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Molecular Physiology of Magnesium in Cardiovascular System
and Pathobiology of Hypomagnesaemia in Cardiovascular
Diseases

Leta Shiferaw Melaku

ABSTRACT

Magnesium, the fourth most abundant cation in the human body, is involved in several
essential physiological, biochemical, and cellular processes regulating cardiovascular
function. Mammalian cells regulate Mg?* concentration through specialized influx and efflux
transport systems that have only recently been characterized. Mg?* influx is controlled by
recently cloned transporters including Mrs2p, SLC41A1, SLC41A1, ACDP2, MagT1, TRPM6
and TRPM7. Magnesium efflux occurs via Na?*-dependent and Na?*-independent pathways.
It plays a critical role in modulating vascular smooth muscle tone, endothelial cell function,
and myocardial excitability and is thus central to the pathogenesis of several cardiovascular
disorders such as hypertension, atherosclerosis, coronary artery disease, congestive heart
failure, and cardiac arrhythmias. Much research is still needed to clarify the exact mechanisms
of Mg?* regulation in the cardiovascular system and the implications of aberrant transcellular
Mg?* transport in the pathogenesis of cardiovascular disease. This review discusses the
vasodilatory, anti-inflammatory, anti-ischemic, and antiarrhythmic properties of magnesium
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and its current role in the prevention and treatment of cardiovascular disorders.
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INTRODUCTION

Magnesium is the eight most common element in the
Earth crust.!! The most plentiful source of biologically
available magnesium is the hydrosphere (i.e., oceans
and rivers).?* In the sea, the concentration of
magnesium is about 55 mmol/L and in the dead sea
as an extreme example, the concentration is reported
to be 198 mmol/L magnesium and has steadily
increased over time.’) Magnesium is an essential
electrolyte for living organisms and it is the second
most abundant intracellular cation and the fourth
most abundant cation in the human body (Ca* >
K* > Na* > Mg?*).l'¥! The normal adult human body
contains approximately 1,000 mmols of magnesium
(22 - 26 g).1"" About 60% of the magnesium is present
in bone, 20% is in skeletal muscle, 19% in other soft
tissues and less than 1% in the extracellular fluid,”
which is primarily found in serum and red blood
cells. Normal serum magnesium concentration is
about 0.76 - 1.15 mmol/L."®) In normal adults, total
serum magnesium ranges are between 0.70 - 1.10
mmol/L and both intra and extracellular Mg** exist
in 3 functional states:- (1) free or ionized (the physio-
logically active form), (2) protein bound, and (3)
complexed to anions.” With regard to extracellular
Mg?, 20% - 30% is protein bound, 55% - 70% is
ionized (the physiologically active form) and the rest
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is complexed with various anions.”? Of the protein
bound fraction, 60 — 70% is associated with albumin
and therestisbound to globulins.'”' Within cells, Mg?*
is compartmentalized in the nuclei, mitochondria,
and endo/sarcoplasmic reticulum.!"! Within these
compartments, Mg?* binds to chromatin and nucleic
acid, matrix adenine phospho-nucleotides and inter-
membrane proteins, and ribonuclear proteins and
phospholipids, respectively.'"'? As a result of this
binding, only a small fraction of intracellular Mg*
exists in the free form. The total intracellular Mg*
concentration ranges between 14 and 20 nM, whereas
the intracellular free Mg** concentration is estimated
to be about 0.5 - 0.7 nM.[*! The distribution of
magnesium within the cell is heterogenous, with
lower concentrations in the peripheral regions of the
cytoplasm than in the perinuclear region.!"! The rate
of magnesium transport across cell membranes also
varies in different cell types, being higher in heart,
liver and kidney and lower in skeletal muscle, red cells
and brain. Additionally, intracellular magnesium is
higher in rapidly proliferating cells indicating that
cellular magnesium transport is linked to metabolic
activity of the cell." The recommended daily allowance
(RDA) for magnesium in adults is 4.5 mg/Kg/day or
12 mmol/day."*”
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The daily requirement is higher in pregnancy, lactation and following
debilitating illness.”? Magnesium homeostasis is maintained by the
intestine, the bone and the kidneys. Of the total dietary magnesium
consumed, only about 24% — 76% is absorbed in the gut and the rest is
eliminated in the faeces.” Intestinal absorption of magnesium proceeds in
both a passive paracellular manner and an active transcellular manner.!'"!
The majority of magnesium is absorbed in the small intestine by a passive
paracellular mechanism, which is driven by an electrochemical gradient
and solvent drag.!"”! Paracellular magnesium absorption is responsible
for 80% - 90% of intestinal magnesium uptake, which is presumably
mediated by claudin-16/paracellin-1.'®! The driving force behind this
passive magnesium transport is supplied by the high luminal magnesium
concentration, which ranges between 1.0 and 5.0 mmol/L, and the lumen-
positive transepithelial voltage of ~15 Mv."”) On the contrary, active
transcellular absorption of magnesium occurs almost exclusively in the
colon and may involve Na*/Mg?* antiport systems and the transcellular
transporter, Transient Receptor Potential Melastatin 6 (TRPMS6).>!
The exact mechanism facilitating paracellular magnesium absorption
still remains unknown. Studies suggest a role for parathyroid hormone
(PTH) in regulating magnesium absorption, but the role of vitamin D
and its active metabolite 1, 25 dihydroxyvitamin D is more controversial.
Phytates in the diet bind to magnesium and impair its absorption.
However the quantities present in normal diet do not affect magnesium
absorption. Other dietary factors that are thought to affect magnesium
absorption are oxalate, phosphate, proteins, potassium and zinc.?! It is
worth noting that intestinal absorption is not directly proportional to
magnesium intake but is dependent mainly on magnesium status. The
lower the magnesium level, the more of the mineral is absorbed in the
gut, thus relative magnesium absorption is high when intake is low and
vice versa.? There is usually equilibrium between intestine magnesium
absorption and renal elimination. The kidneys are crucial in magnesium
homeostasis as serum magnesium concentration is primarily controlled
by its excretion in urine. Under physiological conditions, ~2400 mg of
magnesium in plasma is filtered by the glomeruli. Of the filtered load,
~2300 mg is immediately reabsorbed and only 3% — 5% is excreted in the
urine, i.e., ~100 mg."”’ Approximately 15 — 20% of filtered magnesium
is reabsorbed in the proximal tubular segments, 65 - 75% in thick
ascending loop of henle (TALH) and the rest in the distal segments.!

Magnesium transport in the proximal tubule appears to be primarily a
unidirectional passive process depending on sodium/water reabsorption
and the luminal magnesium concentration. Magnesium transport
in TALH is directly related to sodium chloride reabsorption and the
positive luminal voltage in the segment.¥ In TALH, approximately
25% of the filtered sodium chloride is reabsorbed through the active
transcellular transport, (sodium-chloride-potassium transport) and
passive paracellular diffusion, which is mediated by claudin-16 and
-19.2% This creates a favourable luminal positive potential at TALH
where most of the magnesium is reabsorbed. Magnesium reabsorption
is also inversely related to the rate of fluid flow in the tubular lumen.
Reabsorption in the distal convoluted tubule is active via TRPMS6."*!
Mg is a dynamic ion, the transcellular transport of which involves
several efflux and influx systems.”?” Mg?* efflux involves Na*-dependent
(Na*/Mg** exchanger) and Na*-independent (Ca*/Mg*" exchanger,
Mn?*/Mg?** antiporter and ClI/Mg?* exchanger) systems.*! The Na*/Mg**
exchanger is expressed in cardiac, renal, and VSMCs and is regulated
by several neurohormones implicated in the pathophysiology of
hypertension.””? Angiotensin II, vasopressin, aldosterone, epinephrine,
and norepinephrine have all been shown to enhance Mg** efflux and
decrease intracellular Mg?*.?*! Pharmacological and functional studies
have shown that Mg* influx occurs via Mg*"/anion cotransport,
counter-transport pathways using the electrochemical gradient of Na,
and via cation channels. At least 7 transcellular Mg** channels have

been cloned, including the mitochondrial RNA splicing 2 protein, the
human solute carrier family 41, members 1 and 2 (SLC41A1, SLC41A2)
channels, magnesium transporter 1, ancient conserved domain protein
2, and transient receptor potential melastatin cation channels 6 and 7
(TRPMS6, TRPM7). A paracellular Mg** transporter, paracellin-1, has
also been identified.” The above transport processes are intricately
involved in the intestinal absorption of Mg?* and renal regulation of
Mg?** excretion and no single hormone has been shown to be specifically
related to magnesium homeostasis.*”! Several hormones including PTH,
antidiuretic hormone (ADH), calcitonin, glucagon and insulin have
been shown to affect magnesium reabsorption. Of these, PTH is the
most important. PTH increases reabsorption in the distal tubules by a
cyclic AMP mediated process.*® Phosphate depletion is associated with
a significant increase in urinary magnesium excretion and may cause
hypomagnesaemia.®!! Hypercalcaemia is associated with an increased
urinary excretion of both calcium and magnesium.

Inaddition, the high peritubular concentration of calcium directly inhibits
the transport of both ions in this segment. Osmotic diuretics such as
mannitol and glucose cause a marked increase in magnesium excretion.
Loop diuretics induce hypermagnesuria, and the increase in magnesium
excretion is greater than that of sodium or calcium suggesting that loop
diuretics may directly inhibit magnesium transport.*! Magnesium plays
an essential physiological role in many functions of the body.®” This
role is achieved through two important properties of magnesium; the
ability to form chelates with important intracellular anionic-ligands,
especially ATP, and its ability to compete with calcium for binding sites
on proteins and membranes.) Magnesium (Mg?*) is, therefore, involved
in several essential physiological, biochemical, and cellular processes
regulating cardiovascular function. It plays a critical role in modulating
vascular smooth muscle tone, endothelial cell function, and myocardial
excitability by influencing the intracellular calcium concentration and
the electrical activity of myocardial cells and the specialized conducting
system of the heart by its ability to influence movement of ions such as
sodium, potassium and calcium across the sarcolemmal membrane and
is thus central to the etiopathology of several cardiovascular disorders,
including hypertension, atherosclerosis, coronary artery disease (CAD),
congestive heart failure (CHF), and cardiac arrhythmias.*" Magnesium
has also a key role in many other important biological processes such
as cellular energy metabolism, cell replication, and protein synthesis.**!

MOLECULAR IDENTITIES OF THE
TRANSPORTERS INVOLVED IN MAGNESIUM
HOMEOSTASIS

Over the last 20 years, it has been the main focus of research. Although
the exact role of many of these proteins needs further investigation,
researchers have identified several proteins critical to cellular Mg*
homeostasis.

Transient Receptor Potential Melastatin Type 7 (TRPM7)

TRPM7 is a ubiquitously expressed divalent cation channel that is
responsible for much of the Mg?* flux in the cell.’® TRPM?7 activity is
generally regarded as a prerequisite for cell viability.* However, recent
reports with tissue-specific TRPM7 KO mice suggest that TRPM7-
deficient T cells are still viable and have normal intracellular Mg**
concentrations.””!

TRPM?7 constitutes a tetrameric channel, where each subunit consists of
six transmembrane regions with a pore region between the fifth and sixth
transmembrane domain.®® The intracellular COOH terminus contains
a kinase domain that regulates autophosphorylation of the channel,
although its mechanism is poorly understood, as TRPM7 channel
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function is not dependent on its kinase activity.* Initially, the kinase
was reported to exist as separate entity,* and indeed, recently it was
shown that the kinase is cleaved from TRPM7 by caspase-8, although the
exact function of the cleaved kinase remains unknown.*!!

Mg?* Transporter 1 (MagT1)

Originally identified in MDCT cells, Mg** transporter 1 (MagT1) has
been described as a ubiquitously expressed Mg* channel.[!! Survival
and growth of TRPM?7-deficient cells can be partially rescued by
MagT1 overexpression.” Although identification of MagT1 dates
back almost 10 years, the functional characteristics of MagT1 are
still undetermined.™ MagT1 mediates highly specific Mg?* currents
in Xenopus laevis oocytes, but these results could not be reproduced
in mammalian cells.”?) Recent studies in T cells suggest that MagT1
mediates a rapid Mg** influx upon receptor activation.”¥ Since T cells
do not require TRPM7 for maintaining normal intracellular Mg*
concentrations,””! this suggests that MagT1 has a similar function as
TRPMY in certain cell types.

Extrusion

In 1984, Theodor Gunther et al.* proposed that the main route of
Mg** efflux from the cell is Na* dependent. A large body of evidence
obtained in a wide range of cell types supports this notion.'?! Over the
last decades, the mechanism has been further characterized in a variety
of cell types, demonstrating inhibition by Na* channel blockers such
as amiloride, imipramine, and quinidine.® The stoichiometry of this
exchange mechanism is still not fully elucidated; Na*-dependent Mg**
extrusion is activated by cAMP in several cell models and conditions,?
but Na*-independent Mg?* extrusion has also been proposed. Ebel et al.l*
reported the presence of a choline-dependent Mg** transporter in
erythrocytes. However, the molecular identity of this proposed Mg*
efflux mechanism remains controversial.

Solute Carrier Family 41 Member 1

Recent reports by Kolisek and co-workers*”! suggested that solute carrier
family 41 member 1 (SLC41A1) functions as a Na*/Mg?** exchanger with
a 2:1 stoichiometry. SLC41A1 contains 11 transmembrane domains and
was originally described as a Mg?** transporter mediating Mg** currents
in Xenopus laevis oocytes."®! Although electrophysiological analysis
could not confirm these measurements in mammalian cells, Mg** efflux
studies using mag-fura 2 show Na*-dependent Mg** extrusion.*” Gain-
of-function SNPs have been associated with Parkinson’s disease, and one
mutation inSLC41A1was identified in a patient with a nephronophthisis-
like phenotype.*) SLC41A1 is part of a larger protein family including
two additional members, SLC41A2 and SLC41A3, which are studied
less extensive.**! Although SLC41A2 was initially described as a plasma
membrane protein, it has a topology opposite to SLC41A1. This finding
suggests that SLC41A2 might be expressed on the membranes of
organelles and may be involved in subcellular Mg** transport.

CyclinM

Members of the Cyclin M (CNNM) family have been proposed to
function as Mg*" transporters.®” CNNM1 is mainly expressed in brain,
CNNM2 expression is high in kidney, and CNNM4 is primarily expressed
in intestine.® In contrast, CNNM3 has a ubiquitous expression pattern
and may play a role in the maintenance of cellular Mg?* homeostasis.
A recent study shows that CNNM3 transports Mg*", and its activity
is regulated by oncogene PRL2.%?! The interaction between PRL2
and CNNM3 is essential for Mg?* influx that drives tumor growth.!
Therefore, CNNM3 should be considered in future studies on cellular
Mg?** handling in non-pathological conditions.

Mitochondrial RNA Splicing 2

Although most studied in yeast, mitochondrial RNA splicing 2 (MRS2)
is considered to be the primary Mg** channel on the mitochondrial
membrane.® Knockdown of MRS2 results in reduced Mg* uptake
in mitochondria and cell death."* Using the newly developed
mitochondrial Mg?* fluorescent probe KMG-301, Shindo et al.l*
revealed that MRS2 regulates intramitochondrial Mg?* concentrations.
This finding is interesting, since it indicates that mitochondria may store
intracellular Mg*'.

Given that Mg* is of major importance for ATP binding,
intramitochondrial Mg?* concentrations may indirectly influence the
progression of the citric acid cycle.* Recently, it was shown that MRS2
mutations cause demyelination. The relevance of this observation to
Mg?* homeostasis still remains to be determined.®"!

Others

In addition to the aforementioned Mg** transporters, several other
proteins have been proposed to transport Mg*. However, these claims
are based mainly on overexpression in the Xenopus oocytes model,
and functional evidence for these proteins is scarce. For example, the
nonimprinted in Prader-Willi/Angelman syndrome (NIPA) family of
proteins has been proposed to transport Mg?**, based on Mg** currents in
Xenopus laevis oocytes,”] but recent studies indicate that NIPA proteins
have a role in bone morphogenetic protein (BMP) signalling.'**! Likewise,
Huntingtin interacting protein 14 (HIP14) was thought to mediate Mg**
fluxes at the Golgi membrane.” Now it has become apparent that its
main function consists of palmitoyl acyltransferase activity, specifically
involved in the palmitoylation of Huntington.®! Therefore, the role
of NIPA proteins and HIP14 in Mg** transport should be questioned.
Additionally, members of the membrane Mg** transporter (MMgT)
family have been shown to transport divalent cations in Xenopus
oocytes.!! However, as they have only one transmembrane domain after
signal peptide cleavage, it is unlikely that they form functional Mg*
transporters themselves.*! It is possible that MMgT proteins may form
subunits of other Mg?* channels, and as a consequence, future studies
should be directed to the identification of its protein partners.

MAGNESIUM AND CARDIOVASCULAR SYSTEM
Role of Magnesium in Heart

Mg?* plays an important role in heart function by influencing myocardial
metabolism, Ca?* homeostasis, vascular tone, peripheral vascular
resistance, and cardiac output. Mg** exerts its effects by regulates the
activity of ion channels in the cardiac cells, thereby affecting the electrical
properties of the myocardium.*?

The cardiac action potential consists of five phases:* phase 0 is the
rapid depolarization by the influx of Na*. Phase 1 consists of rapid
repolarization by efflux of K*. Phase 2, named the plateau phase, is the
longest phase and marks Ca** entry. Phase 3 allows final repolarization
of the cell by restoration of the membrane potential. Phase 4 is the stable
phase with a resting potential of +90 mV.*} Mg?** is mainly important
in phases 2 and 3 of the myocardial action potential, exerting its effect
on K* and Ca** channels. In phase 2, Mg?* inhibits L-type Ca** channels
(Ca 1.2) to prevent Ca®* overload and cell toxicity.® Mg** can bind a
COOH-terminal EF hand motif of the channel and thereby influences
the Ca** current.® The effects of Mg?* on the current through the L-type
Ca** channels (I.;) may depend on the channels phosphorylation
state, since phosphatase treatment decreases the inhibitory effects
of Mg*.l%! In phase 3, delayed rectifier K* channels repolarize the
cell by rapid-activating (I, ) and slow-activating (I, ) currents. High
[Mg**], inhibits I currents in frog and guinea pig cardiomyocytes.*”)
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This effect probably depends on the slow-activating component of
the current, since rapid-activating currents seem insensitive to Mg**
inhibition.®® The intracellular block of inward rectifier K* channels
Kir2.1 and Kir2.2 by Mg?** substantially influences phase 3 and phase 4
of the action potential.*” This block of the I current is relieved by high
extracellular K* concentrations.” In recent years an increasing amount
of attention has been directed to the role of [Mg*'], in cardiac excitation-
contraction coupling.” Mg?* has often been considered as a natural Ca**
antagonist, since it can compete with Ca** for binding sites in proteins
and Ca*" transporters.'’? The effect of Mg?** on cardiomyocytes is mainly
explained by its role of Ca* mobilization.® Mg** binds calmodulin,
troponin C, and parvalbumin, and therefore a reduced [Mg*], may
result in alterations in the unbound Ca** fraction.” Mg** may also
affect the main Ca®*-transporting proteins in the cardiomyocytes. Mg**
acts as substrate in a complex with ATP for cardiac Ca**-ATPases and
alters the affinity of Na*-Ca*" exchanger type 1 for Ca?* (NCX1).["1747%]
There is a dearth of physiological studies on the effect of Mg**on NCX1
and SERCA activity, and available studies mainly rely on modeling and
in vitro experiments.” Nevertheless, tight regulation of [Mg*], in cardiac
cells is necessary for optimal cardiac function. This is substantiated by
the fact that high [Mg**]. can cause cardiac arrest, and by the impressive
capacity of cardiomyocytes to maintain constant [Mg**]. Magnesium
may play a role in reducing coronary vascular resistance, increasing
coronary artery blood flow parameters, and prevention of arrhythmia.”!

Probably the most widely accepted and practiced use of magnesium
in cardiovascular medicine is for the prevention and/or treatment
of cardiac arrhythmias.”” Another meta-analyses have shown that
intravenous magnesium is indeed an effective and safe strategy for
prophylaxis against post-cardiac surgery atrial fibrillation and for
acute management of rapid atrial fibrillation.”® Cagli et al. recently
showed that combined prophylactic therapy with intravenous low-
dose amiodarone and MgSO, in the early postoperative period is an
effective, simple, well-tolerated, and cost-effective regimen for the
prevention of post-cardiac surgery atrial fibrillation in high-risk,
normomagnesemic patients.” Similarly, concurrent use of intravenous
Mg** enhances the ability of intravenous ibutilide and dofetilide to
successfully convert atrial fibrillation or atrial flutter to sinus rhythm."”
Thus, intravenous Mg* is an effective adjuvant therapy for atrial
fibrillation or atrial flutter for both rate and rhythm control and can act
synergistically with the class III antiarrhythmic agents to prevent their
proarrhythmogenic effects and reduce the need for potentially harmful
antiarrhythmic drugs such as amiodarone. The use of magnesium for the
treatment of ventricular arrhythmias associated with long QT syndrome
(polymorphic ventricular tachycardia/torsades de pointes) is well
established.® Torsades de pointes is a form of ventricular tachycardia
associated with a long QT or QTc and is electrocardiographically
characterized by twisting of the peaks of the QRS complexes around the
isoelectric line.® Long QT syndrome can be congenital (eg, Jervell and
Lange-Nielsen syndrome) or acquired, caused by drugs such as class Ia
and III antiarrhythmic agents and electrolyte abnormalities, including
hypokalemia and hypomagnesemia. Magnesium is therefore the drug of
choice for suppressing early after depolarizations and terminating the
arrhythmia and is effective even in patients with normal Mg** levels.
Supplementation with intravenous Mg?* has been shown to cause a
significant decrease in the number of ventricular ectopic beats, couplets,
and episodes of non-sustained ventricular tachycardia in patients with
New York Heart Association class II-IV heart failure.®™ Ventricular
arrhythmias are common following coronary artery bypass grafting,
and their occurrence coincides with the postoperative decline in serum
Mg?** levels.™®! Parikka et al showed that correction of the postoperative
decline in serum Mg?* concentration decreases the occurrence of early
ventricular premature complexes and complex ventricular arrhythmias

in coronary artery bypass surgery patients, and the benefit appears to
be the greatest in patients with extensive underlying CAD and prior
diuretic therapy.®

Lastly, data from the Magnesium in Cardiac Arrhythmias (MAGICA)
trial showed a significant reduction in ventricular premature beats
in patients with frequent ventricular arrhythmias (>720 beats/24h)
following a 50% increase in the minimum daily dietary intake of Mg*
and K* for 3 weeks, further emphasizing the beneficial effects of Mg**
in the management of ventricular arrhythmias.’® Magnesium exerts its
antiarrhythmic effect via modulation of myocardial excitability.*” The
role of voltage-dependent Na*, Ca**, and K* channels in the generation
of cardiac action potential and the pathogenesis of cardiac arrhythmias
is well-established; however, very few studies have evaluated the effect of
magnesium on cardiac voltage-dependent Na* channels. Using inside-
out patches from guinea pig ventricular myocytes to measure currents
through single cardiac Na* channels, Mubagwa et al.® showed that
[Mg*]. had no effect on inward currents but decreased the outward
current amplitude in a concentration and voltage-dependent manner.
This suggests that [Mg®'] primarily exerts only an open channel
blocking effect, with little or no direct allosteric modulatory action on
the voltage-dependent Na* channels. The cardiac membrane stabilizing
action of magnesium is primarily due to its modulation of the voltage-
dependent L-type calcium channels (LCa). As mentioned earlier,
changes in [Mg?**], are known to influence LCa by affecting its amplitude,
its activation/inactivation kinetics, and its modulation by factors such
as phosphorylation, ultimately leading to decreased Ca?* entry via these
channels.”” LCa amplitude is decreased by high [Mg*], and increased
by low (Mg?*),.***! An [Mg*"], -induced decrease in current amplitude
involves change in channel gating in the form of shift in voltage-
dependent inactivation and/or decreased channel availability. Raising
[Mg*], has been shown to increase the rate and extent of the decay of
Ca* current, an effect attributed to allosterically induced inactivation.®
High [Mg*], also causes a leftward shift in the steady state voltage-
dependent inactivation, probably as a result of screening of internal
charges by [Mg?] [ The effects of magnesium on LCa amplitude are
modulated by the state of phosphorylation of the LCa. Phosphorylation
via the protein kinase A-dependent pathway enhances the LCa current
amplitude and also enhances the inhibitory action of magnesium.
Conversely, dephosphorylation of the channels by either protein kinase
inhibitors or phosphatases decreases the magnesium effect.®!

The effect of magnesium is not due to changes in cyclic adenosine
monophosphate concentration or channel phosphorylation but appears
to be a direct effect of magnesium on the phosphorylated channel or
on channel dephosphorylation.® Binding of magnesium inhibits
phosphorylated channels from undergoing the conformational changes
that result in more frequent opening. Nonetheless, the ATP-bound form
of magnesium (Mg?*-ATP) is required for protein kinase A- or PKC-
mediated LCa phosphorylation.® [Mg?*]. and guanosine triphosphate
(GTP) act synergistically to inhibit LCa. GTP and other guanine di or
trinucleotides have been shown to inhibit LCa channels in a G-protein-
independent manner.” Both magnesium and GTP can directly bind
to LCa, but because of different charges, magnesium and GTP* have
independent binding sites, with the binding of one allosterically
preventing the binding of the other.*) Most LCa bind Mg?* and/or GTP
and remain in a non-available state under basal conditions. Depletion of
[Mg*], relieves the magnesium block because the blocking device in the
C-terminal region of a-subunit of LCa can no longer block the channel
when free of Mg*"."!! However, in the presence of GTP, depletion
of [Mg*'], allows GTP to bind to LCa, thereby allowing it to exert its
inhibitory effect, thus maintaining the channels in a non-available state.
Besides voltage-dependent Na* and LCa channels, magnesium can also
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influence the inward and delayed rectifier K* channels expressed in
cardiac cell membrane. The inward rectifier K* channels (I, ) are highly
expressed in atrial and ventricular contractile cells, and in ventricular
conduction cells, but less expressed in nodal cells.” I current is the
primary determinant of resting membrane potential of cardiac cells. It is
well-established that the strong inward rectification results from voltage-
dependent block by intracellular organic cations called polyamines.*?
Although the polyamines spermine and spermidine are the most potent
inducers of inward rectification, [Mg*'], also plays an important role.®”
Furthermore, this strong voltage-dependent rectification is influenced
by extracellular K* such that elevated extracellular K* levels relieve the
polyamine- or Mg?*-induced rectification.” The delayed rectifier K*
(I) current, composed of rapidly activating (I, ) and slowly activating
(I.,) components mediated by 2 different channel proteins, HERG and
K LQT1, respectively, is critical for the repolarization phase of cardiac
action potential.®*! Elevated [Mg*]. in mammalian cardiac myocytes
decreases I, current, whereas decreased [Mg*], produces the opposite
effect.”? A small increase in [Mg*'], in the physiological range from 0.3
to 1.0 mM suppresses the current by 50 — 60%.

Because this effect is observed in both non-stimulated cells and cyclic
adenosine monophosphate-treated cells, it has been speculated that
these modulatory effects of [Mg*']. on I are independent of channel
phosphorylation.” Lastly, because voltage-independent modulation
of both outward and inward current through I occurs, the [Mg*].
modulation of these channels does not appear to result from the open
channel blocking effect observed on the L, channels. Rather, it has been
suggested that the I, channels express a binding site for [Mg*'], which
may modulate the availability or opening of these channels.” Based
on the physiological effects of magnesium on cardiac ion channels, it is
obvious that Mg** influences cardiac impulse formation and conduction
and thereby plays a critical role in the pathogenesis and treatment of
cardiac arrhythmias.

Role of Magnesium in Blood Vessel

Both extracellular and intracellular free magnesium can modulate
vascular smooth muscle (VSM) tone. Extracellular magnesium inhibits
calcium current in excitable cells via several mechanisms.?” First,
extracellular divalent cations such as magnesium effectively neutralize
the fixed negative charges on the external surface of the cell membrane
either by binding or by electrostatic screening. This stabilizes the
excitable membranes and raises the excitation threshold for voltage-gated
channels. This shift in the current-voltage relationship is responsible
for diminished current via the voltage-gated calcium channels in
response to normal stimuli.’”’ The screening of surface charges is
more marked extracellularly than intracellularly probably due to an
asymmetrical distribution of negatively charged sialic acid residues in
the cell membrane.” Second, some evidence suggests that extracellular
magnesium can decrease calcium current by directly binding to the
calcium channels.” Binding of magnesium may either mechanically
block the channel pore or may cause an allosteric modulation of the
channel gating, eventually resulting in its closure. Bara and Guiet-Bara
have shown that MgCl, and MgSO, act at an extracellular site on L-type
calcium channels to regulate the influx of calcium through voltage-gated
calcium channels in VSMCs and endothelial cells."®! Serrano et al have
shown a similar inhibitory effect of extracellular magnesium on T-type
calcium channels.®! Besides inhibiting calcium entry through voltage-
gated calcium channels, extracellular magnesium has also been shown to
inhibit capacitative calcium entry in VSMCs.!1%

Intracellular magnesium [(Mg**).] modulates VSM tone via its effects
on jon channels and signal transduction pathways, especially those
involving calcium.® Calcium plays an important role in excitation-

contraction coupling in smooth muscle cells. Angiotensin II, vasopressin,
endothelin, and epinephrine/norepinephrine exert their vasoconstrictor
effect via stimulation of AT,V , ET, and a, receptors, respectively,
on VSMCs. Activation of these Gq-protein—coupled receptors initiates
the phospholipase C, inositol-1, 4, 5-trisphosphate (IP,), diacylglycerol,
calcium, protein kinase C (PKC) signal transduction pathway.?"
Evidence suggests that following receptor-ligand interaction (Mg*"),
is also altered and that it too functions as a second messenger to
modulate signal transduction.!*® (Mg?*), regulates G-protein activity,
phospholipase C translocation, and PKC activation. Elevated (Mg™),
stimulates IP, breakdown, inhibits IP3—induced calcium release from
the sarcoplasmic reticulum, and competes with (Ca**), for cytoplasmic
and reticular binding sites."® Lastly, (Mg"), activates sarcoplasmic/
endoplasmic reticular Ca** ATPase pump that sequesters (Ca*"), into
the sarcoplasmic reticulum. Magnesium is, therefore, considered to
be nature’s physiologic calcium blocker.” Clinical and experimental
evidence suggests that magnesium promotes vasodilation, reduces
vascular resistance, and improves blood flow in systemic, coronary,
cerebral, and renal circulations.*! Kugiyama et al. demonstrated that
exercise-induced angina is suppressed by intravenous magnesium in
patients with variant angina, most probably as a result of an improvement
in regional myocardial blood flow by suppression of coronary artery
spasms.!'® Shechter et al. found that the intra lymphocytic magnesium
levels in CAD patients after myocardial infarctions and/or coronary
artery bypass operations were highly correlated to exercise duration time
and cardiac performance and inversely correlated to the peak exercise
double-product (heart rate x systolic blood pressure).*” Thereafter,
Shechter ef al. demonstrated in Austria, Israel and the US, that a 6-month
oral magnesium supplementation significantly improved exercise
tolerance, exercise duration time, ischemic threshold and quality of life
in stable CAD patients.'* Pokan et al.'*! reinforced Shechter’s findings.
They demonstrated that a 6-month oral magnesium supplementation
significantly improved the intracellular magnesium levels, VO, max,
left ventricular ejection fraction and reduced the exercised-induced
heart rate.

Besides the direct effects of magnesium on VSMCs, magnesium also
modulates endothelial function, which in turn contributes to its
vasodilatory actions. Normal endothelium plays a fundamental role in
regulating vasomotor tone by synthesizing vasodilatory prostacyclin
(PGL,) and nitric oxide (NO). Magnesium has been shown to increase
endothelial release of PGI, in cultured human endothelial cells and
in healthy human volunteers.""”” However, because extracellular
magnesium has also been shown to inhibit both calcium influx and
intracellular calcium release in endothelial cells, it has been speculated
that the magnesium-induced PGI, release could be via a calcium-
independent mechanism.!'!! Unlike VSMCs, calcium entry in endothelial
cells is receptor-mediated and/or capacitative (activated in response
to decreased (Ca®*), rather than voltage-dependent.'? Extracellular
calcium is essential for endothelium-dependent VSM relaxation because
elevated (Ca*), levels stimulate the synthesis and release of NO via
endothelial NO synthase (eNOS) in response to various stimuli. The
effects of elevated extracellular magnesium level on endothelial calcium
entry and NO synthesis are controversial.>! Although an elevated level
of extracellular magnesium has been shown to inhibit both receptor-
mediated and capacitative calcium entry in cultured endothelial cells, it
has been shown to enhance NO synthesis, in part, via the up-regulation
of eNOS." In addition, Yang et al. have shown that magnesium
stimulates NO release from intact rat aortic rings in a concentration-
dependent manner and that the release of NO requires Ca** and
formation of cyclic guanosine monophosphate.!''*! Last, Pearson et al.
have demonstrated that hypomagnesemia selectively impairs the release
of NO from canine epicardial coronary artery endothelium, suggesting
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that magnesium supplementation can promote vasodilation."** Studies
have demonstrated that magnesium can also suppress platelet activation
by either inhibiting platelet-stimulating factors, such as thromboxane
A, or by stimulating synthesis of platelet-inhibitory factors, such as
prostacyclin (PGL).!"'*!") Intravenous administration of magnesium to
healthy volunteers inhibited both ADP-induced platelet aggregation by
40% and the binding of fibrinogen or surface expression of glycoprotein
IIb-lla complex GMP-140 by 30%.!%! Thus, pharmacological
concentrations of magnesium effectively inhibit platelet function in vitro
and ex vivo.""”! Gawaz et al. demonstrated that platelet aggregation,
fibrinogen binding, and expression of P-selectin on the platelet surface,
are all effectively inhibited by intravenous magnesium supplementation.!''!
Since glycoprotein IIb-IIla is the only glycoprotein on the platelet
surface that binds fibrinogen, Gawaz et al. speculated that magnesium
supplementation directly impairs fibrinogen interaction with the
glycoprotein IIb-IIIa complex.!''”) Since fibrinogen binding to the platelet
membrane and surface expression of P-selectin requires previous cellular
activation, the inhibitory effect of magnesium might be a consequence
of direct interference of the cation with the agonist-receptor interaction
or with the intracellular signal transduction event. Fibrinogen-
glycoprotein IIb-IIIa interaction is regulated by divalent cations, and at
pharmacological levels magnesium may inhibit the binding of fibrinogen
to glycoprotein IIb-IIla by altering the receptor conformation. This
might be caused by the competition of magnesium with calcium ions
for calcium binding sites in the glycoprotein IIb subunit. Rukshin et al.
recently demonstrated that treatment with intravenous magnesium
sulphate produced a time-dependent inhibition of acute stent thrombosis
under high-shear flow conditions without any hemostatic or significant
hemodynamic complications in an ex vivo porcine arterio-venous shunt
model of high-shear blood flow, suggesting that magnesium inhibits
acute stent thrombosis in animal model."® Thereafter the same group
demonstrated that intravenous magnesium sulfate is a safe agent in
acute coronary syndrome patients undergoing non-acute percutaneous
coronary intervention with stent implantation, while magnesium therapy
significantly inhibited platelet activation.

Hypomagnesaemia

Hypomagnesaemia is defined as serum magnesium concentration <
0.75 mmol/L.!?! Early signs of magnesium deficiency are non-specific
and include loss of appetite, lethargy, nausea, vomiting, fatigue, and
weakness. More pronounced magnesium deficiency presents with
symptoms of increased neuromuscular excitability such as tremor,
carpopedal spasm, muscle cramps, tetany and generalized seizures.
Hypomagnesemia can cause cardiac arrhythmias including atrial and
ventricular tachycardia, prolonged QT interval and torsades de pointes.”
Hypomagnesaemia is frequently associated with other electrolyte
abnormalities such as hypokalemia and hypocalcaemia. Conditions that
may lead to hypomagnesemia include alcoholism, poorly-controlled
diabetes, malabsorption (e.g., Crohn’s disease, ulcerative colitis, coeliac
disease, short bowel syndrome, and Whipple’s disease), endocrine causes
(e.g., aldosteronism, hyperparathyroidism, and hyperthyroidism), renal
disease (e.g., chronic renal failure, dialysis, Gitelman’s syndrome) and
medication use.

A variety of drugs including antibiotics, chemotherapeutic agents,
diuretics and proton pump inhibitors can cause magnesium loss and
hypomagnesemia. In addition, magnesium deficiency exacerbates
potassium mediated arrhythmia, in particular in the presence of digoxin
intoxication.!'?

Hypomagnesaemia and Cardiovascular Diseases

The vascular endothelium is an active paracrine, endocrine and
autocrine organ, which plays a critical role in vascular homeostasis
by secreting several mediators regulating vessel tone and diameter,
coagulation factors, vascular inflammation, cell proliferation and
migration, platelet and leukocyte interaction and activity and thrombus
formation.!"'®% Tt is well accepted that endothelial dysfunction is central
to the pathogenesis of atherosclerosis, thrombosis, hypertension, and
diabetes.!'?) Experimental evidence exists, suggesting that magnesium
deficiency potentiates free radical production and oxidative stress
in endothelial cells through reduction in plasma antioxidants and
increased lipid peroxidation.!'”! The role of reactive oxygen species
and oxidized low density lipoprotein (OxLDL) in the pathogenesis of
atherosclerosis is well-established.® Low magnesium levels have
been shown to inhibit endothelial proliferation and migration and
up-regulate the expression of interleukin-1, -6, vascular cell adhesion
molecule, and plasminogen activator inhibitor-1, thereby producing a
proinflammatory, prothrombotic, and proatherogenic environment.!'””
Moreover, in conditions of low Mg**-induced oxidative stress, the
endothelium develops a state of permanent inflammation, which is
marked by increased NFkB activity.'"” NF B is the master regulator
of transcription of cytokines and pro-inflammatory genes, including
IL-1a.?) As a result of this local inflammation, the vessel wall will
recruit monocytes and trigger the proliferation and migration of
vascular smooth muscle cells. These processes are facilitated by the
increased expression of matrix metalloproteases 2 and 9 in low Mg*
conditions."”® Eventually low Mg?* concentrations may, therefore,
result in atherosclerosis, vascular calcifications, or thrombosis. Several
animal and human experiments support the role of magnesium in the
pathogenesis and treatment of atherosclerosis and its complications.

Recently it was demonstrated that rabbits with inadequate dietary
intake of magnesium developed more plaques and had higher total
and non-high-density lipoprotein cholesterol and triglyceride levels
than controls, suggesting that inadequate intake of magnesium is an
independent risk factor for atherosclerosis.* An important role of
Mg?*in vasculature function is a substantial vasodilatory effect that has
been reported in animal and human studies.!*'1*?! Based on the vascular
effects of magnesium, it is not surprising that low magnesium levels
have been implicated in the pathogenesis of hypertension.?”! Altura
and Altura found in an experimental vascular smooth muscle model,
that magnesium deficiency, through potentiation of increased cellular
calcium activity, may be responsible for the arterial hypertension.!'*!
Pearson et al. demonstrated that hypomagnesemia selectively impaired
the release of nitric oxide (NO) from coronary endothelium in a canine
model.""! The low intracellular magnesium levels were associated with
impaired endothelial function together with decreased plasma nitrate
levels and endothelial NO synthase expression when compared with
normal high intracellular magnesium levels. Because NO is a potent
endogenous nitro-vasodilator and inhibitor of platelet aggregation and
adhesion, hypomagnesemia may also promote vasoconstriction and
coronary thrombosis in hypomagnesemic states.” In a line with the
above researches, there are several epidemiological studies have revealed
an inverse association between magnesium consumption and blood
pressure. Analysis of 61 dietary variables in 615 elderly participants of
the Honolulu Heart Study showed that magnesium was the variable
that had the strongest association with blood pressure.* Ascherio
et al. examined the relationship of various nutritional factors with blood
pressure levels in 2 prospective studies and found that when adjusted
for age, weight, and alcohol consumption, Mg*, K*, and fiber were
significantly associated with lower risk of hypertension among men
but not women who reported a diagnosis of hypertension.!'*! However,
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among both men and women who did not report hypertension during
the follow-up period, Mg*, K*, and fiber were each inversely associated
with systolic and diastolic pressures.” Similarly, a prospective study
conducted on 28,349 female health professionals participating in the
Women’s Health Study revealed that magnesium intake was inversely
associated with the risk of developing hypertension, suggesting that
magnesium intake might be beneficial in the primary prevention of
hypertension.!**!

These data are in support of those from the Dietary Approaches to
Stop Hypertension (DASH) clinical trial, which demonstrated that in
hypertensive patients, a Mg**- and K*-rich diet of fruits, vegetables, and
low-fat dairy products lowered blood pressure by 11.4/5.5 mmHg.!**"!
These epidemiological studies, together with experimental evidence,
suggest a strong relationship between magnesium and blood pressure
levels and support a role for hypomagnesemia and/or decreased
magnesium intake in the pathogenesis of hypertension.?” Mg?*-ATP
is essential for the normal functioning of Na*/K* ATPase, which is
responsible for the active transport of K* intracellularly during cardiac
action potential.!'**! Therefore, because Mg?* can act as an indirect
antagonist of digoxin at the Na*/K* ATPase pump, intravenous Mg?* is
an effective treatment for suppression of cardiac arrhythmias caused by
digoxin toxicity. Hypomagnesemia therefore leads to depressed activity
of Na*/K* ATPase, cellular K* depletion, less negative resting membrane
potential, prolongation of the QT interval, and enhanced vulnerability
to ventricular arrhythmias and digoxin toxicity.'**'3*! A recent study of
3530 participants from the Framingham Offspring Study showed that
low serum Mg? is moderately associated with the development of atrial
fibrillation in individuals without CVD.I"? Magnesium abnormalities
are common in patients with CHFE. CHF patients with hypomagnesemia
have more frequent ventricular premature complexes and episodes of
ventricular tachycardia than patients with normal serum Mg?* levels."4!

Hypomagnesaemia and Coronary Artery Disease

Over the last 20 years, an increasing number of studies have demonstrated
that low serum Mg?* levels and low Mg?* intake are associated with an
increased risk of coronary artery disease (CAD), artherosclerosis, and
metabolic syndrome." Low serum Mg*" levels have been associated
with a higher mortality risk in CAD patients.!"*) There may be several
ways in which Mg** supplementation benefits patients with CAD. Since
Mg** has a strong anti-inflammatory role, Mg** results in an improved
lipid profile, reduced free oxygen radicals, and improved endothelial
function." Mg?* prevents blood clotting by reducing platelet
aggregation,*! and it has a strong vasodilator effect.!'*? These properties
make Mg?* an important factor in the development and management
of CAD. Mg?** improves several aspects of vascular function in CAD."!
Reduced serum Mg** concentrations are associated with an increase in
carotid intimamedia thickness and risk for sudden cardiac death.!"*!

In a randomized, double-blind, placebo-controlled study of 50 CAD
patients, oral Mg?* supplementation ameliorated endothelial function.!”
Moreover, Mg** reduced platelet-induced thrombosis in a randomized
prospective, double-blind, crossover, and placebo-controlled study in
42 CAD patients."! Six months of Mg?* supplementation increased
maximal oxygen uptake (V'O2 max) and left ventricular ejection
fraction (LVEF) in 53 CAD patients."” Taken together, these studies
suggest that Mg?* levels should be closely monitored in CAD patients
and propose Mg?* as potential drug to improve quality of life in CAD
patients.

Hypomagnesaemia and Myocardial Infarction

In the 1970s, a pioneering paper by Abraham et all*! associated
myocardial infarction with a significant drop in serum Mg**. Indeed, low
serum Mg?* levels have been associated with an increased risk of acute

myocardialinfarction (AMI).!"* Therole of Mg**in preventing myocardial
infarction may be caused by relaxing endothelial and smooth muscle cells
in the heart and vasculature."*"! Moreover, heart rate variability is a risk
factor for AMI and Mg*" may prevent arrhythmia.**'*l Several studies
have addressed the effect of Mg®* on myocardial infarction. In the 1980s,
studies reported a 20% reduction of infarct size in Mg**-treated patients,
and decreased mortality after Mg?* infusion.['*?! Several follow-up studies
suggested that decreased rates of arrhythmias after infarction explain the
lower mortality.'** After these initial promising results, several clinical
trials have addressed this subject. The Leicester Intravenous Magnesium
Intervention Trial 2 (LIMIT-2) included 2,316 AMI patients and found 24%
reduced mortality after 28 days in the Mg** group (95% CI: 1- 43%).0'*4
Moreover, two smaller studies by Shechter and colleagues reported
reduced mortality rates of 50 and 40%.!"**! Contrary to these findings, in
the fourth Infarct Survival and Magnesium in Coronies (ISIS-4) study, a
randomized factorial trial in 58,050 patients showed no beneficial effects
of intravenous Mg?* administration on survival."* The results from the
ISIS-4 study were called into question because the statistical analysis
did not reflect the heterogeneous studies used in the analysis, the low
mortality in the placebo-group was indicative of a low-risk comparison
group, and the late time-point of Mg** administration, namely, after and
not during reperfusion, was at odds with animal data demonstrating the
effectiveness of Mg?*.l'!

However, also a second large-scale randomized double-blind study
with 6, 213 patients and an earlier time point of Mg?* infusion (3.8 h
compared with 8 hr in ISIS-4) also failed to show a decrease on 30-day
mortality rates.*® Indeed, a recent meta-analysis within the Cochrane
collaboration concludes that there is no beneficial effect of Mg** on
mortality in AMI patients (OR 0.99, 95% CI: 0.94 to 1.04).1'**) However,
it should be noted that the ISIS-4 study provides 72% of the power in this
analysis and that the Mg** doses used within the analyzed studies differ
significantly. Nevertheless, current guidelines do not recommend Mg*
administration in AMI patients.?!

Hypomagnesaemia and Arrhythmia

In 1935, Dr. Zwillinger was the first to report an antiarrhythmic effect
of Mg?*, and since then sporadic reports of patients treated with Mg**
have appeared in the literature."® However, the field suffers from
a lack of large scale randomized controlled trials, and therefore the
exact clinical benefit of Mg?* in treatment of arrhythmia remains to be
determined. Mg** is known to have a function in regulating cardiac K*
and Ca* channels, so it affects the cardiac action potential.*! As a result,
hypomagnesemia in itself has been proposed as a cause of arrhythmia,
specifically in combination with stress or alcoholism.!¢" Clinical studies
have demonstrated that treatment success strongly depends on the type
of arrhythmia.'*” Atrial fibrillation is one of the most common and
dangerous complications after cardiac surgery. In the last few decades,
several small-scale studies have examined the effect of Mg?* in preventing
these fibrillations."*” Meta-analysis of these studies concluded that Mg**
infusion may prevent atrial fibrillations."*!! Therefore, the European
Association for Cardiothoracic Surgery and the Canadian Cardiovascular
Society recommend prophylaxis with intravenous MgSO,. However,
recent reports point to problems associated with many studies at the level
of double-blinding, primary outcome, and intention-to-treat analysis.®
When only high quality studies are included, Mg* does not have a
preventive effect on atrial fibrillations (OR: 0.94, 95% CI: 0.61 - 1.44).11¢*]
A similar discrepancy between low- and high-quality studies has been
noted for studies addressing the effects of Mg?* on supraventricular
arrhythmias."* Interestingly, for treatment of torsades des pointes, Mg**
has been implemented as a first line of treatment after several studies in
the 1980s showed beneficial effects.
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However, due to the absence of large-scale clinical trials, optimal doses
for treatment are still under debate.'®) Other arrhythmias, including
refractory ventricular fibrillation and monomorphic ventricular
tachycardia, are insensitive to Mg?* treatment.*!

Hypomagnesaemia and Hypertension

Low serum Mg** levels are frequently linked to high blood pressure.!'+13]
Intracellular Mg** may reduce the intracellular Ca*" concentration
within vascular smooth muscle cells. This Mg**-induced vasodilation is
thought to be the mechanism by which Mg?* alters the blood pressure.*!
Moreover, high extracellular Mg** reduces the endothelin-1 expression
and causes an increase in prostacyclin (PGL,) levels, contributing to
vasodilation."""! Additionally, Mg** inhibits the production of NO.!""!
Mg?* was first used to lower blood pressure in 1925, when Mg** infusion
was found to lower blood pressure by reducing the peripheral vascular
resistance.l'"”) Several studies have shown that oral Mg*" intake reduces
both systolic and diastolic blood pressure;!'*® however, other studies fail to
see such an effect.'®”! A systematic review of the Cochrane Hypertension
Group reported a small reduction of diastolic blood pressure (DBP: -2.2
mmHg, 95% CI: -3.4 to -0.9), but not of the systolic blood pressure (SBP:
-1.3 mmHg, 95% CI: -4.0 to 1.5).'7"" Another meta-analysis detected
a small but dose dependent effect of Mg** on blood pressure, for each
10 mmol/day -4.3 mmHg SBP (95% CI: -6.3 to -2.2) and -2.3 mmHg
DBP (95% CI: -4.9 to 0.0).1""1 However, the outcomes may be biased
by the inclusion of poor quality studies that tend to overestimate the
effects.®™) In contrast, a meta-analysis of a subset of studies, including
patients on antihypertensive drugs with high blood pressure (SBP >155
mmHg) reports much stronger effects of oral Mg** treatment on SBP
(-18.7 mmHg, 95% CI: -14.95 to -22.45) and DBP (-10.9 mmHg, 95%
CI: -8.73 to -13.1).1"2 'These results suggest that Mg** may be beneficial
for certain subgroups of hypertensive patients and that comparing the
highly heterogeneous studies may underestimate the effects of Mg*
in these groups. Since the 1950s, intravenous MgSO, administration
has gradually become the standard treatment for preeclampsia and
eclampsia, and nowadays the treatment is widely advocated by the World
Health Organization."”! The mechanisms of action underlying the effect
of Mg?* in the treatment of these patients are largely unknown."*!

Mg* may reduce preeclampsia by its effect as vasodilator in the
vasculature, but it cannot be excluded that Mg** also functions as an
anticonvulsant through blockade of the NMDA receptor and reduces
cerebral edema.l"”¥ Recent Cochrane systematic reviews showed that
MgSO, treatment in preeclamptic women reduced the risk for eclampsia
by >50% (RR: 0.41, 95% CI: 0.29 - 0.58), and there was a trend towards
lower maternal mortality (RR: 0.54, 95% CI: 0.26 - 1.10)(280). MgSO,
demonstrated similar ratios for reduced risk for eclamptic convulsions
comparable to anticonvulsant medication, with 59% compared with
diazepam (RR: 0.41, 95% CI: 0.29 - 0.58) and 66% compared with
phenytoin (RR: 0.34, 95% CI: 0.24 - 0.49).1'"! Moreover, a recent meta-
analysis of “real-world” use of MgSO, for the treatment of preeclampsia
confirmed the results from the clinical trials and showed ~50% reduction
of eclampsia risk in most studies.’ Interestingly, although Mg*" was
successful in preventing eclampsia, it did not change the risk of death
or disability for children at 18 months (RR: 1.06, 95% CI: 0.90 - 1.25)
or the risk of death or disability for women at 2 years (RR: 0.84, 95% CI:
0.60 - 1.18)."7

Hypomagnesaemia and Vascular Calcification

Vascular calcification is frequently observed in patients suffering
from chronic kidney disease (CKD).!'"”®! Calcifications are a major
contributor to cardiovascular death that accounts for 50% of all deaths in
CKD.!" Vascular calcification is the consequence of a disturbed mineral
metabolism including increased serum P, levels. Increased serum levels

of FGF-23 and PTH enhance the formation of calcification.®” Low serum
Mg** levels are associated with vascular calcification, and hemodialysis
patients with higher serum Mg?* levels show higher survival."®! Although
the mechanisms of action are not completely understood, there are two
contributing factors:**'1) Mg?* prevents the formation and deposition of
Ca/P nanocrystals and the development of appetite structures;'*!! and 2)
Mg?* inhibits the trans-differentiation of the smooth muscle cells in the
vessel well into osteoblast-like cells."®? In both processes Mg?* prevents
vascular calcification, and thus hypomagnesemic patients are at risk.
Therefore, Mg** supplementation has been proposed as P-binder to
reduce vascular calcification in CKD patients.?! Several studies have
shown that combined administration of Ca®* and Mg*" is as effective as
standard treatment options.!'®!

In the recent CALMAG study comparing MgCO,/Ca(OAc), with
Sevalamer-HCI in 200 hemodialysis patients, both treatments were
effective in reducing serum P, levels without increasing Ca?** levels.!"**

CONCLUSION

Magnesium is one of the major mineral nutrients in the human body
and it is an essential electrolyte for living organisms because of its vital
role in many cellular processes. Magnesium is essential for a number
of metabolic activities since it is associated with a variety of enzymes
which control carbohydrate, fat, protein end electrolyte metabolism.
It is also involved in several essential physiological, biochemical, and
cellular processes regulating cardiovascular function. Magnesium
deficiency plays an important role in the etiology of diabetes and
numerous cardiovascular diseases including thrombosis, atherosclerosis,
ischemic heart disease, myocardial infarction, hypertension, cardiac
arrhythmias and CHF in humans. Magnesium deficiency may lead to
reduced energetic metabolite production and the sense of fatigue and/
or “chronic fatigue syndrome. At the vascular level, reduced magnesium
concentrations are associated with endothelial dysfunction, increased
vascular reactivity, increased vascular tone, and elevated blood pressure,
whereas increased magnesium levels are associated with opposite effects.
Magnesium has vasodilatory, anti-inflammatory, anti-ischemic, and
antiarrhythmic properties. Therefore, magnesium supplementation in
those patients can be of benefit in most cases. Furthermore, magnesium
therapy is indicated in life-threatening ventricular arrhythmias such
as Torsades de Pointes and intractable ventricular tachycardia. It is a
critically important nutrient and a potentially useful therapeutic agent
in cardiovascular medicine.
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RDA: Recommended Daily Allowance; TRPM6: Transient Receptor
Potential Melastatin; PTH: Parathyroid Hormone; TALH: Thick
Ascending Loop Of Henle; ADH: Antidiuretic Hormone; CAD:
Coronary Artery Disease; CHF: Congestive Heart Failure; MagT1:
Mg* transporter 1; SLC: Solute Carrier Family; CNNM: Cyclin M;
MRS2: Mitochondrial RNA Splicing 2; NIPA: Non-imprinted in
Prader-Willi/Angelman syndrome; BMP: Bone Morphogenetic Protein;
HIP14: Huntingtin Interacting Protein 14; MMgT: Mg** Transporter;
VSM: Vascular Smooth Muscle; DASH: Dietary Approaches to Stop
Hypertension.
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