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Severe magnesium (Mg) deficiency changed mineral homeostasis, increased lipid peroxidation, and reduced 
Mgz+lCa2+ antagonism. To investigate whether the pathobiochemical effects directly correlate with the degree 
of Mg deficiency or whether there might be a threshold for significant alterations, diets with 70, 110, 208, 330, 
and 850 ppm of Mg were fed to growing Wistar rats. After feeding the diets for 0, IO, 20, and 30 days, 
parameters of free radical action (malondialdehyde and vitamin E content), mineral content (Mg, Ca, Fe, Zn) 
in various tissues (liver, spleen, heart, kidney, muscle) and plasma parameters (Mg, Ca, Fe, Zn, alanine- and 
aspartate-aminotransferase, tumor necrosis factor-a [TNF-a]) were analyzed. The tissue Mg content was either 
unchanged or only slightly reduced in severe Mg deficiency. The iron (Fe) content rose when the extracellular 
Mg2 + concentration was below 0.25 mmollL. There was a close positive correlation between the tissue Fe and 
the malondialdehyde content and a negative correlation between the malondialdehyde and the vitamin E content. 
Below the threshold of about 0.25 mmollL of plasma M$+ concentration, elevated zinc (Zn) concentrations 
were found in liver and kidney as well as in plasma increased transaminases and TNF-a. The same threshold 
could be observed for the increase of tissue calcium (Ca) content, except in the kidney where calctfications were 
found already in less severe Mg deficiency. Concerning changed mineral homeostasis with subsequent lipid 
peroxidation and membrane damage, plasma Mg2+ concentrations must be below 0.25 mmollL; above this 
threshold effects of Mg deficiency alone can be compensated. (J. Nutr. Biochem. 6:681-688, 1995.) 
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Introduction 

The pathobiochemical effects of magnesium deficiency 
have been studied intensively. Feeding a severely magne- 
sium (Mg)-deficient diet for several weeks to growing rats 
leads to a reduction in growth, increased stress susceptibil- 
ity, changed mineral homeostasis, and increased generation 
of free oxygen radicals. 1*2 Additionally the induction of 
lymphoma and intestinal tumors were observed.3,4 

Compared with the situation in humans, the degree of 
Mg deficiency in these experiments was extreme. Serum 

Mg concentrations dropped to less than 20% of the corre- 
sponding control values, i.e., below 0.2 mmol/L. In hu- 
mans, however, serum Mg concentrations below 0.5 
mmol/L have only rarely been found; however, a mild de- 
gree of Mg deficiency might occur frequently. 

To investigate whether the pathobiochemical effects di- 
rectly correlate with the degree of Mg deficiency or whether 
there might be a threshold for significant alterations, diets 
with various Mg contents were fed to growing rats to induce 
different degrees of Mg deficiency. After 0, 10, 20, and 30 
days, the parameters of free radical action (malondialde- 
hyde [MDA] and vitamin E content) and mineral content in 
various tissues of these animals were analyzed. 
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Methods and materials 
Ninety-six male Wistar rats (Interfauna, Tuttlingen, Germany) 
were used for the experiment. Fifteen rats were randomly assigned 

Nutritional Biochemistry 6:681488, 1995 
0 Elsevier Science Inc. 1995 
655 Avenue of the Americas, New York, NY 10010 

0955-2863/95/$10.00 
SSDI 09552863(95)00143-3 



Research Communications 

to each experimental group. Five groups received diets with dif- 
ferent Mg content ad libitum. Diets were prepared by adding 
MgCl, to basal Mg-deficient diets (Ssniff, Soest, Germany; fat 
content: 3% soy bean oil; 140 mg/kg o-tocopherol acetate) achiev- 
ing the following Mg contents: 70 ppm, 110 ppm, 208 ppm, 320 
ppm, 850 ppm. Additionally, 15 rats receiving the 850 ppm diet 
were pair fed to the 70 ppm group. The Mg content of the diets 
was verified by measuring Mg by atomic absorption spectropho- 
tometry (AAS; Philips SP9, Kassel, Germany) in ashed aliquots. 
All rats were housed under standard conditions (dark/light period: 
12 hr/12 hr; temperature 22°C 60% humidity) and received dis- 
tilled water ad libitum. Six rats served as controls at experimental 
day 0. After 10, 20, and 30 days, 5 rats of each group were killed 
with ether anesthesia. Heparinized blood was obtained by puncture 
of the aorta abdominalis and centrifuged. Plasma was withdrawn, 
and a part of it was frozen at - 20°C. The other part was stored at 
4°C. Erythrocytes were washed twice with 150 mmol/L of NaCl. 
Liver, heart, kidney, spleen, and muscle (must. quadriceps) were 
removed and washed in 250 mmol/L of sucrose. All tissue samples 
were frozen at - 20°C until analysis. 

Activity of alanine-aminotransferase (ALT) and aspartate-ami- 
notransferase (AST) was determined in unfrozen plasma with 
commercial test kits (Sigma Diagnostics, Miinchen, Germany, 
DG159-UV, DG158UV). Tumor necrosis factor-o (TNF-(w) in 
plasma was determined by an ELISA kit for mouse TNF-a which 
cross-reacts with rat TNF-o (Genzyme, Cambridge, MA, USA). 

Mg, calcium (Ca), zinc (Zn), and iron (Fe) in plasma were 
determined by AAS. For determination of the tissue contents of 
Mg, Ca, Fe, and Zn, frozen tissue was freeze-dried and powdered. 
The powdered tissues were ashed in the Plasma Processor 200 E 
(Technics, Munchen, Germany). The ash was dissolved in 0.1 
mol/L of HCl, and the minerals were determined after the appro- 
priate dilution by AAS. To estimate the content of non- 
hemoglobin-bound Fe, hemoglobin was determined in spleen by 
means of the cyanomethemoglobin method, and hemoglobin- 
bound Fe was subtracted from total Fe. For measurement of vita- 
min E and MDA, the tissues were homogenized (20% homoge- 
nate) after thawing in 150 mmol/L of KCl. The vitamin E content 
of the homogenates was determined by its fluorescence in hexane 
extracts according to Taylor et a1.5 For calibration D,L-a- 
tocopherol (Serva, Heidelberg, Germany) was used. 

MDA was determined by a variation of the thiobarbituric acid 
(TBA) method.6,7 A 20% homogenate of the tissue in 150 mmol/L 
of KC1 was at once diluted 1:l with 5% trichloroacetic acid and 
centrifuged for 5 min at 13,000g. Five hundred microliters of TBA 
( 1% , pH 7) was added to 500 pL of supematant and heated at 95°C 
for 15 min. After cooling, the samples were extracted with 3 mL 
of 1-butanol by vortexing for 30 set and centrifugating at 2,100~ 
for 15 min. MDA in the butanol phase was measured fluoromet- 
rically (Perkin Elmer LS 50B, Uberlingen, Germany; excitation: 
532 nm; emission: 553 nm; slit width: 5 nm). The calibration curve 
was prepared with malonaldehyde tetraethylacetal (Sigma) which 
was treated in the same way. 

Results 
Body weight, plasma parameters, and erythrocyte 
Mg content 

Feeding the diets with decreasing Mg content to growing 
rats led to a proportional reduction of plasma and erythro- 
cyte Mg2 + concentration and to a corresponding reduction 
of weight gain (Table I). Three hundred and thirty parts per 
million of Mg, however, were sufficient to achieve the 
same weight gain as in the 850 ppm Mg group. The Mg 

content of erythrocytes after 30 days was correspondingly 
reduced. Pair feeding resulted in reduced weight gain. 
However, the body weight of the pair-fed group was higher 
than in the 70 ppm group indicating better food utilization in 
the pair-fed rats. In rats receiving 850 ppm of Mg, after 20 
and 30 days the plasma Mg2 f concentration was reduced as 
compared with days 0 and 10. The plasma Ca2+ concen- 
tration was slightly increased in Mg deficiency. There was 
a pronounced increase in the plasma Fe content in the 70 
and 110 ppm groups after 20 and 30 days compared with the 
respective 850 ppm groups. Overall, however, the plasma 
Fe content dropped from day 0 to day 30. This may be 
caused by a lower Fe content of the experimental diet (180 
mg/kg) compared with the normal diet (350 mg/kg) which 
was fed to the rats prior to the experiment. Zn in plasma was 
neither changed by time nor by diet (data not shown). AST 
and ALT were elevated at days 20 and 30 only in the group 
receiving the diet with the lowest Mg content. TNF-(Y, mea- 
sured at day 30, increased in the 70 ppm group. 

Liver 

Mg deficiency did not reduce the total Mg content in liver 
(Table 2). There was a tendency toward increased Ca con- 
tent in the 70 ppm group which reached significance only in 
the 20-day group. Fe accumulated significantly in the 70 
and 110 ppm groups during the experiment leading to more 
than double the content of controls after 30 days in the 
group with the lowest Mg intake. The Zn content was ele- 
vated in the 70 ppm group after 20 and 30 days. Increased 
MDA concentrations were found already after 10 days and 
to a higher degree after 20 and 30 days in the 70 ppm group 
and to a smaller degree in the 110 ppm group. An inverse 
situation could be detected concerning the vitamin E content 
of liver; a significant reduction could be observed in rats 
receiving the 70 ppm diet. 

Muscle 

The highest muscle contents of Fe and Zn after 10, 20, and 
30 days were consistently found in the group receiving the 
diet with the lowest Mg content without reaching signifi- 
cance (Table 3). The Ca content-was elevated in the same 
group with a significant effect after 20 days. The MDA 
content was increased in the severely Mg-deficient rats with 
no significant effects concerning vitamin E. The higher 
MDA content at days 0 and 10 may be caused by a lower 
activity of protective enzymes (superoxide dismutase, glu- 
tathione peroxidase) which increase only slowly after 
birth.* 

Heart 

In heart muscle, a significant reduction of Mg content was 
observed (Table 4). An approximately 10% reduction was 
found in the 70 ppm group as early as 10 days after begin- 
ning the diet. A significant increase of Ca content was de- 
tected in the same tissues. After 30 days, Fe and MDA 
contents were also increased in the 70 ppm group whereas 
the vitamin E content was reduced. The Zn content was not 
changed. 
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Table 1 Body weight, contents of Mg, Ca, Fe, alanin-aminotransferase (ALT), aspartate-aminotransferase (AST), and TNF-a in plasma at day 
0 and after feeding diets with different Mg content for 10, 20, and 30 days as indicated, and erythrocyte Mg content in rats after feeding the 
different diets for 30 days 

Groups 

Body 
weight 

(9) 
Mg 

(mmol/L) 
Ca 

(mmol/L) 

Plasma 

(&L) 
ALT 

w/u 
AST 
(U/L) 

TNF-a 
(pg/mL) 

Erythrocytes 
Mg 

(mmol/kg of 
dry weight) 

Day 0 
Day 10 

70 wm W 
110 ppm Mg 
208 ppm Mg 
330 ppm Mg 
850 ppm Mg 
pair-fed 

Day 20 
70 wm Mg 
110 ppm Mg 
208 ppm Mg 
330 ppm Mg 
850 ppm Mg 
pair-fed 

Day 30 
70 Pm Mg 
110 ppm Mg 
208 ppm Mg 
330 ppm Mg 
850 ppm Mg 
pair-fed 

203 ? 3 

261 2 5’ 
281 +6 
284 -+ 5 
275 2 6 
282 -c 10 
269 * 3 

323 + 7$ 
349 2 5’ 
366 + 15 
386? 12 
386 ? 10 
353 2 4* 

0.73 k 0.04 

0.18 t 0.03$ 
0.15 i 0.01* 
0.40 2 0.03* 
0.46 f 0.03$ 
0.81 2 0.04 
0.67 2 0.02$ 

0.09 * O.Ol$ 
0.12 t O.Ol$ 
0.32 ” 0.03$ 
0.41 2 0.02* 
0.57 f 0.02 
0.60 f 0.02 

343 * 8$ 0.08 zi O.Ol$ 
390 2 8$ 0 12 +- 0.02* 
417 2 13* 0.31 * 0.02* 
454 * 12 0.50 t 0.03t 
458 f 16 0.59 2 0.02 
380 2 8$ 0.57 2 0.03 

2.22 2 0.05 63.8 2 3.8 36 ‘- 1 

2.29 t 0.06 
2.11 t 0.10 
2.17 2 0.12 
2.13 f 0.05 
2.27 f 0.03 
2.12 f 0.02 

44.5 k 1.4 
39.5 i 1.4 
50.5 2 1.2 
52.2 2 4.5 
44.2 2 2.2 
33.3 2 1.6$ 

44.4 k 2.7t. 
40.0 2 2.8t 
35.3 2 1.2 
37.6 2 2.2’ 
30.8 k 1.3 
29.2 k 1.8 

36 2 4 
33 + 3 
30 2 1 
29 ? 1 
31 *3 
29 2 2 

2.34 2 0.03t 
2.35 2 0.05t 
2.12 k 0.09 
2.18 k 0.07 
2.12 2 0.03 
2.17 ? 0.03 

42 5 2$ 178 2 18$ 
28 2 2 95 IL 6 
29 2 1 87 k 8 
30 2 2 96 2 6 
28 2 2 10127 
25 2 2 98 ” 5 

2.28 ” 0.03 46.2 2 2.5$ 
2.21 2 0.03 42.7 k 1.4t 
2.25 + 0.05 33.0 + 1.1 
2.29 -+ 0.03 34.4 f 0.9 
2.24 f 0.04 35.4 2 1.3 
2.10 2 0.04t 30.0 2 2 3 

42 2 6t 
30-t 1 
28 2 1 
29 2 1 
31 22 
30 f 2 

91 -+6 

126 2 16 
104 ? 12 

94 ? 4 
88 + 2 

114*5 
go* 10 

141 r 9* 57 2 13t 2.70 k 0.1 l$ 
97 2 3 22 2 7 3.09 2 0.40* 
89 r 3 1714 5.82 t 0.23t 

10023 14 _’ 3 6.55” 0.10 
10627 1424 7.07 2 0.23 
113 2 4 18 ” 4 6.96 2 0.17 

Mean t SEM of five rats in each group. Significant differences to the 850 ppm Mg groups by single factor analysis of variance; l P < 0.05; tP 
< 0.01; *P < 0.001. 

Kidney 
Mg deficiency induced significant reductions of Mg content 
in the kidney after 20 and 30 days in the 110 and 70 ppm 
Mg groups, respectively (Table 5). Ca content was tremen- 
dously increased by Mg deficiency leading to massive cal- 
cium deposits in some animals of the 70 ppm group and 
increased Ca content in the 208 ppm group and after 30 days 
in the 320 ppm group. The Zn content in the 70 ppm group 
was significantly increased after 10, 20, and 30 days. Also 
the Fe content was slightly elevated in this group although 
significance was not reached. In the same group, MDA was 
increased and vitamin E had a tendency toward lower val- 
ues . 

Spleen 

The Mg, Ca, and Zn levels in the spleen were not affected 
by dietary Mg deficiency (Table 6). The Fe content in- 
creased with time and was particularly elevated in the 70 
ppm group after 20 and 30 days. MDA was inversely cor- 
related to vitamin E content. The MDA content in the 70 
ppm group after 20 days was doubled, and after 30 days it 
was three times that of the 850 ppm group whereas the 
vitamin E content was reduced. 

Discussion 

As intended, feeding the different diets to growing rats re- 
sulted in graded Mg deficiency. However, even though the 
diet containing 850 ppm Mg is well above the reported 500 

ppm Mg needed by rats,’ this amount of Mg in the diet was 
not sufficient to achieve a normal plasma Mg2+ content in 
this fast-growing Wistar strain after 20 and 30 days. Sig- 
nificant changes compared with the 850 ppm Mg group 
were mainly detectable in the 70 ppm group and for some 
parameters in the 110 ppm groups. The most significant 
change was an Fe accumulation in various tissues, as has 
been observed in previous experiments in severe Mg defi- 
ciency.‘*” 

Weakly bound Fe is a potent inducer of free oxygen 
radicals. ’ ’ The increased generation of these radicals en- 
hanced lipid peroxidation which can be measured by the 
MDA content of tissues although part of MDA is metabo- 
lized and excreted. ‘*,13 Increased production of free radi- 
cals will also lead to an increased consumption of antioxi- 
dants. A reduction of vitamin E, therefore, is additional 
evidence for increased free radical action. Fe is able to 
catalyze the production of free radicals which induce lipid 
peroxidation. However, only a small fraction of Fe acts 
catalytically. This fraction is supposed to be bound to low 
molecular mass substances with rather low affinity, e.g., 
nucleotides, amino acids, citrate. The size of this pool is not 
defined. It may amount to 0.5 to 1 pMi4 or 20-30 p.mol/kg 
wet weight.15 Fe, bound in ferritin and hemosiderin, is not 
involved in lipid peroxidation. Part of this Fe pool can 
become active after liberation from its storage proteins, 
e.g., by acidification and by radicals.16S’7 Despite these 
considerations on the size of the active Fe pool, in spleen, 
liver, and muscle the total Fe content correlates very well 
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Table 2 Mg, Ca, Fe, Zn, malondialdehyde (MDA), and vitamin E content of liver from rats at day 0 and after feeding diets with different Mg 
content for 10, 20, and 30 days as indicated 

Groups 
ML7 

(mmol/kg d.w.) 
Ca 

(mmol/kg d.w.) 
Fe 

(mmol/kg d.w.) 
Zn 

(mmol/kg d.w.) 
MDA Vitamin E 

(pmol/kg w.w.) (@mol/kg w.w.) 

Day 0 
Day10 

70ppm Mg 
110ppm Mg 
208 ppm Mg 
330 ppm Mg 
850 ppm Mg 
pair-fed 

Day20 
70ppm Mg 
110ppm Mg 
208 ppm Mg 
330 ppm Mg 
850 ppm Mg 
pair-fed 

Day 30 
70ppm Mg 
110 ppm Mg 
208 ppm Mg 
330 ppm Mg 
850 ppm Mg 
pair-fed 

31.8 * 0.3 

33.8 2 0.5 2.54 2 0.22 
33.5 + 0.8 2.31 " 0.09 
33.3 2 0.6 2.15 f 0.14 
32.8 4 0.2 1.93 f 0.03 
32.9 2 0.7 2.20 k 0.07 
33.1 k 0.5 1.88 + 0.10 

33.1 * 0.5 
33.4 -r- 0.1 
33.4 2 0.4 
33.0 2 0.2 
31.8 k 0.6 
32.6 2 0.4 

2.57 2 0.12t 
2.20 2 0.09 
2.20 2 0.16 
2.04 2 0.05 
2.07 2 0.06 
1.97 * 0.11 

32.5 IT 0.5 
32.5 k 0.5 
31.6 " 0.3 
33.3 2 0.9 
32.1 2 0.2 
32.5 k 0.4 

1.95 + 0.07 

2.54 2 0.12 7.63 2 1.06$ 
2.35 5 0.12 5.14 k 0.37* 
2.61 2 0.04 4.01 " 0.17 
2.37 2 0.19 3.49 2 0.60 
2.26 '- 0.12 3.12 2 0.08 
2.17 2 0.11 3.40 a 0.27 

2.86 k 0.21 

3.86 '- 0.29 
3.33 f 0.32 
3.20 2 0.33 
3.26 2 0.36 
3.18 -c 0.36 
2.93 f 0.28 

5.06 -c 0.61$ 
3.97 k 0.24 
3.91 + 0.20 
2.99 k 0.19 
3.10 + 0.31 
3.21 rt 0.34 

1.08 +- 0.02 

1.22 " 0.06* 
1.10 2 0.05 
1.09 2 0.03 
1.01 t 0.03 
1.04 2 0.04 
1.02 2 0.07 

1.17 * 0.01* 
1.09 * 0.03 
1.06 ? 0.03 
1.04 2 0.01 
1.02 f 0.04 
1.03 2 0.05 

1.19 * 0.03" 
1.10 2 0.02* 
1.02 2 0.04 
1.03 * 0.02 
1.01 f 0.04 
1.05 2 0.02 

1.22 t 0.16 

2.51 5 0.21t 
2.41 +- O.lOt 
2.02 2 0.25 
1.69 -c 0.10 
1.75 f 0.09 
1.63 -e 0.15 

2.87 k 0.28+ 
1.90 * 0.06 
1.12 * 0.13 
1.17 2 0.20 
1.27 * 0.09 
1.44 * 0.17 

3.04 k 0.28+ 
1.48 rt 0.13* 
1.22 2 0.11 
1.13 * 0.15 
0.98 2 0.14 
1.14 * 0.03 

102.6 2 5.8 

77.1 + 3.9 
74.8 + 2.5' 
86.2 5 4.3 
83.3 -t- 4.7 
88.4 k 6.8 

100.0 * 4.2 

67.1 + 8.6* 
82.2 2 4.8 
86.9 2 4.7 
82.7 * 4.6 
83.2 2 6.1 
78.9 2 7.5 

63.3 2 l.Ot 
74.4 f 4.8 
79.1 2 5.6 
84.7 k 6.4 
86.4 k 4.4 
82.1 -c 3.1 

d.w. = dry weight, W.W. = wet weight. Mean 2 SEM of five rats in each group. Significant differences to the 850 ppm Mg groups by single 
factor analysis of variance: *P < 0.05; tf < 0.01; *P < 0.001 

with the MDA content (Figure 1). In accordance with this 
conclusion, the low molecular weight Fe pool correlated to 
MDA formation in Fe-loaded liver.‘* 

It is not yet clear by which mechanism Mg deficiency 
increases the Fe content of tissues especially in liver and 
spleen. The most plausible cause might be an increased 

erythrocyte fragility and destruction and consequently in- 
creased tissue uptake and storage of Fe. Osmotic resistance 
of erythrocytes is reduced in Mg deficiency,” resulting in a 
small reduction in the number of erythrocytes. A possible 
reason for the reduced osmotic resistance may be the for- 
mation of plaques within the erythrocyte membrane.*’ Mg 

Table 3 Mg, Ca, Fe, Zn, malondialdehyde (MDA), and vitamin E content of rat muscle 

Groups 
Mg 

(mmol/kg d.w.) (mmol?g d.w.) 
Fe 

(mmolikg d.w.) 
MDA Vitamin E 

(mmol?g d.w.) (pmollkg w.w.) (kmol/kg w.w.) 

Day 0 
Day10 

70 Mg wm 
110ppm Mg 
208 ppm Mg 
330 ppm Mg 
850 Mg ppm 
pair-fed 

Day 20 
70ppm Mg 
1lOppm Mg 
208 ppm Mg 
330 ppm Mg 
850 ppm Mg 
pair-fed 

Day30 
70ppm W 
110ppm Mg 
208 Mg ppm 
330 ppm Mg 
850 ppm Mg 
pair-fed 

45.6 2 3.3 3.58 A 0.23 0.74 k 0.25 0.67 2 0.08 3.42 -c 0.60 40.0 h 1.5 

50.5 2 1.2 4.98 2 1.43 0.91 2 0.11' 0.85 i 0.12 6.95 k 2.36t 40.7 " 2.2 
47.4 2 0.8 3.74 2 0.11 0.79 2 0.22 0.62 2 0.06 5.73 + 1.06 40.2 r+_ 2.6 
46.1 ? 1.3 4.55 2 0.67 0.64 SI 0.16 0.80 2 0.09 4.31 2 0.90 42.6 2 1.2 
46.0 2 1.1 4.11 2 0.23 0.65 ? 0.27 0.82 " 0.11 3.24 2 0.64 42.5 2 1.0 
48.4 k 1.0 3.87 2 0.30 0.59 2 0.14 0.73 2 0.08 3.91 '_ 0.82 42.7 k 2.3 
50.3 2 2.7 4.26 2 0.32 0.57 2 0.14 0.76 k 0.14 4.25 k 0.92 42.2 + 1.9 

39.2 " 2.9 5.35 " 0.75* 0.94 * 0.20 0.80 2 0.14 6.65 + 0.99t 41.2 2 3.3 
47.3 2 1.2 3.50 2 0.09 0.73 " 0.21 0.80 2 0.11 4.35 + 2.28* 41.8 iz 2.6 
45.8 2 3.0 3.82 * 0.37 0.68 L 0.18 0.86 " 0.17 2.99 k 0.61 40.9 2 3.0 
43.0 + 0.7 4.07 k 0.15 0.58 5 0.21 0.81 -+ 0.11 1.50 5 0.12 43.5 + 3.0 
46.4 L 4.3 3.49 + 0.19 0.53 + 0.22 0.68 2 0.08 2.96 2 0.74 42.7 k 0.8 
43.8 2 3.1 3.58 k 0.06 0.81 ? 0.34 0.80 2 0.13 2.12 '- 0.13 42.8 k 3.4 

43.2 2 1.2 4.37 k 0.25 0.93 " 0.45 0.91 2 0.11 3.36 " 0.87t 45.9 k 1.0 
47.2 k 2.1 3.86 2 0.20 0.87 2 0.32 0.84 2 0.11 2.68 k 0.71 48.7 k 1.7 
49.1 " 1.0 4.00 % 0.17 0.86 f 0.23 0.79 k 0.06 1.91 2 0.53 48.4 + 1.3 
47.8 k 1.1 3.46 2 0.25 0.77 * 0.15 0.70 2 0.07 1.84 2 0.51 47.3 r+ 1.3 
48.6 2 0.7 3.74 f 0.22 0.61 " 0.19 0.74 2 0.08 1.64 2 0.27 48.3 +- 3.3 
45.8 5 1.4 3.84 * 0.58 0.77 k 0.16 0.73 k 0.07 1.91 IL 0.07 44.6 2 3.7 

See legend to Table 2. 
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Table 4 Mg, Ca, Fe, Zn, malondialdehyde (MDA), and vitamin E content of rat heart 

Groups 
Mg Ca Fe Zn MDA Vitamin E 

(mmol/kg d.w.) (mmol/kg d.w.) (mmol/kg d.w.) (mmol/kg d.w.) (kmol/kg w.w.) (pmol/kg w.w.) 

Day 0 
Day10 

70ppm Mg 
IlOppmMg 
208 ppm Mg 
330 ppm Mg 
850 ppm Mg 
pair-fed 

Day20 
70ppm Mg 
1lOppm Mg 
208 ppm Mg 
330ppm Mg 
850ppm Mg 
pair-fed 

Day 30 
70ppm Mg 
IlOppm Mg 
208 ppm Mg 
330 ppm Mg 
850 ppm Mg 
pair-fed 

41.3 * 1.0 2.21 2 0.16 5.96 k 0.66 1.03 -+ 0.03 

35.5 2 1.5t 
36.1 & 0.8t 
38.6 " 1.0 
38.0 " 0.4 
40.2 2 0.9 
40.6 +- 0.8 

36.4 f 1.4' 
39.8 k 1.6 
39.4 k 1.6 
39.5 " 1.6 
41.9 k 1.4 
41.9 2 1.1 

3.01 rt 0.18* 
2.76 5 0.17 
2.67 t 0.11 
2.48 rt 0.06 
2.56 k 0.09 
2.31 k 0.12 

2.51 k 0.27' 
2.03 2 0.22 
1.98 k 0.17 
2.08 k 0.11 
1.86 2 0.09 
1.94 2 0.20 

6.54 f 0.51 
6.54 * 0.63 
6.06 f 0.46 
5.53 2 0.08 
5.69 2 0.25 
5.91 2 0.05 

6.39 k 0.26 
5.89 2 0.26 
5.74 5 0.32 
5.90 k 0.19 
6.02 2 0.09 
5.88 k 0.22 

35.5 2 0.6* 2.33 k 0.14* 7.28 2 0.24t 
37.5 f 2.6 1.85 * 0.07 6.01 k 0.34 
39.5 k 0.2 2.01 of: 0.08 6.04 -c 0.24 
38.9 + 1.1 1.90 2 0.05 6.19 -t- 0.47 
40.5 2 1.4 2.06 5 0.03 5.83 2 0.31 
41.5 2 0.2 1.82 * 0.04 6.65 k 0.18 

0.98 k 0.04 
0.95 2 0.02 
0.99 " 0.02 
0.93 2 0.03 
1.02 * 0.01 
1.00 t 0.03 

0.90 * 0.03 
0.99 * 0.03 
0.93 f 0.04 
0.95 2 0.04 
0.99 2 0.02 
0.97 2 0.02 

0.91 * 0.02 6.50 '- 1.85t 99.6 k 2.1* 
0.93 2 0.01 3.70 t 0.83 100.0 + 4.2' 
0.96 2 0.01 3.47 5 0.63 110.9 * 2.0 
0.91 * 0.02 3.26 k 1.06 114.3 * 4.1 
0.95 k 0.04 2.48 2 0.55 111.2 '- 3.9 
0.98 2 0.01 2.37 iz 0.30 112.6 2 4.1 

See legend to Tab/e 2 

content of erythrocytes decreases with decreasing plasma 
Mg2 + concentration in vivo. It is unknown whether there is 
an Mg loss in the whole population of erythrocytes or 
whether newly formed (at low extracellular Mg’+) eryth- 
rocytes contain less Mg than the older ones. In vitro eryth- 
rocytes do not take up or lose Mg even when they are 
incubated at increased or reduced Mg2 + concentrations.21 It 
might be that erythrocytes with a low Mg content are pre- 

dominantly degraded in the spleen, possibly due to altered 
membrane components (e.g., phospholipids, glycolipids) or 
structure. 

The plasma Fe concentration was increased in the 70 and 
110 ppm Mg groups after 20 and 30 days, which may be 
indicative of increased Fe (erythrocyte) turnover. The in- 
creased plasma and tissue Fe content may be caused by 
increased intestinal absorption of Fe since Mg inhibited 

Table 5 Mg, Ca, Fe, Zn, malondialdehyde (MDA), and vitamin E content of rat kidney 

Groups 
Mg Ca Fe Zn MDA Vitamin E 

(mmol/kg d.w.) (mmol/kg d.w.) (mmol/kg d.w.) (mmol/kg d.w.) (kmol/kg w.w.) (wmolikg w.w.) 

Day 0 
Day10 

7Oppm Mg 
110ppm Mg 
208 ppm Mg 
330 ppm Mg 
850ppm Mg 
pair-fed 

Day20 
7Oppm Mg 
110ppm Mg 
208ppm Mg 
330 ppm Mg 
850 ppm Mg 
pair-fed 

Day 30 
70ppm Mg 
110ppm Mg 
208 ppm Mg 
330 ppm Mg 
850ppm Mg 
pair-fed 

41.5 2 0.7 3.98 2 0.07 2.59 +- 0.14 1.31 * 0.04 8.55 k 0.52 60.2 k 2.4 

41.1 + 2.5 363 k 212t 2.99 2 0.27 1.64 t 0.14t 18.56 '- 2.90 68.5 f 3.1 
41.7 2 2.6 20.3 2 8.8 2.44 k 0.16 1.53 " 0.09 13.48 " 2.77 67.4 " 3.1 
41.0 2 0.9 6.90 % 2.61 2.62 rt 0.18 1.41 * 0.04 12.96 ? 2.93 72.5 2 2.9 
41.1 ? 0.6 3.96 k 0.17 2.72 * 0.12 1.30 2 0.04 13.09 * 1.74 67.9 2 1.7 
39.0 * 0.7 3.40 2 0.21 2.91 " 0.10 1.34 + 0.02 13.52 2 0.84 74.4 i 6.0 
42.2 2 0.5 3.30 f 0.11 2.37 2 0.17' 1.40 5 0.01 12.72 2 2.22 76.6 2 1.6 

37.6 IL 1.1 254 k 175t 3.57 * 0.30 1.51 2 O.ll$ 
36.8 k 0.6* 13.8 2 8.1* 3.45 * 0.15 1.33 2 0.03 
39.5 2 0.4 17.5 2 6.3' 3.64 * 0.30 1.26 2 0.02 
40.5 k 0.9 4.31 + 0.06 3.03 f 0.21 1.28 * 0.03 
39.6 2 0.8 4.68 + 0.87 3.21 2 0.11 1.23 t 0.01 
40.1 2 0.5 4.55 * 0.29 3.24 k 0.18 1.27 f 0.03 

61.6 2 3.4 
63.0 2 2.1 
69.0 2 2.7 
65.1 2 2.1 
67.7 2 3.9 
67.3 '- 3.5 

36.9 2 0.7' 177 k 94t 3.60 t 0.20 1.72 " 0.20t 
38.2 2 0.9 77.5 + 53* 3.26 * 0.15 1.60 2 0.11 
37.6 2 0.8 10.4 2 2.5% 3.49 2 0.06 1.36 2 0.03 
37.4 + 0.6 7.95 _' 2.94 3.43 k 0.18 1.35 '- 0.02 
39.6 f 0.3 4.51 f 0.70 3.32 k 0.14 1.33 * 0.04 
37.8 2 0.7 3.62 2 0.13 3.55 2 0.23 1.36 2 0.03 

21.00 ? 2.98* 
15.74 t 2.70 
15.69 ? 1.57 
14.21 2 1.12 
13.83 2 1.37 
13.63 2 1.61 

19.42 * 1.73$ 
13.77 f 1.56 
11.79 * 0.55 
12.23 * 0.78 
11.53 2 2.44 
11.74 2 0.99 

68.1 k 2.9 
67.5 2 1.4 
69.1 ? 2.9 
75.8 2 2.4 
73.5 " 2.6 
74.1 k 5.1 

See legend to Table 2. 
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Table 6 Mg, Ca, Fe, Zn, malondialdehyde (MDA), and vitamin E content of rat spleen 

Groups 
Mg 

(mmolikg d.w.) 
Ca 

(mmol/kg d.w.) 
Fe 

(mmolikg d.w.) 
Zn 

(mmol/kg d.w.) 
MDA Vitamin E 

(Fmol/kg w.w.) (pmol/kg w.w.) 

Day 0 
Day10 

70ppm Mg 
110ppm Mg 
208 ppm Mg 
330 ppm Mg 
850ppm Mg 
pair-fed 

Day 20 
70 wm Mg 
110ppm Mg 
208 ppm Mg 
330 ppm Mg 
850 ppm Mg 
pair-fed 

Day30 
70 wm Mg 
110ppm Mg 
208 ppm Mg 
330 ppm Mg 
850 ppm Mg 
pair-fed 

44.1 i 1.0 2.05 * 0.15 

43.8 2 1.6 2.31 * 0.12 
42.6 2 1.7 2.35 k 0.16 
43.9 * 0.3 2.03 2 0.08 
42.6 k 0.7 1.98 2 0.13 
42.8 2 0.5 2.12 * 0.17 
43.6 2 0.5 2.08 2 0.11 

41.0 2 0.6 
41.3 5 0.7 
39.0 t 0.5 
39.2 2 1.3 
40.6 2 0.7 
38.1 T+ 3.9 

2.67 k 0.13 
2.36 f 0.21 
2.29 k 0.09 
2.14 -+ 0.17 
2.22 2 0.15 
2.46 + 0.35 

39.2 2 1.0 
38.6 * 0.7 
39.0 f 1.0 
37.6 '- 1.2 
38.1 ? 1.1 
41.0 + 0.5 

2.63 2 0.11 65.1 2 6.8$ 
2.38 2 0.11 35.0 f 4.1* 
2.24 2 0.09 28.7 2 2.0 
2.22 2 0.24 24.1 k 1.3 
2.19 2 0.13 23.1 2 2.2 
2.25 2 0.19 20.1 2 1.3 

9.29 2 0.49 

8.89 + 1.34 
8.12 2 0.75 
8.94 t 0.53 
9.60 2 0.99 
8.60 2 0.60 
8.55 2 0.37 

34.1 + 3.9* 
18.8 * 1.1' 
19.0 2 0.6 
16.6 + 0.5 
12.9 -+ 1.1 
14.0 2 1.2 

1.21 * 0.05 

1.33 -c 0.11 
1.16" 0.08 
1.32 5 0.07 
1.18 2 0.06 
1.22 f 0.05 
1.17 2 0.03 

1.22 -c 0.06 
1.28 ? 0.07 
1.28 rt 0.08 
1.18 2 0.06 
1.12 + 0.02 
1.13 + 0.03 

1.22 2 0.08 
1.17 2 0.09 
1.29 * 0.06 
1.14 P 0.04 
1.15 +- 0.09 
1.26 2 0.09 

11.0 * 0.9 

11.4 ? 1.3 
10.9 * 0.1 
10.1 + 0.2 
10.0 + 0.5 
11.5 2 1.1 
11.1 2 1.7 

17.3 r 4.3T 
10.6 t 0.8 

8.4 2 1.0 
7.0 k 1.7 
8.2 2 1.2 
7.7 k 0.7 

16.1 f 3.6$ 
7.8 +- 1.5 
7.3 -c 1.3 
6.3 k 0.7 
5.2 +- 0.4 
6.0 k 0.9 

135.5 ? 9.6 

133.8 -+ 11.0 
151.6 f 12.3 
150.9 * 5.5 
145.9 2 8.5 
150.4 2 3.0 
156.6 f 8.5 

119.6 2 4.5t 
149.2 * 9.7 
148.8 2 11.3 
148.0" 11.7 
146.0 -t 11.5 
145.1 2 12.8 

135.1 f 12.8 
136.7 2 10.0 
150.7 2 6.6 
155.6 2 11.5 
150.1 f 3.7 
151.3 t 4.6 

See legend to Table 2. 

5gFe uptake by mouse duodenal fragments.22 However, the 
intestine of Mg-deficient rats had the same capacity of Fe 
uptake as controls. 23 

It was reported that the increased production of free rad- 
icals in M 

84 
deficiency is caused by elevated concentrations 

of TNF-o, which in turn was increased by early induction 
of substance P.25 Increased TNF-o concentrations, how- 
ever, could only be detected in the group with the lowest 
Mg content in their diets, whereas increased MDA contents 
were already detected in the 110 ppm group. Therefore, 
TNF-a may contribute to the production of free radicals 
only in severe Mg deficiency. 

* spleen 
n liver 
v  muscle 

O.8.0 015 I:O 1:5 2:02153103:.5 

Fe increase (factor) 

Figure 1 Correlation of MDA with Fe content by factor in spleen, 
liver, and muscle at days 10, 20, and 30 from rats fed 70 and 110 
ppm Mg. The mean values of each group (five rats) were plotted. 
Correlation coefficients (?)were: spleen, 0.8968; liver, 0.8521; mus- 
cle, 0.6246. 
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Production of free radicals will not only lead to increased 
lipid geroxidation but also to an induction of metallothio- 
nein2 especially in liver and kidney which will bind Zn 
leading to increased total Zn content. Alternatively, the in- 
creased Zn content in these tissues in the 70 ppm Mg group 
mi 
1 2‘F 

ht be caused by an increased liberation of interleukin- 
or catecholamines in Mg deficiency27 which will lead to 

induction of metallothionein26 and to increased lipid perox- 
idation. 28 Additionally, the increased Fe content in liver 
may have induced the synthesis of metallothionein29 which 
in turn bound Zn. 

An elevated peroxidation of membrane phospholipids 
will ultimately result in membrane damage and Ca accumu- 
lation3’ as was found in liver, muscle, and heart. However, 
these effects were significant only in the group with 70 ppm 
Mg in the diet. In accordance with these results an increase 
of ALT and AST in plasma as an indicator of membrane 
damage in muscle and liver could also be verified in animals 
receiving the diet with the lowest Mg content. In the kid- 
ney, already relatively mild Mg deficiency was able to in- 
crease the Ca content. Calcification of the kidney is caused 
by a reduced magnesium/calcium ratio in the tubules, al- 
lowing calcium phosphate to precipitate. 3 ’ 

On the whole, the pathomechanisms in Mg deficiency 
mainly consist of reduced extracellular Mg2+/Ca2+ antag- 
onism and increased erythrocyte destruction resulting in in- 
creased Fe storage and formation of free radicals. These 
effects, however, become prominent only when a certain 
degree of Mg deficiency is achieved. It was remarkable that 
even the very small di,‘ference in plasma Mg content be- 
tween the 70 and 110 ppm Mg group was able to reduce 
significantly the toxic effects of Mg deficiency. By corre- 
lating the Fe and MDA content of liver with plasma Mg2+ 
concentration (Figure 2) it becomes obvious that with re- 
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x Fe, day IO 
1 Fe, day 20 
* Fe, day 30 
11 MDA, day IO 
A MDA, day 20 

v MDA, day 30 

81---y. / I - - 1 -  -~~ I -2  

0 0 1 0 2 0 3 0 4 0.5 0.6 0.7 0.8 0.9 

[Mg2+] (mmol/L) 

Ftgure 2 Relative content of MDA and Fe (by factor) in liver as a 
function of plasma Mg’+ concentration from rats fed diets with dif- 
ferent Mg content for 10, 20, or 30 days. Mean values of each group 
(five rats) were plotted. 

gard to Fe accumulation and lipid peroxidation a certain 
threshold exists at about 0.25 mmol/L Mg*+. Above this 
threshold no effects regarding these parameters could be 
observed. Similar correlations at different levels of MDA 
formation or Fe accumulation could be obtained for other 
tissues (data not shown). Also the accumulation of Ca in the 
heart shows a threshold of extracellular Mg*’ concentration 
(Figure 3). 

These findings suggest that above a threshold of extra- 
cellular Mg*+ concentration the pathobiochemical effects 
of Mg deficiency alone can be compensated for and do not 
reach significance. One possible explanation for this thresh- 
old might be a compensation of the increased Ca2+ influx 
in Mg deficiency by a higher activity of Ca*+-ATPase. The 
capacity of this ATPase is insufficient to remove all Ca*+ 
at Mg*+ concentrations below 0.25 mmol/L resulting in 
increased intracellular concentration of free Ca*+ with sub- 
sequent toxic effects. 32 Therefore, a mild Mg deficiency can 
be compensated for and might not lead to pathological 
symptoms. However, mild Mg deficiency might contribute 
to the pathobiochemical effects if other pathogenetic factors 
combine with it. 

3.oor 

g 2.75- 

5 
P 

2.50- 

-0 

2 2.25. 
1 

E -5. 2.00. 

3 1.75- 

' %f 

* 
0 day 20 
+ day 30 

A . . - - - .  ~~ I -  ._ I -  ~~ A- 1 

0.1 0.2 0.3 0.4 0.5 0.6 

[Mg2+] (mmol/L) 

Ftgure 3 Ca content in hearts as a function of plasma Mg*’ con- 
centration from rats fed diets with different Mg’+ content for 20 and 
30 days. Means 2 SEM. For significant differences see legend to 
Table 2. 
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