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Chapter 2 

Summary 

This review deals with the main six clinical situations related to magnesium or one of 
its fractions, including ionized magnesium: renal disease, hypertension, pre-eclampsia, 
diabetes mellitus, cardiac disease, and the application of therapeutic drugs. Issues addressed 
are the physiological role of magnesium, eventual changes in its levels, and how these best 
can be monitored. 

In renal disease mostly moderate hypermagnesemia is seen; measuring ionized 
magnesium offers minimal advantage. In hypertension magnesium might be lowered but its 
measurement does not seem relevant. In the prediction of severe pre-eclampsia elevated 
ionized magnesium concentration may play a role, but no unequivocal picture emerges. Low 
magnesium in blood may be cause for or consequence of diabetes mellitus. No special 
fraction clearly indicates magnesium deficiency leading to insulin resistance. Cardiac 
diseases are related to diminished magnesium levels. During myocardial infarction serum 
magnesium drops. Total magnesium concentration in cardiac cells can be predicted from 
levels in sublingual or skeletal muscle cells. Most therapeutic drugs (diuretics, 
chemotherapeutics, immunosuppressive agents, antibiotics) cause hypomagnesemia due to 
increased urinary loss. 

It is concluded that most of the clinical situations studied show hypomagnesemia due 
to renal loss, with exception of renal disease. Keeping in mind that only 1% of the total 
body magnesium pool is extracellular, no simple measurement of the real intracellular 
situation has emerged; measuring ionized magnesium in serum has little added value at 
present. 
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Introduction 

Magnesium is one of the most abundant cations in the human body. Still, relatively 
little is known about its function. Since Ebel and Günther {1} in 1980 wrote a review on 
magnesium metabolism in this journal, more insight has been gained into the biological 
functions of magnesium and the relevance of different extra- and intracellular fractions. 
Since the beginning of the nineties ion-selective electrodes for the measurement of serum 
ionized magnesium are available {2,3}, which resulted in some studies about the use of this 
new parameter in pathology. In this review, where possible, special attention is given to the 
role of the free ionized fraction in clinical chemistry. 

Most of the magnesium in the body may be found intracellularly and measurements 
have been performed in skeletal muscle, mononuclear blood cells, erythrocytes and platelets 
to establish the level of total and ionized intracellular magnesium. Findings in relation to 
these parameters will be discussed as well. 

Occurrence of magnesium in nature 
Magnesium is one of the most abundant metal ions in the earth's crust and has been 

recognized since ages. The name derives from the Magnesia district in Thessaly (part of 
Ionia in ancient Greece). There the magnesia stone, more commonly named talc was first 
obtained. Other magnesium containing minerals in the earth have been described {4}. In 
plants magnesium is the central atom in chlorophyll, like iron in hemoglobin. 

The major sources of magnesium in the food supply are dairy products (20%), grain 
products (18%); vegetables (16%); meat, poultry, and fish (15%); and legumes, nuts and 
soya products (13%). Drinking water may also contribute up to 25% of total magnesium 
intake in areas where the water is hard and unsoftened. At this moment the ion is less 
abundant in food than half a century ago. Next to more intensive agriculture and processing 
of food, acid rain may lead to a loss of magnesium in the soil. This is due to a lowering of 
the pH of the soil. It causes liberation of aluminum, which is insoluble in water under 
neutral and alkaline circumstances. Aluminum may replace magnesium at its binding sites 
on the roots of plants, and aluminum ions may supersede magnesium ions from particles in 
the soil. That makes magnesium penetrate deeper into the soil, leading to less availability 
for plants and vegetables {5}. 

Physiological actions of magnesium 
Of all biologically active cations magnesium has the smallest ion-radius, which leads 

to the highest binding energies and its liking for complex-formation {6}. This property of 
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Chapter 2 

the magnesium ion explains its important role at many metabolic processes in the human 
body. 

All enzymatic reactions in which ATP plays a role show an absolute necessity for 
magnesium {6}. Magnesium interacts with the outer two phosphate groups of ATP to form 
the enzymatic substrate. It helps to weaken the terminal P-0 band of ATP, enabling the 
transfer of phosphate to other molecules. Magnesium as an enzyme activator is essential for 
neuromuscular excitability and cell permeability. It is an activator of Na+/K+-ATPase 
among a number of ATPases. The free intracellular magnesium concentration is critical in 
the phosphorylation and the rate-limiting enzymes of glycolysis {7}. Nadler and Rude {8} 
state that this concentration, which ranges between 100 and 300 mmol/L, is close to the 
dissociation constant of many enzymes using ATP or phosphate transfer. In fact, 
intracellular magnesium deficiency is correlated to an impaired function of many enzymes 
utilizing high energy phosphate bands, which are, among others, involved in glucose 
metabolism and require magnesium as a cofactor {9}. 

Magnesium is also thought to function as a natural calcium antagonist {10} and has a 
direct effect on calcium uptake, distribution and content in vascular smooth muscle cells. Its 
role as a calcium channel blocker and modulator of calcium-channel activity has been well 
established {11}. 

Magnesium homeostasis 
The human body contains 1000 mmol (24 gram) magnesium {12} of which about 60% 

is present in bone (Figure 1). The remaining 40% is nearly equally distributed between 
skeletal muscle and other tissues like heart and liver {1,13,14}. However, only 30% of the 
magnesium present in bone and 25% of that in muscle is in an exchangeable form. The 
tightly-bound part in bone may serve as a buffer supply; at a later age this supply could be 
exhausted. Approximately 1 % of total body magnesium is extracellular and its concentration 
is equal to the magnesium concentration in the vascular compartment. In biological fluids 
magnesium can be categorized into three fractions: 1. protein-bound, 2. ionized, which is 
the biologically active form, and 3. complexed with anions such as phosphate, bicarbonate, 
and citrate. For human serum magnesium (0.76-1.00 mmol/L) these fractions are 27%, 
65% and 8%, respectively. Ionized and complexed magnesium together account for the 
ultrafiltrable fraction {15}. 

The recommended daily intake of magnesium is about 250-300 mg/day (10.4 - 12.5 
mmol/day) {16-18}. In pregnancy and during lactation an extra intake of 100 mg/day (4.2 
mmol) is recommended. However, minimal daily requirements of magnesium are difficult 
to calculate because of the ability of the kidneys to reduce the amount of magnesium loss in 
urine to very low levels. 
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Figure 1. Magnesium balance, daily intake and excretion in a normal human body. 

The maintenance of the extracellular magnesium level is not well understood. The 
main controlling factors are gastrointestinal absorption and renal excretion {14}. Absorption 
mainly takes place in the ileum, in association with chloride ions {19}. The mean 
percentage intestinal uptake in healthy volunteers using Mg28 as a tracer was 42% of the 
total intake (range 32-56%), being inversely related to the intestinal magnesium load {20}. 
In individuals with an adequate magnesium intake (about 11.5 mmol/L) this results in 
absorption of nearly 5 mmol (Figure 1). The considerable amounts which are secreted from 
gastric, pancreatic and biliary juices (0.5-1.0 mmol/L, 5 L/day) into the intestinal tract are 
almost completely reabsorbed {14,21}. 

The mechanism by which magnesium is absorbed in the intestine is not clear, although 
there is good evidence for the existence of two transport systems in the small intestine. One 
seems to be transcellular, saturable, carrier-mediated, and the other is probably paracellular, 
non-saturable, ionic diffusion driven by the chemical gradient across the intestinal wall 
{22,23}. Absorption in the intestine is not only determined by the amount of magnesium in 
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the diet, PTH influences this process as well: patients with primary hyperparathyroidism 
absorb an increased amount of magnesium {24,25}. Also 1,25-dihydroxycholecalciferol 
(vitamin D) has a positive influence on the process of absorption {19}. Calcium ions do not 
interfere with magnesium absorption, but magnesium binding anions like phosphate or fatty 
acids diminish the amount of free magnesium available for absorption {22,26,27}. 

Regulation of the magnesium balance is mainly due to changes in renal excretion, 
largely influenced by the serum magnesium concentration. Eventually =5 mmol magnesium 
is excreted in the urine {28}, which is equivalent to the amount absorbed in the intestine. 
The kidneys are able to minimize daily excretion to less than 0.5 mmol/day {29}. 

Little is known about the hormonal control of magnesium homeostasis. No specific 
and unique hormone which controls magnesium intake or excretion has yet been identified. 
Some hormonal systems have been shown to be able to influence magnesium metabolism: 
adrenalin, parathyroid hormone, calcitonin, insulin and glucagon, but findings about their 
influences are not yet consistent {30-33}. 

In a typical mammalian cell approximately 90% of total cellular magnesium is bound 
to ATP in the cytosol or distributed between nuclei, mitochondria and endo(sarco)plasmic 
reticulum. Since in the cytosol magnesium is mainly complexed with ATP, only a small 
percentage of the total magnesium (approximately 5%) is in the free ionized form. This 
cytosolic free magnesium is in rapid equilibrium with bound magnesium. Romani et al. 
{34} tend to conclude that cells are able to maintain this cytosolic free ionized magnesium 
within narrow limits over long periods of time and in a variety of physiological conditions. 
Nuclear magnesium appears to be particularly important for regulation of transcription. 
Recently, it has been suggested that magnesium may also have a stabilizing effect on the 
endonucleases because it counteracts the activation of these enzymes by calcium. 

The fraction of free cellular magnesium amounts to variable concentrations depending 
on the type of cells and measurement technique used. Electron micro probe techniques {35} 
and nuclear magnetic resonance spectroscopy in frogs {36} have suggested that 4 to 5% of 
intracellular magnesium is present as the free ion. Studies using magnesium binding dyes 
like Mag-fura (Furaptra) or Mag-indo yielded much higher estimates of free magnesium. 
Sanders et al. {37} found free fractions of approximately 14% in lymphocytes of humans. 
They also reviewed magnesium concentrations as measured in other studies on lymphocytes 
using the same technique. The intracellular ionized magnesium concentrations varied from 
0.15 to 2.38 mmol/L. The concentration of total magnesium in heart muscle cells is high, 
with values between 11 and 17 mmol/L {34}. The ionized intracellular magnesium 
concentration has been reported to range under physiological conditions between 0.4 and 
3.6 mmol/L. Gasser {38} combined the results of 18 publications concerning intracardial 
cellular ionized magnesium which lead to an average of 1.4 + 0.2 mmol/L in cells from the 
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resting heart of different species, measured by various methods. The broad range of all 
these results is the consequence of the different techniques used {34}. 

Goal of this review 

When starting to write this overview we were aware of other such articles published 
within the past ten years. However, our approach is different from previous reviews, which 
dealt with analytical, metabolic, physiological, biochemical, and some clinical aspects of 
magnesium {8,39-42}. 

The main questions addressed in this review concern the disease states in which a 
derangement of magnesium metabolism occurs; what is the basis of this abnormality, and 
which magnesium measurement either in blood or in tissue cells is relevant. 

The most important clinical situations in which magnesium is thought to play a role, 
either actively or passively, are kidney diseases, hypertension, pre-eclampsia, cardiac 
diseases, diabetes mellitus, and the application of therapeutic drugs. These six subjects have 
emerged as the top relevant situations in a literature search over the last ten years, relating 
magnesium and all possible patient groups. For a proper background of the role of 
magnesium during a disease, for each of the clinical situations, the physiological and 
pathophysiological processes concerned with magnesium and magnesium homeostasis have 
been described briefly. 

A derangement of magnesium metabolism is mainly expressed as a magnesium 
deficiency, except for renal disease. The magnesium status can be studied in serum and 
blood cells, and in a whole range of other tissues such as muscle, heart, sublingual cells, 
and in its different fractions e.g. total or ionized magnesium. Several authors have 
recommended the magnesium tolerance test as the gold standard in establishing magnesium 
deficiency {43,44}. Despite the introduction of a short version {45}, this test remains time 
consuming and inconvenient for a patient. The measurement of total magnesium 
concentration in serum or plasma would be most easy, measurement of serum ionized 
magnesium could be another approach. 

Due to the recent availability of ion selective electrodes for the determination of serum 
magnesium, where possible, special attention has been given to ionized magnesium in this 
review. However, the intracellular predominance of magnesium and the limited correlation 
between serum magnesium values and clinical disorders associated with magnesium 
deficiency have lent support to the notion that intracellular magnesium determinations may 
provide a more accurate assessment of magnesium homeostasis than serum-based 
determinations in diagnosing magnesium deficiency. Therefore, in each part of this review 
publications on the intracellular measurement of magnesium have been brought forward. 
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Finally, it is our intention, using all the information presented in this review to give a 
recommendation whether magnesium has to be measured in which of the six clinical 
situations, and which fraction would then be relevant. 

Renal Disease 

Introduction 
Physiology 

The kidney plays a major role in the regulation of magnesium. Variations in 
magnesium intake are paralleled by changes in excretion of magnesium. In normal humans 
with a GFR of 120 ml/min and a serum ultrafiltrable magnesium fraction of 0.63 mmol/L 
{15} about 100 mmol magnesium reach the renal tubule per day of which about 96% is 
reabsorbed. Finally about 4-5 mmol is excreted in the urine daily, which is equivalent to the 
amount of magnesium entering the body from the intestine. 

The path of magnesium through the nephron in the kidney will be described step-by-
step from the proximal convoluted tubule to the collecting duct (see Figure 2). Along the 
length of the proximal convoluted tubule an increased magnesium concentration is found 
which may be a consequence of the low permeability of the epithelium in this part of the 
nephron. Reabsorption, which is about 20-30% of the filtered magnesium load, remains 
constant under a variety of conditions. The magnesium transport in the proximal convoluted 
tubule is probably passive paracellular and based on solvent drag and/or an electrochemical 
gradient {46,47}. 

Then, magnesium enters the proximal straight tubule segment and the thin descending 
limb of Henle. The first segment reabsorbs magnesium in a manner similar to that observed 
in proximal convoluted tubule; the permeability of the epithelium of the proximal straight 
tubule is relatively low and primarily unidirectional for magnesium, and proceeds in parallel 
with sodium and water absorption but at lower rate. Little is known about magnesium 
transport in the thin descending limb of Henle, but it is unlikely that much reabsorption of 
magnesium occurs {46,47}. 

The major part of magnesium (50 to 70% of the filtered load) is reabsorbed in the 
thick ascending limb of Henle's loop. The mechanism by which this reabsorption takes 
place is not fully elucidated but appears to be primarily unidirectional efflux. Probably both 
passive transport via a paracellular pathway and active transport across the tubular 
epithelium occurs. Reabsorption increases with increasing luminal concentrations and seems 
unsaturable with concentrations up to 5 mmol/L. Conversely, when serum magnesium is 
increased by magnesium infusion, there is a decrease in absorption, regardless of the 
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luminal concentration. Magnesium transport in the thick ascending limb of Henle is 
influenced by changes in sodium chloride reabsorption and transepithelial potential 
difference. An increased potential difference results in an increased magnesium transport. 
Decrease in magnesium, calcium and sodium reabsorption occurs with administration of 
furosemide and with extracellular volume expansion {46,47}. 

Micro puncture studies have shown that there is little difference between the amount 
of magnesium delivered in the urine and distal convoluted tubule. The distal tubule absorbs 
a small but significant fraction of the filtered magnesium. It has been estimated that a 
maximum of 5% of the filtered load is reabsorbed at this site, which is close to maximum 
capacity. The reabsorption in the collecting duct system contributes little to the renal 
handling of magnesium {46,47}. 

An increased serum magnesium concentration is associated with an increased filtered 
load and an increased magnesium 
excretion. This latter is caused by 
the following mechanism. The 
fractional reabsorption in the thick 
ascending limb of Henle's loop is 
decreased just as the reabsorption 
in the proximal convoluted tubule. 
The effect in the first is not due to 
saturation of the transport mecha
nism but rather inhibition of the 
extrusion at the basolateral side. A 
large fraction of magnesium arrives 
in the distal tubule which is unable 
to reabsorb the increased load of 
magnesium it receives, so most of 
it appears in the urine. An 
increased filtered load of magne

sium corresponding with an increased excretion can be a result of increased glomerular 
filtration rate due to expansion of the extracellular fluid volume. 

When the magnesium intake is diminished the kidney is able to reduce the excretion to 
very low levels. This conservation is mainly regulated by the thick ascending loop of Henle 
by increased reabsorption. Magnesium depletion primary due to insufficient dietary intake is 
very uncommon {46,47}. 

Both phosphate and calcium influence the renal handling of magnesium. Phosphate 
depletion is associated with hypermagnesuria (and hypercalciuria) which can result in 
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Figure. 2. Anatomic relationship between the individual segments 
of the nephron 
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hypomagnesemia. The defect in magnesium reabsorption is localized in the thick ascending 
loop of Henle and distal tubule. Hypercalcemia inhibits magnesium reabsorption which 
suggests that both ions are transported by the same mechanism in the nephron. It causes 
reduction of reabsorption in the proximal tubule resulting in an increased flow of sodium, 
calcium, magnesium and water to the loop of Henle. The combination of the increased flow 
and high calcium concentration inhibits the transport of both ions. The capability of the 
distal nephron to reabsorb magnesium is limited resulting in an increased excretion. 
Hypocalcemia has the opposite effect, resulting in a slightly reduced excretion of 
magnesium {46,47}. 

Role of hormones 
No single specific hormone which controls renal handling of magnesium has yet been 

identified. PTH is thought to play a role but reports about its effect on magnesium excretion 
are not consistent. The strong relation between PTH and calcium, in combination with the 
influence of calcium on magnesium reabsorption is probably an explanation for the apparent 
discrepancies between studies about this subject. It is likely that PTH increases tubular 
magnesium reabsorption but the simultaneously increasing calcium concentration opposes 
the effect of PTH and decreases the magnesium reabsorption, resulting in magnesium 
excretion. Micro puncture experiments in animals showed a small effect of PTH on 
magnesium reabsorption in the loop of Henle, probably the thick ascending limb {46,47}. 
Infusions of cAMP stimulate magnesium reabsorption in a similar way as PTH does, so it is 
thought that the effect of PTH is mediated by the adenylate cyclase cAMP system. 

Calcitonin is another hormone which seems to control the magnesium homeostasis in 
humans. But again inconsistent results are found {46,47} which is probably due to the 
influence of calcium on magnesium reabsorption. 

Diuretics 
All different kind of diuretics can induce hypermagnesuria: loop diuretics 

(furosemide), thiazide diuretics and osmotic diuretics. However, several potassium sparing 
diuretics like amiloride and triamtereen seem to have an additional magnesium sparing 
capacity. Magnesium and diuretics will be discussed in the last section of this review. 

Search results and discussion 
Hypermagnesemia is common in patients with impaired renal function. Contigluglia et 

al. and recently Crook {48,49} reported that 73% of all patients with serum magnesium 
equal to or greater than 1.0 mmol/L had an abnormal renal function test. Patients with 
chronic renal failure usually maintain their serum magnesium concentration at normal or 
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slightly above normal levels in the early stages of the disease. With advancing renal failure 
magnesium retention occurs, resulting in hypermagnesemia. However, hypomagnesemia is 
occasionally observed in chronic renal failure. Torralbo et al. {50} reported six patients 
with severe chronic renal disease in whom hypocalcemia and hypomagnesemia were 
detected. Their serum total magnesium concentration varied from 0.37 to 0.66 mmol/L 
which is well below the reference range (0.71-0.91 mmol/L). The most probable cause for 
this phenomenon was magnesium wasting due to chronic tubulointerstitial nephropathy. 
Another disease leading to hypomagnesemia due to magnesium wasting is the Gitelman 
syndrome often called the hypocalciuric variant of Barterr {51-54}. The Gitelman syndrome 
is based on a congenital defect of renal tubule magnesium reabsorption and characterized by 
hypokalemia, hypocalcuria and persistent hypomagnesemia. From studies in the early 
nineties it was concluded that the electrolyte disturbances in Gitelman syndrome were a 
result of a defect in distal thiazide-sensitive sodium chloride transport. This was later 
confirmed by presumptive loss of function by mutations in the gene that encodes the 
thiazide-sensitive sodium chloride co-transporter located in the distal convoluted tubule. 
Until now more than 65 different mutations are identified {55-58}. 

In most studies performed in Gitelman patients only the serum total magnesium 
concentration was measured. However, in 1995 a case report was published in which both 
serum total magnesium and ionized magnesium were determined {59}. Both magnesium 

j parameters were decreased (total magnesium 0.55 mmol/L, reference interval 0.71-0.91 
mmol/L and ionized magnesium 0.27 mmol/L, reference interval 0.43-0.54 mmol/L) 
resulting in a decreased fraction of ionized magnesium. The authors concluded that hyper-
bicarhonatemia (33 mmol/L) was responsible for the low free magnesium fraction. 
However, bicarbonate is a weak magnesium binder {15}. In our opinion the alkalosis which 
increases the binding of divalent cations by albumin is a more obvious explanation. 

The literature search for ionized magnesium in renal disease resulted in 13 
publications. An overview of these are presented in Table 1. In some of these studies also 
total magnesium concentrations were reported. The studied patient populations varied from 
patients with renal disease with no further details, to patients treated by hemodialysis or 
continuous ambulatory peritoneal dialysis. In almost all patient groups the mean serum 
magnesium concentration was elevated, except group 1 (RDI) of Külpmann er al. {60} and 
the patients with chronic renal failure studied by Saha et al. {61}. The patients studied by 
Külpmann et al. {60} were described as having renal disease, hypoalbuminemia but a 
normal creatinine clearance (93-288 mL/min). They had a serum total magnesium 
concentration which was 9% lower than the reference value, but the ionized magnesium 
concentration was normal; therefore, the fraction ionized magnesium was increased which 
seemed to correlate with the albumin concentration (coefficient of correlation -0.44). The 42 
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patients in de study of Saha et al. {61} were diagnosed as having all kinds of pathogeneses 
(e.g.glomerulonephritis, diabetic nephropathy, polycystic kidney disease). When comparing 
serum total and ionized magnesium they found that based on serum total magnesium the 
incidence of hypomagnesemia was overestimated. In 5 patients a normal serum ionized 
magnesium concentrations was found together with a decreased total magnesium 
concentration, possibly due to a decreased serum albumin (mean concentration 37 g/L). 

Several authors {15,62-64} reported a decreased fraction of ionized magnesium in 
dialysis patients, but those in the study of Altura et al. {62} were not specified. Magnesium 
measurements performed in serum ultrafiltrates of these patients, combined with ionized 
magnesium results, led to the conclusion that an increased concentration of complexed 
magnesium is present {15,62}. The main magnesium binding compounds in human serum 
are bicarbonate and citrate. Huijgen et al. {15} state that the concentrations of these anions 
could not fully account for the elevated complexed fraction, so other unknown components 
must be present in the serum of this specific patient group. 

Ionized intracellular magnesium was measured in erythrocytes, mononuclear blood 
cells, lymphocytes, platelets and skeletal muscle. In mononuclear blood cells an increased 
concentration was found {65}, in lymphocytes the concentration was not significantly 
changed {66}, while in platelets a decreased ionized magnesium concentration was reported 
{67}. It is obvious that the varying results between the different studies about this subject 
show that these kind of intracellular measurements are not suitable yet to obtain information 
about the magnesium status of renal patients. 

Conclusion 

In summary, although hypermagnesemia is frequently measured in patients with renal 
diseases, reported serum total magnesium values are in general not extremely high. From 
the serum ionized magnesium results in renal patients obtained until now it can be 
concluded that ionized magnesium offers minimal advantage above the regularly measured 
total serum concentration. In one study {61} it was concluded that the number of patients 
which are diagnosed hypomagnesemic will decrease when the parameter serum ionized 
magnesium is used. The measurement of serum ionized magnesium learned us that serum of 
chronic renal patients contains magnesium binders of unknown origin, the relevance of this 
finding seems to have minimal impact in clinical nephrology. 

Hypertension 

Physiology 

Hypertension and its complications remain a major health problem in populations worldwide 
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Blood pressure is influenced by genetic and environmental variables, but the exact 
etiological factors are obscure. Epidemiological data suggest an inverse relationship 
between magnesium intake and the blood pressure level {68} and an inverse relationship 
between serum or erythrocyte magnesium and blood pressure {69}. However, disagreement 
exists about the actual beneficial effect of dietary magnesium supplementation on blood 
pressure {70-72}. 

The effect of magnesium on clinical well being as well as vascular tissue has been 
studied. Magnesium deficiency can cause vasoconstriction, increase platelet aggregation, 
insulin resistance, accelerate atherosclerosis {73-75} and is associated with cardiac 
arrhythmias, hypertension and sudden ischemic myocardial death {76}. On the other hand, 
magnesium supplementation has positive effects on the above mentioned diseases since it 
decreases blood pressure, reduces the frequency of cardiac arrhythmias after a myocardial 
infarction {69,76}. Also in vitro studies have demonstrated a relationship between 
magnesium and vascular tone: in solutions with high magnesium concentrations pre
contracted vascular smooth muscle cells relax, and an increase in agonist-induced 
contractions are found in magnesium free solutions {76}. Magnesium depletion or removal 
from the experimental medium increases vascular tone and reactivity to vasoconstrictors; 
the opposite occurs when there is an excess of magnesium {77}. 

All studies mentioned above, both in man and in vitro, demonstrate that magnesium 
may be involved in the physiology of hypertension although the exact role of magnesium is 
not known yet. Three possible mechanisms will be mentioned in this review. 

Ionic hypothesis mechanism 
Resnick and co-workers have done extensive work on the role of magnesium in 

hypertension. In the early nineties Resnick et al. {78} demonstrated that levels of 
intracellular free magnesium are inversely related to the height of the blood pressure and to 
the insulinemic response to glucose loading {79-81}. 

During the following years this group found that the suppressed intracellular free 
magnesium concentrations in hypertension were closely linked not only to blood pressure 
but also to other cardiac and metabolic aspects of hypertension {82}. On the basis of their 
data they have proposed a so called ionic hypothesis in which the above cellular 
abnormalities explain the association of these syndromes as different clinical manifestations 
of a common underlying defect present in all organ systems. It consists of an abnormality of 
cellular ion handling, characterized at least partly by suppressed intracellular free 
magnesium levels {82,83}. These different syndromes may also be characterized by insulin 
resistance {84}. It then involves essential hypertension, obesity, ischemic heart disease, 
hyperinsulinemia and noninsulin-dependent diabetes mellitus (NIDDM). Erythrocytes and 
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other cells from subjects with these syndromes display higher cytosolic free calcium levels, 
reciprocally lower cytosolic free magnesium levels, suppressed intracellular pH, and other 
ionic abnormalities such as an elevated intracellular sodium and a lowered potassium 
concentration {85}. 

Reaven {86} postulates "Syndrome X" with insulin resistance as the key element 
linking different risk factors such as hyperinsulinemia, NIDDM, aberrant lipoprotein 
metabolism, hypertension, obesity, hyperuricemia, and coronary heart disease. He does not 
mention a role for magnesium in this syndrome. Tosiello et al. {87} speaks of the Reavan-
Modan syndrome. According to this hypothesis magnesium deficiency would be the link 
between the insulin resistance of hypertension, obesity, and NIDDM, since its role in 
maintaining the cellular pumps necessary for peripheral vascular tone (sodium-potassium-
ATPase and calcium-activated potassium channels) would be diminished. 

Also, Corica et al. {88} see the alteration of the magnesium metabolism as a common 
factor in hypertension, obesity and diabetes, which supports the ionic hypothesis. They 
showed a common reduction of serum, erythrocyte and platelet magnesium in both 
normotensive and hypertensive diabetics, and in patients with essential hypertension and 
obesity, as compared to controls; hypertensive diabetics having an even greater reduction of 
intraplatelet magnesium concentration. From these results Corica et al. {88} conclude that a 
reduction of the intracellular magnesium concentrations is common in hypertensive and 
obese patients. 

Finally, some restrictions to the ionic hypothesis were made by the authors themselves 
{89}. The studies were made in vitro; it is only presumed that insulin does not simply alter 
intracellular distribution of ionized calcium and magnesium; the participation of other 
transduction systems (kinases, phosphatases, lipases, cyclic nucleotides, etc) was not 
investigated; the authors do not know yet whether the described behavior is unique to 
insulin or the peripheral red cell. 

Calcium mediated mechanism 

Other authors demonstrate that not extracellular magnesium deficiency alone can be 
correlated to hypertension, but that also changes in calcium concentrations can be related to 
blood pressure. It is generally known that magnesium regulates the entrance and exit of 
calcium in cells. Therefore, it modulates the cellular responsiveness to physiological stimuli 
such as calcium and thus organ activities such as cardiac output, vasoconstrictor tone, 
pancreatic insulin secretion and peripheral insulin activity {73,90}. Almost all authors who 
studied both intracellular magnesium and intracellular calcium demonstrate that the 
intracellular magnesium deficiency is always correlated with an excess of intracellular free 
calcium {78,91}. This cytosolic calcium overload may be responsible for the increased 
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vascular smooth muscle contractility, peripheral resistance {91}, alterations in cell 
membrane permeability, decreased cell membrane calcium binding, depressed Ca2+-ATPase 
activity, increased Na+-Ca2+ exchange, decreased cyclic AMP and increased inositol 
phosphate turnover {76}. One could suggest that a magnesium deficiency is associated with 
an elevated calcium cytosolic level which increases vascular resistance in hypertensive 
patients {76,92}. All these authors argue that the effects found in hypertension are 
especially due to changes of calcium. Magnesium can control and regulate cellular entry and 
exit of calcium {77}, but is not predominantly the cause of the elevation of the blood 
pressure. 

Sodium mediated mechanism 
The third group of investigators argue that sodium is the most important ion 

responsible for hypertension. A positive correlation between intracellular sodium in 
erythrocytes and mean blood pressure {69,91} has been found. During oral magnesium 
supplementation, significant increases in urinary magnesium, serum magnesium and 
erythrocyte magnesium were found, but also significant decreases in erythrocyte sodium and 
mean blood pressure {70}. Others found that the serum magnesium concentration and 
urinary magnesium excretion significantly increased during magnesium supplementation, 
but that the mean blood pressure did not change throughout the study {70}. This can be 
explained by the difference in salt intake, because urinary sodium excretion in Cappuccio's 
study was much higher than in other studies. This again implies a role for both sodium and 
magnesium in hypertension. Different mechanism are postulated for the role of sodium 
{69,70}. All these hypotheses demonstrate that magnesium is the cause of changes in 
sodium concentration, but that sodium and not magnesium causes the change in blood 
pressure. 

Search results and discussion 
Search of the literature on magnesium in hypertension resulted in a large number of studies 
in which mainly total magnesium or intracellular ionized magnesium in hypertensive 
patients was measured. Only one study could be found on serum ionized magnesium. The 
results of the ionized magnesium studies are presented in Table 2. They demonstrate that 
elevated, lowered or unchanged magnesium concentrations can be found in different types 
of tissues in hypertensive patients relative to controls. These differences in results are 
probably caused by differences in the patient groups studied. Essential hypertensive patients 
are heterogeneous with respect to several factors, such as renin status, blood pressure, age, 
salt intake or race, each of which may influence intracellular cation characteristics and are 
difficult to control precisely {92}. Resnick et al. {82} have pointed out that fasting 
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magnesium levels should be measured, because glucose changes the intracellular free 
magnesium and calcium concentrations. 

Table 2. The intracellular and extracellular ionized magnesium concentrations 
in different tissues of hypertensive subjects 

iMg2+
s 

mmoI/L 

iMg2+
RBC ' 

mmol/L 

,2+ b 
lymph iMg 

mmol/L 

iMg2+
PL/ 

mmol/L 
Resnick {81} 

C=20, P=20 

Resnick {78} 

C=25,P=44 

Kojima {214} 

C = 16, P=20 

Touyz {76} 

C = 17, P=25 

Delva {218} 

C=27, P=32 

Resnick {82} 

C=61, P=23 

Resnick {219} 

C = 10, P=20 

Irish {216} 

C = 15, P=14 

Hiraga {92} 

C=30, P=30 

Delva {220} 

C = 16, P=34 

iMg2+
brain 

mmol/L 

iMg ,2 + 

mmol/L 

0.183 1 

0.196 

0.181 

0.371 

0.291 

0.571 I 

0.234 I 

0.4371 

0.397 t 

0.52 1 

0.245 I 

iMg2+ ionized magnesium; iMg2+
s serum ionized magnesium; t significantly increased value; 1 significantly 

decreased value; - unchanged value; C controls; P hypertensive patients; a erythrocytes; b lymphocytes; c 

platelets. 

Since the intracellular parameters can not be measured in a routine setting, the most 
important finding for clinical chemical laboratories is the lowered serum ionized magnesium 
in hypertensive subjects. Unfortunately, only one study has been performed on the 
relationship between ionized magnesium and blood pressure. Touyz and co-workers {76,93} 
measured serum total magnesium in hypertensive subjects and found elevated and lowered 
concentrations compared to controls. Therefore, more studies are needed to establish 
magnesium as a diagnostic tool. On the other hand, hypertension is diagnosed by measuring 
the blood pressure, therefore the authors question the use of magnesium measurements to 
diagnose hypertension. 

In the prediction of hypertension magnesium could be useful, when it plays a role in 
the pathophysiology of hypertension it can be expected that magnesium is lowered 
intracellularly before hypertension is clinically present. Resnick et al. {82} points out that 
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they expect that lower magnesium levels, whether intracellular or extracellular, may be a 
necessary but not a sufficient condition for the onset of hypertension. Therefore, they 
speculate that magnesium can not be used as a predictive tool. Also, if an effect of 
magnesium is expected, it is expected especially intracellularly, which makes it unattractive 
to measure it in a routine setting. 

Finally, in some patient groups magnesium can be used therapeutically to lower the 
blood pressure. Should magnesium be measured in these patients? As long as the patients 
have a normal kidney function it is not expected that toxic levels of magnesium will be 
reached, but patients with impaired renal function, who receive oral magnesium 
supplementation, should be monitored carefully. 

Conclusions 
Routine measurement of serum magnesium in the clinical chemical laboratory to 

diagnose hypertension does not seem useful. The question remains whether magnesium can 
be used as a predictive tool for hypertension since it seems to play a role in the 
pathophysiology of hypertension. The literature demonstrates that it is not magnesium alone 
which causes hypertension, but that also other ions or even other metabolites may be 
involved. We do not expect that a suppressed magnesium alone can be used as a predictive 
tool, more ions should be measured, and even other molecules such as insulin. 

Pre-eclampsia 

Introduction 
Pre-eclampsia is an important cause of maternal and fetal morbidity and mortality. 

Pre-eclampsia occurs in 5-7% of the pregnancies in Europe and the USA. Pre-eclampsia is 
defined as a combination of hypertension with proteinuria and/or edema {94}. Since the turn 
of the century severe pre-eclampsia was treated with magnesium salts. A number of studies 
have demonstrated magnesium sulphate to be more effective in the management of severe 
pre-eclampsia compared to anticonvulsive medicines such as diazepam and phenytoin 
{95,96}. 

Both magnesium and calcium have been demonstrated to be involved in the regulation 
of blood pressure While the mechanism of the effect of calcium has been extensively 
investigated {97}, the mechanism of the effect of magnesium has not. In the previous part of 
the review the role of magnesium in hypertension has been discussed. Since pre-eclampsia 
is characterized by an elevated blood pressure, it is speculated that magnesium has a 
function in the generation of pre-eclampsia, but its exact role has not been established yet. 
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In fact, the whole pathology of pre-eclampsia remains a question. It is agreed that pre
eclampsia is a disease, or better a syndrome, related to the trophoblastic tissue and therefore 
unique to pregnancy. During pre-eclampsia there seems to be an increase in vascular 
resistance {98} although it remains speculative how this vasocontraction occurs. It is 
thought that the endothelial is dysfunctional or damaged during pre-eclampsia which causes 
the endothelium to react in a non-normal manner {99-102}. In addition also the platelet 
reactivity seems enhanced during pre-eclampsia {103} while the reason for this abnormal 
behavior remains unclear. 

Despite the weak pathological evidence for its role in pre-eclampsia, magnesium is 
very important in the treatment of pre-eclampsia. Therefore a number of authors have 
studied magnesium concentrations in serum and cells of these pre-eclamptic patients. 

Search results and discussion 

Only three studies {104-106} on ionized magnesium during pre-eclampsia have been 
published. In all these studies serum ionized magnesium has been determined, and in one of 
these intracellular ionized magnesium too. In less recent literature only serum total 
magnesium has been investigated during pregnancy and pre-eclampsia. These studies will 
not explicitly be reviewed here {96,107-109}. 

In general it is seen that the serum magnesium concentration is lowered in pregnant 
women relative to non-pregnant women {96,104-109}. The most plausible explanation is the 
expansion of the circulatory volume. As explained by Sanders et al. {106} the ionized 
calcium concentration remains the same in pregnant women, while the ionized magnesium 
concentration is decreased. They conclude that calcium has to be regulated in a small 
window, while the magnesium concentration can be regulated in a much broader window. 
On the other hand Standley et al. {105} argue that it could not only be due to hemodilution 
since the serum magnesium is still decreased after correction for protein dilution. 
Therefore, the regulatory mechanism for ions in serum during pregnancy remains unclear. 

The magnesium concentrations in pre-eclamptic women compared to uncomplicated 
pregnant women are presented in Table 3. As can be seen in this table the intracellular 
ionized and total magnesium concentration are similar in pre-eclamptic and uncomplicated 
pregnant women {106}. In the early nineties Seydoux et al. {108} and Frenkel et al. {107} 
demonstrated that intracellular total magnesium concentrations in lymphocytes or 
erythrocytes of pre-eclamptic and uncomplicated pregnancy were identical. 

For extracellular ionized magnesium the results are more complicated. According to 
Handwerker et al. {104} and Standley et al. {105} the serum ionized magnesium was equal 
in pre-eclamptic women and uncomplicated women, while Sanders et al. {106} found higher 
magnesium concentrations in pre-eclamptic women. This discrepancy in results was also 
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found in studies in which total magnesium had been determined; similar concentrations in 
both groups {107}, or higher concentrations in pre-eclampsia {109} or lower concentrations 
in pre-eclampsia {108}. The exact reason for these differences cannot be explained. 
Although it could be argued that the populations studied are not fully comparable. It seems 
that the group studied by Sanders et al. {106} has a more severe pre-eclampsia than the 
groups studied by Handwerker et al. {104} and Standley et al. {105}. A severe pre
eclampsia is defined by a lower gestational age at delivery and a lower weight at birth of the 
neonate. 

Table 3. Intracellular and extracellular ionized magnesium concentrations in 
pre-eclamptic women compared to uncomplicated pregnant woman 

iMg2+
s tMgs iMg2+MBc tMgRBC 

mmol/L mmol/L mmol/L fmol/cell 

Handwerker {104} 

PE=12 , Pregn=33 
0 . 4 8 - 0 . 7 6 -

Standley {105} 

P E = 9 , Pregn=22 
0 . 4 4 - 0 . 6 4 -

Sanders {106} 

P E = 1 5 , Pregn=18 
0.611 0.85 Î 0 .50- 0.16-

iMg2+
s: serum ionized magnesium; tMgs: serum total magnesium, iMg2+

MBC: ionized magnesium in 

mononuclear blood cells; tMgRBC: total magnesium in erythrocytes; PE: pre-eclamptic; Pregn: uncomplicated 

pregnant women. 

When the hypothesis is taken into account that pre-eclamptic women demonstrate a 
similar change in magnesium concentration in serum as hypertensive patients, it would be 
expected that the higher the blood pressure the lower the magnesium concentration. A few 
authors did find lower magnesium concentrations in pre-eclampsia, but also higher 
magnesium concentrations have been found. In contrast, the intracellular concentrations are 
unchanged in pre-eclampsia. These combined results could imply that in pre-eclampsia the 
endothelium is dysfunctional. The more severe the pre-eclampsia the more dysfunctional the 
endothelium. Therefore, no differences or a decrease in serum magnesium can be found in 
less severe pre-eclamptic women, while increased serum magnesium concentrations can be 
found in severe pre-eclamptic women. Nonetheless, it remains questionable whether the 
results of hypertensive subjects and pre-eclamptic subjects can be compared since the 
endothelium of pre-eclamptic women and hypertensive subjects are different. 

Before magnesium can be used as a diagnostic tool for pre-eclampsia more studies 
should be performed. Since the diagnosis of pre-eclampsia can be made by other means, the 
authors question the use of magnesium measurements to diagnose pre-eclampsia. Still 
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magnesium could be useful in the prediction of pre-eclampsia. Standley et al. {105} studied 
the magnesium concentration at different gestational ages. They found that magnesium 
decreases in both pre-eclampsia and uncomplicated pregnant women. But the magnesium 
concentration was lowered earlier in pre-eclampsia women. On the other hand Sanders et al. 
{106} found that the magnesium concentration lowers during uncomplicated pregnancy, 
while the magnesium concentration remains unchanged in pre-eclampsia. Although the 
authors disagree about the exact nature of the behavior of serum magnesium during 
pregnancy they agree that it could be speculated that magnesium can be used to predict pre
eclampsia. 

Conclusion 

The exact role of magnesium during pre-eclampsia remains obscure. Nonetheless, it 
has been indicated that magnesium can be used as a predictive tool for pre-eclampsia. Much 
more research is needed to proof this hypothesis. Whether ionized or total magnesium has 
to be used remains to be seen. 

Diabetes mellitus 

Introduction 

Hypomagnesemia has long been known to be associated with diabetes mellitus and 
insulin resistance {87,110,111}. In diabetes mellitus the incidence of hypomagnesemia has 
been reported to vary from 25% to 39% {8}. Numerous studies have mentioned indices of 
magnesium depletion in diabetes by demonstrating reduced levels of magnesium in serum, 
red cells, mononuclear blood cells, muscle and bone {112-114}. Tosiello {87} evaluated the 
different possible causes of hypomagnesemia in diabetes which may be: 1. osmotic renal 
losses by glucosuria, 2. decreased intestinal magnesium absorption, 3. redistribution of 
magnesium from serum into red blood cells caused by insulin effect, and 4. specific tubular 
magnesium defect. 

Reviewing the literature concerning possible mechanisms for losses of magnesium in 
diabetes, little proof is found for less resorption in the intestine or low intake by food. 
Therefore, the most probable explanation of magnesium loss is an excessive excretion of 
magnesium into the urine. This seems to be based on osmotic diuresis caused by glucosuria 
{8,114} leading to decreased tubular reabsorption. The renal handling of magnesium has 
been dealt in the section "Renal disease". 

In the following, the role of magnesium in relation to insulin and diabetes mellitus will 
be judged from different aspects. The magnesium concentration may influence the action of 
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insulin; insulin resistance may lead to magnesium depletion; a combined effect of 

magnesium and insulin may form the basis for a combination of vascular abnormalities 

leading to disease. 

Search results and discussion 
Magnesium and insulin 

Diabetes mellitus is a secondary manifestation of a number of genetically determined 
diseases, among which an insulin receptor defect (insulin-resistance syndrome). Insulin is a 
hormone which acts by binding to receptors in the plasma membrane of target cells {115}. 
The insulin receptor is an integral membrane glycoprotein consisting of two a and two ß 
chains joined by three disulfide bonds. The ß chains cross the membrane once {116}. The 
binding sites for insulin (the a subunits) are located on the extracellular side of the plasma 
membrane. The insulin binding activates tyrosine kinase phosphorylation at the intracellular 
part of the receptor. A sequence of reactions is following {115}. The most important 
endpoint of this insulin signaling cascade is the facilitated entry of glucose into the cell 

{117}. 
Since magnesium is a necessary cofactor in all ATP-transfer reactions it implies that 

the intracellular free magnesium concentration is critical in the phosphorylation of the 
insulin receptor {7}. In addition, Reinhart {6} reported the absolute requirement for 
magnesium for a number of enzymes using high energy phosphate bonds which are involved 
in glucose metabolism. This might explain the role of the intracellular magnesium 
concentration in the process of insulin resistance. Whitelaw and Gilbey {117} prefered the 
following definition for insulin resistance: "insulin resistance may be said to exist whenever 
normal concentrations of hormone produce a less than normal biological response". Lostroh 
and Krahl {9} suggested magnesium as a second messenger for insulin action. A number of 
experiments on healthy subjects have been conducted to offer evidence for an association 
between hypomagnesemia and insulin resistance. Rosolova et al. {118} demonstrated that 
the lower the total magnesium concentration in serum, the greater the insulin resistance. A 
magnesium depletion induced by a low magnesium diet, resulted in a significant decrease in 
insulin sensitivity (25%). Suarez et al. {119} demonstrated in rats that a diet induced 
magnesium depletion caused a severe insulin resistance. This resistance was dependent, at 
least in part, on a defective tyrosine kinase activity of the insulin receptors. 

Nadler et al. {120} postulated that magnesium acts as a second messenger of insulin. 
At low intracellular magnesium concentrations, magnesium (or magnesium and possibly 
other molecules) might not be able to exercise this function. Tongyai et al. {121} found 
another explanation for the role of magnesium in insulin resistance. They demonstrated that 
hypomagnesemia contributes directly to erythrocyte membrane abnormalities leading to 
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higher flexibility and conformational changes of the cells. A low erythrocyte magnesium 
content can increase membrane viscosity, which may impair the interaction of insulin with 
its receptor on the plasma membrane. Daily magnesium supplements were able to correct 
the increase in erythrocyte microviscosity in aged subjects with insulin resistance. Paolosso 
et al. {114} subscribed this hypothesis by demonstrating that a direct relationship among 
intracellular magnesium concentration, membrane microviscosity and total body glucose 
metabolism seems to exist. 

Insulin and magnesium 

On the other hand evidence is found that insulin affects the intracellular magnesium 
concentration. The influence of insulin on magnesium uptake has been studied in different 
types of cells. Lostroh and Krahl {9} were the first to demonstrate the ability of insulin to 
elevate magnesium levels in rat uterine muscle cells. They proposed a functioning (ATPase) 
ion pump located in the plasma membrane of mammalian cells. 

In cells of healthy human subjects, insulin has been shown to stimulate magnesium 
uptake in platelets {122}, lymphocytes {123} and erythrocytes {124}. This effect was dose-
and time-dependent and could be detected at physiological insulin concentrations (50 
mU/mL) within 30 minutes. It was concluded to be selective for magnesium transport, since 
a monoclonal antibody against the insulin receptor totally abolished the effect of insulin 
{122}. In erythrocytes Barbagallo et al. {125} showed that the ionic action of insulin is 
specific, dose-related, and independent of glucose uptake. The mechanisms by which insulin 
alters the intracellular magnesium concentration is still in question {7,126}. The cellular 
uptake of magnesium, stimulated by insulin, was shown to be attenuated in diabetics. It was 
indicated that in people with type II diabetes insulin-resistance impairs not only glucose 
uptake, but also the ability of insulin to lower the plasma magnesium concentration {127}. 
In in vitro experiments, the erythrocytes of obese patients were less susceptible for insulin-
induced magnesium accumulation than those of lean subjects. This was supposed to be 
caused by a post-receptor defect {124}. In lymphocytes Hwang et al. {122} found that the 
effect of insulin on inducing magnesium transport in vivo into the cell was significantly 
impaired in cells from diabetes mellitus patients. They suggest that one explanation for 
reduced intracellular free magnesium levels in hypertension and type II diabetes, may be a 
decrease of insulin action on magnesium transport. 

Vicious cycle 

In their study on the influence of insulin on the uptake of magnesium in lymphocytes 
in vitro, Hua et al. {123} were among the authors who mentioned that insulin resistance and 
magnesium depletion may be involved in a vicious cycle in which insulin resistance and 
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glucose intolerance lead to magnesium depletion, which in turn impairs the action of 
insulin. The end result may be increased insulin resistance and further magnesium depletion 
which may contribute to the metabolic complications seen in type II diabetes {123}. 

The question which mechanism starts the insulin resistance, is that of the chicken and 
the egg. Is the low insulin level in blood of diabetics the cause which leads to the extra loss 
of magnesium in the kidney due to osmotic diuresis, and the lower uptake of magnesium 
(and potassium) in the cells of the human body. Or is the low intracellular magnesium 
concentration the cause, which leads to insulin resistance, followed by renal magnesium loss 
and hypomagnesemia? {87,124}. From the study by Paolisso and Ravussin {128} it might 
be concluded that the circle starts with insulin resistance; that may lead to intracellular 
magnesium deficiency, which may worsen insulin resistance. 

Miscellaneous 
As in type II diabetes the level of magnesium in the erythrocyte is often lowered in 

obesity. Here, the phenomenon seems to be related to insulin resistance as well. The effect 
of insulin in vitro is inversely correlated to different parameters of insulin resistance such as 
body weight, basal insulin levels in blood and metabolic clearance of glucose {124}. These 
different syndromes characterized by insulin resistance involve essential hypertension, 
obesity, ischemic heart disease, hyperinsulinemia and type II diabetes {84}. In the section 
"Hypertension", this syndrome has already been discussed under the name of "ionic 
hypothesis mechanism". 

It has been described that the role of magnesium in diabetes might also be related to 
its function in the synthesis of insulin in the islet ß cells of the pancreas. Low levels of 
magnesium can reduce secretion of insulin by the pancreas {33}. The uptake of magnesium 
by the ß cells seems to be stimulated by agents that induce the biosynthesis of insulin and 
reduced by inhibitors ofthat process {129}. This underlines the indication that magnesium 
may improve ß cell function in type II diabetes {130}. However this has been doubted by 
McCarty {131}. 

Conclusion 

The clinical implications of magnesium deficiency as it relates to diabetes are many. A 
low magnesium level in blood can be a result of hyperglycemia, as seen in increased urinary 
magnesium excretion in connection with glucosuria {87}. A lowered intracellular free 
magnesium concentration can be both the cause or the consequence of insulin resistance 
{124}. It may negatively influence insulin action, i.e. increase insulin resistance, most 
probably by influencing the intracellular transfer of the hormonal signal. And insulin has an 
effect on magnesium transport into the cells of insulin-sensitive tissues, making insulin an 
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important modulator of intracellular magnesium content. This cellular uptake of magnesium 
normally stimulated by insulin, seems to be reduced in diabetics {87}. The mechanism still 
does not seem to be completely clear. 

Many studies indicate a role for the insulin receptor in this process, but the suggestion 
of a post-receptor defect has been made as well {124}. From the literature no special 
magnesium fraction to measure as a clear indicator of magnesium deficiency leading to 
insulin resistance, emerged. It was difficult to find studies directly relating ionized 
magnesium and diabetes. 

Cardiac diseases 

Introduction 
Already in 1935 links between hypomagnesemia and cardiovascular disease were 

discussed {132} which made investigators look for a relation between nutritional factors, 
drinking water hardness and coronary mortality, suggesting that magnesium may be one of 
the cardioprotective factors in hard water. It has been estimated that in geographical areas 
with high contents of magnesium in the soil and drinking water, the amounts of additional 
magnesium derived from the water, may be sufficient to prevent and correct a marginal 
deficiency. In spite of previous contradictory results, recent publications found a negative 
correlation between death from infarction and drinking water magnesium content {10,133}. 
However, the contribution of magnesium in water to the total intake is much lower than that 
from food (between 1 and 25 % of the total daily intake). 

Physiological and protective role 
That magnesium deficiency would lead to more myocardial infarcts, may be explained 

by the protective role that magnesium may have on the energy supply and the integrity of 
the cell. Free cytosolic ionized magnesium modulates the intracellular milieu through its 
influence on ion channels and transport mechanisms {134}. In particular, magnesium affects 
the tension in cardiac muscle and arterial smooth muscle by controlling the influx of 
calcium. Moreover, magnesium deficiency is associated with loss of intracellular potassium 
and increase of the intracellular sodium. Thus, magnesium is directly involved in the 
regulation of intracellular and extracellular homeostasis of potassium and calcium {135}. 
Therefore, depletion of ionized intracellular magnesium, as occurs after prolonged ischemia 
and reperfusion, contributes to progressive ionized calcium overload and subsequent cell 
damage. In addition, loss of ionized intracellular magnesium may promote cytosolic ionized 
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calcium overload from intracellular sources, since elevated concentrations of intracellular 
ionized magnesium inhibit efflux of ionized calcium from sarcoplasmic reticulum {134}. 

Because the heart has dense mitochondrial structure with high enzymatic activity, 
critical to cellular metabolism and preservation of function and structure to myocytes, the 
myocardium in particular is vulnerable to magnesium loss. Evidence suggests that long-term 
magnesium deficiency causes cardiovascular functional abnormalities {135}. 

Search results and discussion 
Magnesium during myocardial infarction 

Different studies point at the fall in serum magnesium level that occurs with 
myocardial infarction {134,136-139}. In one of these studies the lowest serum magnesium 
concentrations were observed 12 to 20 hours after the patient had been admitted to the 
hospital. The mean values during the first 32 hours were 0.74 mmol/L in the AMI (acute 
myocardial infarction) group versus 0.81 mmol/L in the control group. After 40 to 48 
hours, concentrations of serum magnesium normalized in the AMI group. In the control 
group, they remained constant throughout the observation period {137}. Other authors 
described a transient decrease of serum total magnesium during the first 24 hours after acute 
myocardial infarction which reached normal values 6 to 14 days later. Furthermore, it could 
be shown that a more significant decrease of ionized magnesium takes place at the day of 
acute myocardial infarction than of total magnesium {138}. Bogdan et al. {139} found on 
the first and the third day after myocardial infarction a significant decrease in magnesium 
and potassium content not only in serum but also in erythrocytes, with almost full 
normalization after 14 days. Tsutsui et al. {140} noticed as well that in patients with 
transmural acute myocardial infarction the erythrocyte magnesium concentration was 
significantly lower on day 1 than in control patients. These low values persisted until day 3, 
and after 7 days the level had returned to control values. There was a significant correlation 
between the erythrocyte magnesium level on day 1 and peak value of serum cardiac enzyme 
creatin kinase (CK). The correlation with the maximum CK value suggests that intracellular 
magnesium deficiency may be involved in myocardial necrosis. Speich {141} described 
significant positive correlations between serum and erythrocyte magnesium levels and CK-
MB after myocardial infarction. She also points at a discrepancy between different authors: 
some reported a decrease and others an increase of serum and erythrocyte magnesium after 
myocardial infarction {142}. However, none of the more recent publications point at an 
increase in magnesium concentrations in blood. 

Different mechanisms are postulated for the drop in serum magnesium concentrations 
in patients with acute myocardial infarction: 1. catecholamine-release leading to increased 
lipolysis and generation of free fatty acids, which bind ionized magnesium, 2. magnesium 
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migration from extracellular to intracellular space and/or a simple dilution effect due to 
postinfarctional plasma expansion, and 3. renal loss of magnesium. The latter two 
possibilities could be excluded {137,143}. Hence, the fall of serum magnesium may be 
explained by increased lipolysis due to stress-induced catecholamine release by an acute 
myocardial infarction. The increased free fatty acids in serum bind ionized magnesium and 
form insoluble salts that are sequestered intracellularly, resulting into increased intracellular 
influx {134,138}. Moreover, the intracellular concentration of ionized magnesium may drop 
following increased intracellular binding of ionized magnesium to free fatty acids caused by 
the catecholamine-induced lipolysis, resulting in intracellular precipitation of insoluble 
magnesium soaps {137}. 

The transient reduction of total magnesium in serum may furthermore be explained by 
an uptake of extracellular magnesium by adipocytes. Catecholamines increase lipolysis in 
adipocytes as well, and thus the released free fatty acids in adipocytes bind intracellular 
ionized magnesium reducing its concentration. This is followed by uptake of extracellular 
magnesium by adipocytes {138}. Lipolysis can be explained as well by the time course of 
free fatty acid concentrations in serum, since at day 1 of acute myocardial infarction, they 
were increased {138}. Finally, the lipolysis theory is supported by indications that a therapy 
directed to prevention of free fatty acid release and thus binding of magnesium was 
favorable in preventing myocardial infarction {143}. 

Cardiac diseases 
Gasser reported that during myocardial ischemia free ionized intracellular magnesium 

rises, while total intracellular magnesium falls. He therefore concludes that the free 
magnesium must originate from an intracellular site, likely to derive from hydrolyzed 
magnesium-ATP complexes {38}. In vasospastic angina patients the ionized magnesium 
concentration in platelets was significantly higher than that of control subjects (580 ± 160 
versus 460 ±140 /tunol/L). This elevated concentration might be attributable to decreased 
ATP content or to a varied ratio of the free and bound forms of cytosolic magnesium {144}. 
The relation between intracellular total magnesium and ATP was also made by Reinhart et 
al. {145}. 

In patients with congestive heart failure Bogdan et al. {146} found a decrease of 
magnesium and potassium in serum and erythrocytes as compared with controls. No 
statistically significant correlation was noted between ionized magnesium in lymphocytes 
and indices of cardiac contractility measured by echocardiography in a group of patients 
with essential hypertension. The in vivo results are at variance with the possibility that 
ionized magnesium may be related with cardiac contractility and remodeling {147}. In hip 
surgery patients Zuccalà et al. {148} noticed that perioperative differences in serum 
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magnesium concentrations correlated with intracellular decreases in lymphocytes, and 
yielded good accuracy in predicting the postoperative repetitive ventricular arrhythmias. 

Rude {40} sums up some studies in which the concentration of different tissues was 
assessed as an index of magnesium status. The magnesium content of peripheral 
lymphocytes has been found to correlate with skeletal and cardiac muscle magnesium 
content, but a great deal of overlap with the normal range is seen. Therefore, lymphocyte 
magnesium content is probably not a sufficiently discriminatory test to diagnose magnesium 
deficiency in any given patient. Also, Reinhart et al. {145} found a weak correlation 
between the total magnesium content of mononuclear blood cells and myocardial 
magnesium. Serum magnesium concentration did not correlate with myocardial magnesium 
or mononuclear blood cell magnesium. 

A low blood mononuclear cell magnesium concentration was seen in 53% of 
unselected cardiac care unit patients as compared with a group of normal controls (40.8 ± 
1.7 versus 56 ± 0.8 ^mol/g protein). As the serum magnesium concentration was normal in 
over 90% of the patients, it is concluded that mononuclear intracellular total magnesium 
may be a better index of magnesium deficiency than the serum magnesium concentration 
{149}. In five patients a low serum magnesium at a normal mononuclear cell magnesium 
content was found. Since drug effects were excluded, the authors suggest that the long life 
span of mononuclear cell made it impossible to react to acute development of 
hypomagnesemia. 

Tovey et al. {150} did not find significant correlations between concentrations in 
serum, erythrocytes, and mononuclear blood cells with concentrations in atrial muscle in 
cardiac surgery patients. The measurement of magnesium in skeletal pectoral muscle 
correlated significantly with that in cardiac atrial muscle cells. Moller Jensens al. {151} 
investigated the relationship between the magnesium content of the heart and that of serum, 
lymphocytes, and skeletal muscle in 50 men undergoing cardiac surgery. There was a 
significant correlation between magnesium concentrations in the right atrium of the heart 
and in skeletal muscle (r=0.43, p<0.01), and between heart auricula and skeletal muscle 
(r=0.46, p<0.0l). Right atrial and auricular values were also significantly correlated 
(r=0.61, p< 0.001). No correlation was found between magnesium concentration in 
lymphocytes and in atrium, auricula or skeletal muscle (all/?>0.05). The serum magnesium 
concentration did not correlate with that in any of the investigated tissues. Ralston et al. 
{152} demonstrated a weak correlation between the magnesium levels in skeletal muscle and 
the right ventricular septum, and between magnesium concentrations in circulating 
mononuclear cells and the myocardial tissue. This lead them to conclude that serum, 
circulating mononuclear cell, and skeletal muscle magnesium concentrations are of little 
predictive value in assessing the status of myocardial magnesium in humans with heart 
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failure. As far as the relation of skeletal and cardiac muscle is concerned, this is in 
discordance with the previous two authors who describe a good correlation {150,151}, 
which might be due to differences in patient selection, therapy given, and the type of 
muscles used. 

In patients undergoing cardiopulmonary bypass surgery, Haigney et al. {153} used X-
ray micro analysis to measure total intracellular magnesium in sublingual epithelial cells, in 
atrial biopsy specimens and in serum. Moreover, sublingual specimens were obtained from 
patients presenting with AMI and after magnesium therapy. In control subjects the 
sublingual intracellular magnesium was 17.25 ± 0.35 mmol/L and in AMI patients 15.35 ± 
0.2 mmol/L. Also, despite similar serum magnesium levels, intracellular magnesium levels 
in this study were significantly reduced in AMI patients compared with samples obtained 
from acutely ill patients without active myocardial ischemia and healthy individuals. The 
findings demonstrate that: 1. measurements of intracellular magnesium in sublingual 
epithelial cells correlate well with those of cardiac cells, 2. intracellular magnesium levels 
in patients undergoing cardiac surgery are lower than levels in control subjects despite 
normal serum magnesium, 3. subjects presenting with AMI have significantly lower 
intracellular magnesium levels compared with non-AMI patients, and 4. administration of 
intravenous MgS04 raises intracellular magnesium levels within 24 hours. Therefore, the 
authors conclude that measurements of serum magnesium do not reflect tissue stores. Direct 
assessment of intracellular magnesium provides information not obtainable through routine 
serum electrolyte measurement {153}. Finally, a good correlation between the intracellular 
concentrations of magnesium and potassium in different tissues and cell types was reported 
{145,150,152}. 

In summary, after compiling results from the different publications, the following 
picture emerges. The total magnesium concentration in cardiac cells can be predicted from 
the sublingual intracellular level, or the concentration in skeletal muscle cells. Serum or 
mononuclear blood cells cannot be used to monitor intracellular magnesium concentration in 
the heart. No measurements concerning correlations between intra- and extracellular free 
ionized magnesium fractions have been performed for cardiac tissue. 

Therapy 

Considering all relations between magnesium and the heart, it seems relevant to 
discuss briefly an eventual therapeutic or preventive application of magnesium to patients or 
individuals or groups (low drinking water magnesium) at risk. This has been supported by 
data indicating during the last decade that magnesium can be used as a "pharmacological 
agent" for the protection of the ischemic myocardium and attenuation of reperfusion injury 
{135}. In acute myocardial infarction, it is thought that the loss of intracellular magnesium 
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restricts the ability to replete ATP stores and impairs contraction upon reperfusion. Giving 
magnesium may counter the effects of ischemia by preventing the influx of calcium into the 
cell {154}. However, a controversy in cardiology has been focused on the efficacy of 
intravenous magnesium application in AMI. 

The second Leicester Intravenous Magnesium Intervention Trial (LIMIT-2), covering 
2316 patients, showed mortality reduction by 24 per cent at 28 days in the magnesium-
treated group compared to the control group {155}. The fourth International Study of 
Infarct Survival (ISIS-4), comprising 58050 patients, reported no mortality benefit at 35 
days in all randomized patients (magnesium group and control group) {156}. It is not the 
intention of this review to discuss the aforementioned differences in outcome; the result of 
the ISIS-4 study might have been influenced by a low control group mortality and the 
relatively late administration of magnesium after reperfusion therapy was initiated {157}. 
The Framingham heart study in 3327 subjects revealed a significant relation between 
lowered serum total magnesium levels and the occurrence of ventricular arrhythmias. The 
authors state that this correlation is regardless of the potassium level {158}. 

Therefore, suffice it to say that as far as therapeutic measures are concerned, 
magnesium intake is inversely related to the risk of coronary artery disease and the 
therapeutic administration of magnesium at the time of an acute myocardial infarction needs 
further study {159}. 

Therapeutic drugs 

Information about the influence of therapeutic drug on magnesium was obtained by a 
computerized search in the Micromedex database (Micromedex, Englewood, Colorado, 
USA). More than 40 drugs, mainly diuretics, were found related to hypomagnesemia. Only 
a few, all magnesium containing drugs (e.g. antacids or laxatives), were related to 
hypermagnesemia. Based on these results a literature search in Medline was performed on a 
combination of the specific drug and magnesium. The most frequently described drugs, all 
related to hypomagnesemia, will be discussed here. 

Search results and discussion 
Diuretics 

Nearly 40 years ago Smith et al. {160} already reported that diuretics influence the 
urinary excretion of magnesium. Since then many studies were performed in which several 
types or combinations of diuretics in relation to the magnesium homeostasis were compared. 
In these studies serum magnesium, urinary magnesium, magnesium in blood cells and in 
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muscle were measured. Most studies concerned one ore more diuretics from the following 
three classes: 1. thiazides, which influence transport in the distale tubule, 2. loop diuretics, 
having an effect on the ascending loop of Henle, and 3. potassium-sparing diuretics which 
act on the distal tubule (amiloride and triamterene), or aldosteron-antagonists like 
spironolactone. 

In 1981 two studies were published in which the long-term effect of diuretics on 
magnesium was studied {161,162}. Ljunghall et al. {161} found that after 12 months of 
treatment with thiazide urinary magnesium excretion was still increased and serum 
magnesium slightly decreased. After 48 months urinary magnesium was normalized, but 
still a significantly decreased serum magnesium was measured, although the difference was 
only -0.05 mmol/L. Magnesium in muscle biopsies obtained after 36 months of treatment 
was comparable with the concentrations measured in healthy volunteers. In the study of 
Wester et al. {162} decreased serum and muscle magnesium was measured in patients 
treated for more than 36 months with diuretics. However, the type of diuretic prescribed 
was not specified, which makes comparison with the data from other studies hard. 

Affirmation of magnesium loss by thiazide-like diuretics was given in the multiple risk 
factor intervention trial {163}. Participants had been on therapy for usually more than four 
years, and the mean difference in serum magnesium between diuretic users and non-users 
was only 0.04 mmol/L. Very interesting results were also published by Martin et al. {164}. 
They measured serum magnesium in 320 consecutively admitted elderly patients receiving 
diuretics and 250 elderly admitted patients without taking diuretics. Moreover, 24 hours 
urinary magnesium output was measured in 84 of these patients. It was found that subjects 
receiving thiazide diuretics had significantly lower mean serum magnesium compared with 
the groups receiving loop or potassium-conserving combinations. Of the potassium-
conserving diuretics amiloride appeared to be more effective than spironolactone in 
conserving magnesium, but the difference in serum level for both diuretics was not 
significantly different from the non-users. Excretion of magnesium in both loop and thiazide 
diuretic patient groups was significantly larger than in the group receiving no diuretic 
therapy. Kroenke et al. {165} found that treatment with thiazides resulted in a decreased 
serum magnesium (0.94 versus 0.97 mmol/L) and treatment with triamterene-containing 
diuretics in an increased serum magnesium (1.01 versus 0.97 mmol/L). No correlation 
between duration of thiazide use and serum magnesium was found, but hypomagnesemia 
due to thiazide seems dose dependent. 

The effect of potassium-conserving diuretics on magnesium was studied by several 
other groups. Ryan et al. {166} treated 10 patients with congestive heart failure during 3 
days with furosemide followed by amiloride administration. They found that amiloride 
reduced urinary magnesium and increased both serum and lymphocyte magnesium. More 
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than 10 years later this was confirmed by Ng et al. {167} who measured intracellular 
ionized magnesium. Widman et al. {168} showed that a combination of hydrochlorothiazide 
and triamterene led to an increase of muscle magnesium in patients who were previously 
treated with thiazide or furosemide. But serum magnesium remained unchanged after 
addition of triamterene to the medication. Dyckner et al. {169} reported the same effect 
with a combination of amiloride and hydrochlorothiazide. In the study of Murdoch et al. 
{170} amiloride but not spironolactone was associated with a dose-related slight increase in 
plasma magnesium. No differences in erythrocyte magnesium were found when comparing 
treatment with hydrochlorothiazide with or without one of the potassium-conserving 
diuretics. Gozzi et al. {171} measured serum ionized magnesium in 14 volunteers treated 
with the loop diuretic torasemide. Both serum total and ionized magnesium remained 
unchanged during treatment. 

Cisplatin 

The chemotherapeutic cisplatin is well known for its nephrotoxicity. Administration 
can result in azotemia and acute tubular necrosis accompanied by increased excretion of 
platinum, magnesium, zinc and copper. Pathological changes in the kidney consist of focal 
acute tubular necrosis, affecting primarily the distal convoluted tubules and collecting ducts, 
dilatation of convoluted tubules, and formations of casts. Examination of urine sediments of 
patients treated with cisplatin show renal tubular epithelial cells or tubular cell casts {172-
174}. Urinary loss of magnesium can even result in severe hypomagnesemia with serum 
magnesium values of 0.4 mmol/L down to 0.1 mmol/L, leading to clinical symptoms {175-
178}. The incidence of hypomagnesemia is dose dependent. The development of 
hypomagnesemia following cisplatin administration is acute and well-recognized, and 
persistent hypomagnesemia is described as well. In the study of Buckley et al. {176} 41% 
of the treated patients were hypomagnesemic after 1 cycle of chemotherapy, after 6 cycles 
the 2 remaining patients were both hypomagnesemic. Stewart et al. {179} reported an 
incidence of 88% (serum magnesium < 0.74 mmol/L) or 53% (serum magnesium < 0.58 
mmol/L) and both Bell et al. {178} and Lam et al. {174} an incidence of 100%. Markmann 
et al. {180} reported about patients who were found hypomagnesemic prior to the initiation 
of a second-line chemotherapy, while the median cisplatin-free interval for these patients 
ranged from 6-40 months and Mavichak et al. {181} studied six patients with chronic 
hypomagnesemia persisting for about 2-6 years. Recently Ariceta et al. {182} reported 
chronic hypomagnesemia (serum magnesium <0.58 mmol/L) in 6 of the 18 children who 
were followed for a mean period of 2.3 years after arrest of cisplatin therapy. Presence of 
hypomagnesemia was unrelated to the total dose received or the time elapsed since therapy. 
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In a few studies intracellular magnesium was measured. Abbasciano et al. {183} 
measured magnesium in erythrocytes in patients with lung cancer after a single dose of 
cisplatin. Magnesuria increased, serum magnesium decreased as well as erythrocyte 
magnesium. On day 7 intracellular magnesium had recovered to pretreatment values. In a 
second study of the same group magnesium in erythrocytes was also measured 1 month after 
the first, second, third and sixth courses of chemotherapy. They found that an actual 
depletion was manifest after the third and sixth course of chemotherapy (pretreatment level 
minus 18.7%). 

Cyclosporin 
The immunosuppresive agent cyclosporin was introduced in the seventies. 

Nephrotoxicity represents the most frequent and clinically important complication associated 
with its use. Although the exact mechanism responsible for the renal magnesium wasting is 
unknown, microscopic and abnormalities in predominantly the proximal convoluted tubule 
together with increased urinary excretion of proximal tubular enzymes, implicate 
cyclosporin as a proximal tubular toxin. It is presented as an acute or chronic reversible or 
sometimes irreversible renal insufficiency {184,185}. Since its introduction several reports 
were published about association between cyclosporin and hypomagnesemia. {185-192}. 

In 1984 Thompson et al. {186} reported about hypomagnesemia in 12 allogenic bone-
marrow transplant recipients who experienced the neurotoxic effects of cyclosporin. In all 
cases magnesium supplements resolved the symptoms. Barton ef al. {187} studied the serum 
magnesium concentration and urinary outpoint in 27 renal transplants treated with 
cyclosporin and compared the results with allograft recipients treated with azathioprine. In 
the cyclosporin treated patients serum magnesium dropped within 3 weeks from 1.07 to 
0.66 mmol/L and remained at that level for at least 6 months in spite of treatment with 
magnesium oxide. Already after one week inappropriately high urinary magnesium 
concentrations were measured suggesting renal magnesium-wasting. In the group of 
azathioprine treated patients no hypomagnesemia was found, and none of the patients 
required magnesium supplementation. Frost et al. {189} also compared cyclosporin with 
azathioprine. However, besides serum and urinary magnesium they also measured 
magnesium in skeletal muscle. Serum magnesium decreased in the cyclosporine group but 
urinary magnesium excretion and skeletal muscle magnesium did not differ between both 
groups. Therefore, it was concluded that cyclosporin-treated patients are not magnesium 
depleted. However, due to the precision of the skeletal muscle magnesium determination 
and the number of tested patients, a minor magnesium depletion in cyclosporine-treated 
patients could not be ruled out. Moreover, reference values for skeletal muscle magnesium 
were not given. Nozue et al. {188} measured intracellular magnesium in mononuclear blood 
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cells and found increased concentrations. Because serum magnesium was decreased and 

urinary magnesium did not change for 7 weeks, they concluded that renal magnesium 

wasting may not be the primary cause of hypomagnesemia during short-term use of 

cyclosporin. 
Long-term effect of cyclosporin on magnesium was determined by two groups 

{191,192}. Allegra et al. {192} measured 54 to 102 months after renal transplantation 
serum total and ionized magnesium and magnesium in erythrocytes and thrombocytes in 
patients treated with cyclosporin or cyclosporin and azathioprin. Magnesium measurements 
in the renal transplant patients included in the study of Ramos et al. {191} were performed 
1 up to 132 months post-transplant. In both studies serum and intracellular magnesium 
decreased significantly, serum magnesium was lowest and fractional excretion of 
magnesium highest within the first month post-transplantation, in both case improving with 
time. However, the magnesium levels measured in the non-cyclosporine treated patients 
were not reached. 

Pentamidine and foscarnet 
Pentamidine and foscarnet are both known for their use in treatment of opportunistic 

infections in AIDS patients. Pentamidine is a diamidine derivate and effective in the therapy 
for infections due to Trypanosomes, Leishmaniasis and Pneumocystis carinii. Foscarnet, a 
pyrophosphate analogon, is frequently used in the treatment of Cytomegalovirus retinitis. 
Since the epidemic of AIDS with its associated high rates of Pneumocystis carinii and 
Cytomegalovirus infections several reports (most cases) were published about 
hypomagnesemia associated with pentamidine and/or foscarnet therapy {193-200}. 

In a review about pentamidine, Sands et al. {201} wrote that the most frequent 
systematic reaction on pentamidine is nephrotoxicity, usually mild and reversible. It occurs 
in 23% of patients and the mechanism is unknown. The drug has been shown to concentrate 
preferentially in the kidneys, with apparent presence in all anatomic areas. 

Shah et al. {193} presented the first case report about hypomagnesemia accompanied 
by hypocalcemia in a patient with AIDS treated with pentamidine. Their findings, very low 
serum magnesium and calcium concentrations, 0.20 and 1.32 mmol/L, respectively, about 
10 days after intravenously administration of pentamidine, were several times confirmed by 
other authors. Magnesium wasting, with urine magnesium concentration up to 17 mmol/24 
hours, were noticed {196}. Even several months after discharge from the hospital, when 
pentamidine treatment intravenously was changed to aerosolized therapy, high magnesium 
urinary output continued, probably due to accumulation of the drug {201,202}. 

The mechanism of foscarnet induced hypomagnesemia and hypocalcemia is less clear. 
Decreased values of serum total magnesium and calcium have been reported {199} but also 
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transiently decreased values of only the ionized calcium fraction {203}. In an interesting 
study of Jacobson et al. {203} several in vivo and in vitro experiments were performed on 
foscarnet and ionized calcium. They showed that ionized calcium decreases depending on 
the concentration foscarnet added, while the total calcium concentration did not change. The 
ionized hypocalcemia observed, appears to be a transient phenomenon. Unfortunately, 
magnesium ion-selective electrodes were not available those days, but assuming that 
complexation is the most likely cause of ionized hypocalcemia, ionized magnesium would 
undoubtedly decrease too. 

Gentamicin 
Reports about hypomagnesemia and gentamicin therapy were published infrequently, 

and the last paper about this subject was published more than 10 years ago {204-208}. 
Hypomagnesemia during gentamicin therapy develops as a result of magnesium wasting, 
and when the therapy was stopped renal loss of magnesium ceased. Although the 
phenomenon is not a regular adverse effect of gentamicin therapy it can result in very low 
serum magnesium values. One of the two patients presented by Bar et al. {205} had serum 
magnesium values of <0.3 mmol/L (calcium 1.10 mmol/L) accompanied by clinical 
symptoms, and six of the eleven patients presented by Davey et al. {208} had serum 
magnesium values varying from 0.30 to 0.69 mmol/L. Besides gentamicin the latter patients 
received also cytotoxic drugs. Patel {206} reported about a 57 year old male whose serum 
magnesium decreased to 0.32 mmol/L possibly due to magnesium wasting, but the urinary 
magnesium output was only slightly increased to 4.8 mmol/day. 

In summary, both thiazides and loop diuretics are associated with increased urinary 
magnesium output and decreased serum magnesium. Although significant, the reported 
drops in serum magnesium are small. Therefore, frequent measurement of serum 
magnesium in diuretic-treated patients does not seem to be necessary. Several, but not all, 
potassium-conserving diuretics have also a magnesium conserving capacity. Especially in 
elderly patients who are at risk for hypomagnesemia, these diuretics seem the treatment of 
choice {209}. 

Hypomagnesemia is a serious problem in chemotherapeutic therapy with cisplatin. 
Therefore, magnesium supplementation during treatment is recommended {181,210-213}. 

Treatment with cyclosporin can induce decreased serum magnesium values, but less 
severe than with cisplatin. Results reported about intracellular measurements are not 
consistent. Monitoring of serum magnesium is recommended, and magnesium supple
mentation employed as needed {187}. Results on ionized serum magnesium {64} are too 
limited to judge the benefit of this technique in this specific group of patients. 
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Both foscarnet and pentamidine are able to induce hypomagnesemia, the latter by 

magnesium wasting. The influence of foscarnet is probably only restricted to the ionized 

fraction of magnesium but studies with magnesium ion-selective electrodes have not been 

performed yet. The reported cases justify the measurement of serum magnesium during 

treatment. 

Hypomagnesemia due to gentamicin therapy is rare. Routine measurement of serum 

magnesium during gentamicin therapy is superfluous. 

Concluding remarks 

The goal of a magnesium determination in clinical chemistry is to obtain information 
about the magnesium status of the total body or the organ of clinical interest. The 
magnesium status can be studied in serum and blood cells, and in a whole range of tissues 
such as muscle, heart, sublingual cells, and in its different fractions e.g. total or ionized 
magnesium. Since only 1 % of the total body magnesium pool is extracellular, this would 
imply a determination of the intracellular amount, and preferably its active, ionized, 
fraction. It would be most easy to measure inside blood cells, which are easily available 
from the circulation, such as erythrocytes, thrombocytes or mononuclear blood cells. We 
did not find any indication for measurements in erythrocytes or thrombocytes; the advantage 
of establishing intracellular magnesium concentration in mononuclear blood cells seems 
doubtful to us. 

This brings us to a determination of magnesium in cells of the organ of interest. That 

approach is connected to a number of limitations. In the first place the biopsy, for example 

in cardiac tissue. Then there is the imprecision connected to the analytical technique which 

impedes this approach. 
For establishing the magnesium status of the total body we see two solutions. 

Measurement in sublingual cells has been proven to be a good reflection of the intracellular 
level in cardiac disease. In our opinion this would be a promising approach for other 
diseases as well. Otherwise, the magnesium loading test has been advocated as a good 
solution. In our opinion it has three drawbacks: it is cumbersome for the patient, time 
consuming, and a normal renal function is a prerequisite. This means that next to 
nephrology patients, those with circulatory problems (cardiac diseases) or osmotic diuresis 
(diabetes) should be excluded. Moreover, we did not find enough data for its usefulness in 
all kinds of different patient populations. 

Remains the determination of extracellular magnesium in the circulation which is 
easily accessible, and for total and ionized magnesium reliable determinations have been 
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described. At its introduction good hopes existed that the latter technique would be useful. 
The more so since it gives an indication of the active fraction which is thought to reflect the 
free intracellular concentration. Not enough data are available as yet. Only for 
nephrological patients this method has been more extensively studied and there it seems to 
have minimal advantage for diagnosis or treatment. More research is necessary to prove its 
value in other clinical situations. 
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