour (18).

These data highlight why the determination of
plasma magnesium is not a reliable measure of ma-
gnesium status in the body.

Determination of magnesium status

As was mentioned earlier, so far there is no simple
method to determine magnesium body stores and to
recognize magnesium deficiency. Due to ion exchange
between different compartments plasma magnesium
does not reflect magnesium status. Moreover, total pla-
sma magnesium undergoes circadian changes, which
markedly differ with respect to sex (19). In males the
highest plasma magnesium levels were observed in
the afternoon, and the lowest — in the morning. In fe-
males two peaks were noted — in the afternoon and
again at night, but the lowest levels were observed in
the evening and in the morning. Thus, it is difficult
to recognize which plasma magnesium levels reflect
true ion status.

On the other hand, it is well known that total plasma
magnesium is composed of three fractions — ionized
(or free) magnesium, protein bound magnesium and a
complex bound fraction. Kiilpmann and Gerlach (20)
have demonstrated that total and ionized magnesium
were correlated only in marked hypermagnesemia and
poorly correlated in slight hypermagnesemia or in hy-
pomagnesemia and the relationship was dependent on
plasma protein concentration. Additionally, Ising et al.
and Newhouse et al. (21, 22) have noted that ionized
magnesium undergoes circadian rhythm and biological
variability accounts for almost half of the variability
in ionized magnesium levels. Thus, neither total nor
ionized plasma magnesium seems to be a reliable in-
dex of magnesium status.

Feillet-Coudray et al. and Coudray et al. (23, 24)
have indicated that the determination of the rapidly
exchangeable magnesium pool using Mg isotopes is
areliable index of magnesium status since it responds
to the fluctuation in dietary magnesium.

Rudzinski et al. (25) proposed a magnesium lo-
ading test and magnesium determination in daily urine
as a good measure of magnesium status. However, the
drawback of this method is prolonged (8 h) intravenous
magnesium infusion. The authors proposed a mo-
dification of the test by diminishing an Mg*> dose and
shorter infusion (4 h), but even then the method is too
complicated to be applied in routine practice. Simi-
larly, Walti et al. (26) used intravenous Mg?® infusion

and determination of urinary magnesium excretion as
an indicator of marginal magnesium deficiency.

Moreover, the above mentioned methods are com-
plicated, time-consuming and do not seem to be use-
ful in clinical practice.

Since almost 99% of the body magnesium is in-
side the cells, Malon et al. (27) have proposed the de-
termination of ionized magnesium in erythrocytes as
an index of magnesium status due to its response to
both hyper-and hypomagnesemia and this method is
simpler than the magnesium load test or the determi-
nation of exchangeable magnesium pool.

Magnesium homeostasis

Regulation of the total body magnesium balance
principally resides within the kidney that tightly mat-
ches the intestinal absorption of magnesium (28). In
the kidney approximately 80% of the total plasma ma-
gnesium is ultrafiltrated across the glomerular mem-
brane and subsequently reabsorbed in consecutive seg-
ments of the nephron. Approximately 10 to 20% of
Mg** is reabsorbed in proximal tubules, the remaining
50-70% in the loop of Henle.

Until recently the mechanisms of magnesium trans-
port in the kidney and intestine were obscure. Ho-
wever, at present research has documented that two
members of transient receptor potential family (TRP)
named TRPM6 and TRPM7 contribute to Mg** epi-
thelial transport and are prime targets for hormonal
control of magnesium flux from the urine or intestinal
Iumen to the blood (29).

However, it should be stressed that Mg*> homeosta-
sis is tightly coordinated with calcium (Ca*?) balance
and regulated in concert by parathyroid glands, bone,
kidney and intestine. Under conditions of both calcium
and magnesium deprivation their intestinal absorption
and kidney reabsorption increase (30-32). If depletion
continues, then the bone store assists in maintaining
appropriate plasma levels by exchanging part of its
content with the extracellular fluid. The Ca** - sensing
receptor (CaSR) represents the molecular mechanism
by which parathyroid glands detect changes in the io-
nized calcium and magnesium levels and modulate
PTH secretion (33, 34). In addition to the effects of
both cations on PTH secretion, this hormone in turn
regulates directly the calcium and magnesium balance
by modulation of bone resorption, renal reabsorption,
and indirectly Ca** and Mg*? intestinal absorption by
stimulation of vitamin D synthesis.

Dietary magnesium — absorption and interac-
tions

In human nutrition whole grain products are the
main source of dietary magnesium (35). However, the
highest magnesium content has been found in legumes,
soya beans, in rice, and chocolate (13). Hard mineral
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waters (magnesium content approx. 110 mg-1") are
also an important source of magnesium (36, 37).

Magnesium absorption from the diet occurs mainly
from ileum and colon and is tightly regulated by ion
intraluminal content (32, 38, 39). At low intraluminal
concentrations magnesium is absorbed primarily via
the active transcellular, saturable route, and, with ri-
sing concentrations, via the paracellular pathway, yel-
ding a curvilinear function for total absorption, ho-
wever, total magnesium absorption increases pro-
portionally with increasing dietary Mg*** (40).

However, intestinal magnesium absorption is also
subject to complicated interactions with other die-
tary components especially calcium and phosphorus
(41, 42).

Moreover, fiber, phytic acid and oxalate are potent
inhibitors of intestinal Mg** absorption (43-47). On
the other hand, research has demonstrated that non-
digestible, but fermentable oligosaccharides (NOD
- gums, pectin, inulin, lactulose, oligofructose) im-
prove mineral absorption (48-51).

The increased absorption of minerals, including
magnesium after NOD consumption takes place in the
cecum and colon but not in the small intestine (52).
The precise mechanism of their action in not fully un-
derstood and probably includes NOD fermentation,
elevation of bifidobacteria content and production of
short-chain fatty acids resulting in pH decrease and in-
crease in mineral solubilization. The NODs probably
also act at the villus level increasing the villus crypt
height, number of epithelial cells per crypt and at the
cellular level affecting expression of mineral trans-
porting proteins.

However, at present our knowledge concerning
dietary Mg* effects and its bioavailability on cation
content in different tissues is limited. In the rat Zim-
mermann et al. (53) have revealed that magnesium
deficiency (70 ppm daily magnesium) brings abo-
ut the elevation in serum and heart ionized Mg* in
comparison with a high magnesium diet (9000 ppm).
In contrast, magnesium deficiency depressed ske-
letal muscle magnesium content in contrast to high
magnesium diet. Both low and high magnesium diets
lowered liver cation content. Additionally, total ma-
gnesium in the heart and skeletal muscle was po-
sitively and significantly correlated with total calcium
content. The above data indicated that soft tissues may
have regulatory mechanisms that compensate the de-
ficiency in dietary magnesium whereas calcium se-
ems to play a substantial role in the regulation of tis-
sue Mg stores.

Energy shuttling and magnesium

Itis well recognized that in the cell ATP is bound to
Mg** and exclusively in this form contributes to ener-
gy-requiring processes. (54). Intracellular magnesium

regulates ADP phosphorylation and also adenine nuc-
leotide synthesis in the pentose phosphate pathway
(55). Moreover, phosphorylated glycolytic intermedia-
te concentrations were also strongly dependent on both
Mg** and Mg-ATP levels (56). Furthermore, Mg** has
been found to contribute to the regulation of a key gly-
colytic enzyme — phosphofructokinase, allosterically
inhibited by high concentrations of magnesium (57).
Additionally, magnesium affects mitochondrial F F |
- ATP-ase activity, the most abundant source of ATP
synthesis in humans (58, 59).

Summing up, magnesium is indispensable in ener-
gy provision in different ATP-generating systems.

Magnesium and muscle contraction

Magnesium plays a vital role in the regulation of
contraction in smooth, cardiac and striated muscle
and its role in muscle contraction is still a matter of
intensive studies.

Smooth muscle

NMR studies have revealed that the Mg** con-
centration in smooth muscle is highly conserved wi-
thin a limited range (60).

It is well documented that myogenic tone of ce-
rebral vessels is strongly dependent on plasma Mg+
concentrations and magnesium is believed to play an
important role in the autoregulation of cerebral blo-
od flow (61, 62). Collectively, these studies suggest
that a decreased content of magnesium will increase
cerebrovascular tone and may induce vasospasmic
responses.

A recent study has demonstrated that in isolated
canine basilar arteries low to medium magnesium in-
duces contractions due to elevation in calcium con-
centration (63). Interestingly, the low magnesium ef-
fect increasing contractile tension was impaired by
pretreatment of the arteries with genistein - an inhibitor
of tyrosine kinase and with specific inhibitors of mi-
togen activated protein kinase (MAPK). The above
data suggest that low magnesium disturbs several si-
gnaling pathways in canine basilateral arteries.

In addition, magnesium removal has been found to
impair the regulatory role of endothelium in isolated
femoral arteries of normotensive rats (64). After re-
moval of magnesium from the external medium the
noradrenaline-induced contraction was markedly au-
gmented. On the other hand, after removal of en-
dothelium noradrenaline effect was enhanced exc-
lusively in magnesium-free solution. Thus, it has been
suggested that magnesium plays an important role in
the regulation endothelium-dependent vessel response
to noradrenaline.

The precise mechanism of magnesium action in
the regulation of blood vessel tone has not been ful-
ly elucidated, however it probably includes both Ca*?
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antagonism as well as the stimulation of nitric oxi-
de synthase activity and promotes nitric oxide syn-
thesis (65-67).

It has been also demonstrated that magnesium
elicits a potent relaxing action in isolated rabbit tra-
cheal strips (68). When potassium chloride was used
as a constrictor agent Mg* caused a full relaxation
of the tracheal muscle, but acetylcholine contraction
was abolished in 55%. Based on the knowledge that
both potassium chloride and acetylcholine cause Ca*?
mobilization, it was postulated that magnesium in-
hibits calcium flux by blocking calcium channels in
the cells.

Cardiac muscle

Even small changes in intracellular free Mg** may
have important effects on cardiac excitability and con-
tractility, however, the mechanism of magnesium ac-
tion has not been fully elucidated.

Research has demonstrated that magnesium de-
ficiency induces an increase in intracellular calcium
and promotes the imbalance of sodium and potassium
in cardiomyocytes (69, 70). The force of contraction of
papillary muscle in Mg* deficient medium was abo-
ut 1.6 times greater than that of control (71). The op-
posing effects of Mg and Ca* on myocardial con-
tractility are probably due to the competition between
both cations for the same binding sites on key con-
tractile proteins such as troponin C, myosin and ac-
tin (72, 73). However, Zhu et al. (74) have indicated
that Ca*?> and Mg** effects on myosin ATP-ase were
different and Mg* was essential to maintain the con-
formation of myosin in cardiac muscle, whereas Ca*?
was likely to play a regulatory function.

However, magnesium action in the heart is not li-
mited to the regulation of contractility. In vitro stu-
dies have revealed anti-infract magnesium action in
isolated rat and rabbit hearts, probably due to pro-
motion of adenosine synthesis or to Mg* action on
adenosine receptors (75-77). Magnesium deficiency
has been found to induce cardiac fibrogenesis in the
rat probably due to augmented both circulating and
cardiac angiotensin II levels and elevated rennin ac-
tivity (78).

Skeletal muscle

In striated muscles, similarly to smooth and car-
diac muscle, Mg*? seems to play a pivotal role in the
regulation of muscle contraction, however, not all de-
tails of its action are fully elucidated. In isolated sar-
coplasmic vesicles it has been shown that magnesium
as Mg-ATP complex increases Ca*?- release channel
sensitivity, thus contributing to the initiation of muscle
contraction (79). This finding was further supported
by Blazev and Lamb (80) who demonstrated that in
rat skinned muscle fibres depolarization-induced Ca*?

release is modulated by the concentration of ATP as
well as by free magnesium. Additionally, Mg** seems
to activate the opening of Ca*>-dependent K+ channels
- essential for neuronal activity and modulation of mu-
scle contraction (81). Recent data have indicated that
the role of Mg* in excitation-contraction coupling is
due to its interaction with the calcium - sensitive ry-
anodine receptor (RYR) (82). In the resting muscle
RYR activation by Ca** is strongly inhibited by Mg+
preventing uncontrolled Ca* - induced Ca*? release be-
tween periods of activation. Physiological Ca* release
and initiation of contraction is falicitated by a decrease
in the affinity for Mg** binding to RYR (83).
Considering all the above mentioned effects of ma-
gnesium in smooth, cardiac and striated muscle it be-
comes clear that despite counteracting calcium action,
magnesium plays an independent and important role in
the regulation of excitation-contraction coupling.

Health risk of magnesium deficiency
Osteoporosis

As was mentioned earlier magnesium is an essential
component of the bone. In addition, magnesium is re-
quired for the synthesis of calcitriol, the active form of
vitamin D and normal calcium transport and utilization
(84). Recent data have indicated that magnesium de-
ficiency increases osteoclast number and potentiates bone
resorption (85). There is a wealth of animal and human
studies indicating that magnesium deficiency contributes
to decreased bone density and subsequent osteoporosis
(886-88). On the other hand, in menopausal females ma-
gnesium supplementation has been noted to improve
bone density and to prevent fractures (89).

Diabetes

Early animal data have demonstrated insulinomime-
tic effects of magnesium and stabilization of post-meal
blood glucose in diabetic rats after magnesium supple-
mentation in the drinking water (90). The effect of pro-
longed magnesium treatment on glucose disposal was
also tested in normal and diabetic rats (91). In normal
animals magnesium did not affect glucose utilization.
In contrast, in diabetic animals magnesium induced a
small increase in the glycolytic pathway.

However, in humans research data concerning ma-
gnesium effects on glucose disposal are equivocal.
Lal et al. (92) did not observe any effect of oral ma-
gnesium supplementation on glucose metabolism in
patients with type 2 diabetes. On the contrary, Ro-
driguez-Moran (93) and Guerrero-Romero (94) no-
ticed an improvement in insulin sensitivity expressed
as HOMA-IR in hypomagnesemic subjects with type
2 diabetes in response to magnesium treatment.

It should be stressed that hypomagnesemia is ob-
served in approximately 40% of diabetic subjects
(95) probably due to decreased cation absorption, re-
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absorption and depressed influx into the cells (96-98).
Thus, it could not be excluded that beneficial effects of
magnesium supplementation on glucose homeostasis
were observed exclusively in subjects with low ma-
gnesium body stores.

On the other hand, numerous data have indicated
that there is a close link between magnesium status,
insulin resistance and diabetes (99). Epidemiological
studies have indicated a significant inverse association
between magnesium intake and type 2 diabetes risk
in the USA population (100). Similarly, a potential
link between magnesium intake and diabetes was no-
ted in Indigenous Australians and elderly Taiwanese
(101, 102). An inverse association between dietary
magnesium intake, plasma ion level and fasting in-
sulin was observed in obese children, suggesting a
possible link between magnesium status and insulin
resistance (103, 104).

Magnesium status and plasma lipoproteins

Magnesium is a controlling factor in cholesterol
biosynthesis and is necessary for the activity of lipo-
protein lipase (LPL) and lecithin cholesterol acyltrans-
ferase (LCAT) which lowers triacylglycerol levels and
raises HDL-cholesterol concentrations (105).

In diabetic rats magnesium treatment decreased
elevated total cholesterol and triacylglycerol levels
(106). A similar effect of magnesium supplementation
was noted in mice lacking LDL-receptor and fed a
high-cholesterol diet together with lesser atherogenic
changes at the aortic sinus (107). Magnesium sup-
plementation in apparently healthy subjects resulted
in elevation of LCAT activity and HDL-cholesterol
concentrations (108).

Thus, it seems feasible that magnesium status may
contribute to disturbances in lipoprotein metabolism
observed in type 2 diabetes and may improve the li-
poprotein profile in healthy subjects.

Cardiovascular effects of magnesium status
Magnesium deficiency is recognized as a cause
of disturbances in cardiovascular system function.
In animals ECG changes, arrhythmias, valvular mal-
formations, endocardial fibrosis, intima hypertophy,
hyperplasia, calcification and edema have been found
accompanying magnesium deficiency (109). On the
other hand, magnesium infusion decreases systemic
vascular resistance and decreases mean blood pres-
sure in sheep (110). A considerable number of expe-
rimental, epidemiological and clinical studies are now
available which point to an important role of Mg* de-
ficiency in the etiology for cardiovascular pathology
in humans such as ischemic heart disease, congestive
heart failure, sudden cardiac death, arrhythmia, hy-
pertension and mitral valve prolapse (11, 111-113).
Thus, a wealth of clinical studies have focused on

either oral magnesium supplementation in prevention
of cardiovascular disease or i.v. infusion in incidents
of cardiac dysfunction (114-117).

Magnesium and exercise capacity

Lukaski et al. (118) have noted than in university
athletes maximal oxygen uptake significantly cor-
related with plasma magnesium levels and suggested
that magnesium may facilitate oxygen delivery to wor-
king muscle. In addition, it has been found that die-
tary magnesium depletion brings about the elevation
in oxygen uptake and heart rate during submaximal
exercise in postmenopausal women (119).

On the contrary, magnesium supplementation (va-
ried from 250 mg to 540 mg-day') has improved mu-
scle strength and endurance, but decreased oxygen
consumption, ventilation and heart rate (for review
see 120, 121).

However, it is worth noting that Weller et al. (122)
and Finstad et al. (123) have not observed any bene-
ficial effects of magnesium supplements on both ana-
erobic and aerobic physical performance in subjects
with low to normal plasma magnesium levels.

Thus, it seems that experimental data concerning
magnesium supplementation and physical capacity
are equivocal. This may be due to the lack of spe-
cific biomarkers of magnesium status and poor dia-
gnostic value of plasma magnesium determination
mentioned earlier.

On the other hand, it is well recognized that du-
ring intensive physical activity as in high performance
sports magnesium body stores may be depleted due
to urinary and sweat losses (124). Thus, a significant
decrease in plasma magnesium has been observed in
response to 25-km and marathon running (125, 126)
(Table 2).

Table 2. Recommended magnesium dietary intake and ma-
gnesium losses insedentary subjects (13)

Recommended dietary intake

females 300 mg/day
males 370 mg/day
Excretion

urine 60-200 mg/24 h
sweat 15 mg/24 h
faeces 1-2 % of total losses

Moreover, there is evidence that dietary magne-
sium intake in sportsmen may be suboptimal, espe-
cially in female athletes (127-129). Nuviala et al. (130)
have reported that no group of female athletes (karate,
handball, basketball and running) reached the minimal
recommended magnesium intake of 280 mg-day™'. Si-
milarly low magnesium daily intake has been found
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in female volleyball players, mostly due to inadequate
energy intake (131).

Thus, magnesium supplementation may be useful at
least in athletes with low magnesium daily intake (132).
Daily magnesium supplementation in physically active
subjects should not exceed 10 mg-kg' body mass, be-
cause excessive magnesium intake has several adverse
effects such as muscle weakness, bradycardia, diahrrea,
vomiting, hypotension, and insomia (133).

In summary, despite the substantial role of ma-
gnesium in the regulation of many metabolic pro-
cesses (generation of energy, muscle contraction, li-
poprotein profile, insulin action) so far there is no re-
liable method evaluating magnesium status. In ge-
neral, magnesium daily intake is suboptimal in about
20% of the population. However, highly active sub-
jects and especially elite athletes are at greater risk of
magnesium deficiency due to ion losses in sweat and
urine. Although data concerning exercise capacity
and magnesium status are equivocal, magnesium sup-
plementation may be useful to prevent potential ma-
gnesium deficiency.
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