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Abstract

Magnesium (Mg) deficiency is well known to affect metabolism of some trace minerals. We
investigated the effect of Mg deficiency on hepatic concentration of various minerals in rats. Twelve
5-week-old male rats were divided into the groups given a control diet and an Mg deficient diet. After
4-week, liver sample was collected from each rat. The concentrations of 36 minerals were
simultaneously determined by a semiquantitative method of inductively coupled plasma-mass
spectrometry (ICP-MS). The semiquantitative analysis showed that Mg deficiency significantly
increased iron (Fe), copper (Cu), zinc (Zn), gallium (Ga), yttrium (), zirconium (Zr), molybdenum
(Mo), rhodium (Rh), silver (Ag), and barium (Ba) concentrations, and significantly decreased
scandium (Sc) and niobium (Nb) concentrations in rat liver. Then, hepatic Fe, Cu, Zn, Sc, Zr, and Mo
concentrations were quantitatively measured, which indicated the similar effects as observed by the
semiquantitative analysis. Additionally, the semiquantitative measurements of these minerals were
highly correlated to these measurements with the quantitative method, but the measurements were not
completely consistent between these analyses. The present study is the first research indicating the
changes of hepatic Ga, Y, Zr, Mo, Rh, Ag, Ba, Sc, and Nb concentrations in Mg-deficient rats. The
present study also indicates that the semiquantitative analysis with ICP-MS is a valid method for

screening analysis to investigate various mineral concentrations in animal tissues.
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Introduction

Minerals often compete with each other for absorption in the intestine and for distribution in
tissues and organs; the deficiency or excess of some minerals disturbs the metabolism of other
minerals and results in changes of mineral concentration in blood and tissues [1-3].

Many studies have shown the influence of magnesium (Mg) deficiency on mineral metabolism
in the rats as follows. Kimura and Itokawa [4] reported that Mg deficiency increased hepatic iron (Fe)
and zinc (Zn) concentrations; several other researchers also indicated that high Fe [5, 6] and high Zn
[7] concentrations in the liver of Mg-deficient rats. Kimura and Itokawa [4] showed that Mg
deficiency decreased hepatic copper (Cu), but another group reported high Cu concentration in the
liver of Mg-deficient rats [8]. Although Mg deficiency is known to affect some mineral
concentrations in tissues as mentioned above, the effect of Mg deficiency on the concentrations of
many other minerals remains to be clarified.

Inductively coupled plasma-mass spectrometry (ICP-MS) is a technique for an accurate and
precise trace element analysis. It is suitable for multielement analysis because of the simplicity of the
spectra, the excellent detection limits, and the large linear dynamic range. The semiquantitative
analysis using ICP-MS simultaneously provides approximate concentrations of many trace elements
in one sample; this method is not necessary to specify the individual elements to be determined
because ICP-MS can measure the entire mass spectrum, and then a software automatically corrects
for isotopic interferences and interfering molecular species, producing a comprehensive report which
lists each element present in the sample along with its concentration [9].

In the present study, we investigated the effect of Mg deficiency on various mineral
concentrations in rat liver using a semiquantitative method of ICP-MS and its validity was confirmed

by comparing semiquantitative and quantitative measurements in some minerals.



Materials and Methods
Animals and Diets

Twelve 5-week-old male Sprague-Dawley rats were purchased from SLC Japan (Shizuoka,
Japan) and cared for according to the Guide for the Care and Use of Laboratory Animals (Animal
Care Committee, Kyoto University). The animals were individually housed in stainless steel cages in
a temperature-, humidity- and light-controlled room (24°C, 60 %, 12 hour light/ dark cycle). All rats
were fed a control diet (AIN-93G diet [10]) for 5-d adaptation period, followed by feeding either the
control diet or a low-Mg diet, AIN-93G-based diet with mineral mixture (AIN-93G-MX [10])
modified to exclude magnesium oxide. The Mg concentration was 49.6 mg/100 g and 4.2 mg/100 g in
the control diet and the low-Mg diet, respectively. The control rats were pair-fed to match the intake
of the rats given low-Mg diet. All rats were allowed free access to demineralized water. After 4-week
feeding trial, the rats were sacrificed by blood collection from the abdominal aorta under isofluran

anesthesia, and the liver was collected.

Sample Collection and Analyses

A 0.5 g of liver sample from each rat was digested in a microwave high-pressure resolve device
(ETHOS D, Milestone General, Japan) with 10 mL of trace-element grade concentrated nitric acid
(Wako, Osaka, Japan). The digested sample was diluted to 50 mL by demineralized water.

We measured mineral concentrations in the liver sample by a quadrupole ICP-MS (Elan 6000,
Perkin Elmer, USA) with a semiquantitative calculation program (TotalQuant 111, Perkin Elmer, USA).
We measured 36 minerals, i.e., Mg, aluminum (Al), silicon (Si), phosphorus (P), sulfur (S), chlorine
(CI), scandium (Sc), titanium (Ti), vanadium (V), chromium (Cr), manganese (Mn), Fe, cobalt (Co),
nickel (Ni), Cu, Zn, gallium (Ga), germanium (Ge), arsenic (As), rubidium (Rb), strontium (Sr),
yttrium (), zirconium (Zr), niobium (Nb), molybdenum (Mo), ruthenium (Ru), rhodium (Rh),

palladium (Pd), silver (Ag), cadmium (Cd), tin (Sn), antimony (Sb), iodine (1), cesium (Cs), barium



(Ba), and lead (Pb).

We also measured Sc (**Sc), Zr (*°Zr), and Mo (*Mo) concentrations in the liver sample with the
guantitative method of ICP-MS (Elan 6000, Perkin Elmer, USA) and Fe, Zn, and Cu concentrations
with an atomic absorption spectrophotometer (AA-6600F; Shimadzu, Kyoto, Japan). Dietary Mg
concentration was also determined by the atomic absorption spectrophotometer after the nitric-acid
digestion. Procedural accuracy of the metal analyses was evaluated by spiking a normal rat liver
sample with respective standard solution. Recoveries for Fe, Cu, Zn, Sc, Zr, and Mo were 102.8%,
99.9%, 103.7%, 99.7%, 100.8%, and 101.8%, respectively. The following coefficients of variation

were found: Fe, 3.0%; Cu, 2.4%; Zn, 3.8%; Sc, 2.6%:; Zr, 2.7%; and Mo, 1.3%.

Statistical Analyses
Differences between the control group and the Mg-deficient group were evaluated by Student's t-
test. Correlation between the semiquantitative measurements and the quantitative measurements was

also analyzed. Statistical significance was considered to be P < 0.05.

Results and Discussion

Mg deficiency is well known to develop increase of inflammation response and decline of
immune function [11, 12], and skin lesion is a typical sign of Mg deficiency in rats [13]. The rats
given low-Mg diet showed skin lesions in the ears and the tail from day 3, but no skin lesion was
observed in the control group over all period (data not shown). Thus the rats given the low-Mg diet
were considered as Mg deficient.

The semiquantitative analysis indicated that the hepatic concentrations of 12 minerals in 36
minerals were significantly different between the control group and the Mg deficient group (Table 1);
the Mg-deficient group had higher concentrations of Fe (P < 0.01), Cu (P < 0.01), Zn (P < 0.01), Ga

(P <0.05), Y (P < 0.05), Zr (P < 0.01), Mo (P < 0.01), Rh (P < 0.05), Ag (P < 0.01), and Ba (P < 0.05),



and conversely had lower concentrations of Sc (P < 0.05) and Nb (P < 0.05) in the liver. The Mg
deficiency did not affect hepatic concentrations of Mg, Al, Si, P, S, Cl, Ti, V, Cr, Mn, Co, Ni, Ge, As,
Rb, Sr, Ru, Pd, Cd, Sn, Sb, I, Cs, and Pb.

Generally, Mg deficiency did not affect hepatic concentrations of alkali metals, metalloids,
halogens and nonmetallic elements. Magnesium deficiency increased some essential mineral
concentrations, i.e., Fe, Cu, Zn, and Mo, and nonessential minerals such as Ga, Y, Zr, Rh, Ag, and Ba,
but decreased nonessential minerals, Sc and Nb in rat liver.

We quantitatively determined hepatic Fe, Cu, Zn, Sc, Zr, and Mo concentrations. The quantitative
analyses showed that Mg deficiency increased hepatic concentrations of Fe (P < 0.01), Cu (P < 0.01),
Zn (P < 0.05), Zr (P < 0.01), and Mo (P < 0.01) (Table 2), which was consistent with the results
obtained by the semi-quantitative analysis. Additionally, hepatic Sc concentration tended to lower (P =
0.08) in the Mg-deficient rats.

We compared these mineral concentrations to those determined by the semiquantitative method
(Fig 1). The semiquantitative measurements were well correlated with the quantitative measurements
in these minerals (r > 0.83 in each mineral). On the other hand, the slop of correlating equation ranged
between 0.38 and 1.99. These results indicated that the semiquantitative analysis can detect the
difference of each mineral concentration in the liver, but the accurate concentration is not obtained by
this analysis.

Therefore, we consider that the semiquantitative method is a valid method for qualitatively
assessing the difference of mineral concentrations and the quantitative analysis should be performed
for obtaining accurate concentrations of minerals in animal tissues.

Many researchers reported that Mg deficiency increased hepatic Fe [4-7] and Zn [4, 7, 14]
concentrations in rats, which were consistent with the present experiment. The effect of Mg deficiency
on hepatic Cu concentration was controversial; Kimura and Itokawa [4] reported lower hepatic Cu in

Mg-deficient rats but Jiménez et al. [8] indicated the higher Cu concentration in several tissues



including the liver in Mg-deficient rats. The present study supported the report of Jiménez et al. [8].
To our knowledge, this is the first report demonstrating that Mg deficiency increases Ga, Y, Zr, Mo,
Rh, Ag, and Ba concentrations and decreases Sc and Nb concentrations in the liver.

We did not clarify how Mg deficiency increases many mineral concentrations in the liver.
However, we speculate that Mg deficiency increases some mineral concentrations in the liver through
increasing absorption of minerals. The liver is the first organ that receives minerals after absorption.
Magnesium deficiency was reported to enhance the absorption of Fe [6] and Zn [15]. Additionally,
magnesium deficiency was suggested to increase permeability of intercellular junctions of intestine
[16], leading to increase Cu absorption [8]. Kimura et al. [17] indicated that Mg deficiency increased
many ultra trace elements in rat plasma. Thus, the absorption of some minerals is possibly enhanced
by increasing intestinal permeability in Mg deficient rats, resulting in increasing hepatic concentration
of these minerals. The Mo requirement of rats was suggested as 0.2 mg/kg, and Mo concentration in
many organs including the liver was relatively stable in rats given Mo ranging from 0.1 mg/kg to 0.8
mg/kg [18]. Further, Mo was efficiently absorbed as high as 90% in humans, and most of Mo
absorbed is excreted in urine [19], indicating that Mo homeostasis is maintained by its excretion in
urine. Therefore, Mg deficiency possibly decreases urinary Mo excretion, which increases hepatic Mo
concentrations.

In conclusions, the semiquantitative analysis of ICP-MS is valid for qualitatively assessing the
difference of mineral concentrations and the quantitative methods are necessary for obtaining accurate
concentrations of minerals in animal tissues. Magnesium deficiency increases hepatic concentrations
of essential trace minerals, such as Fe, Cu, Zn, and Mo, and nonessential trace minerals, such as Ga, Y,
Zr, Rh, Ag, and Ba. Further, hepatic concentrations of nonessential trace minerals Sc and Nb were

decreased by Mg deficiency.
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Table 1. Effect of magnesium deficiency on hepatic mineral concentrations determined by the semi-quantitative analysis

Mineral Unit Control Mg deficiency Mineral Unit Control Mg deficiency
Magnesium mg/kg 386 £ 22 373 £ 15 Arsenic ng/kg 135 + 53 99 + 32
Aluminum mg/kg 17.7 £ 19 172 £ 43 Rubidium mg/kg  3.10 £ 0.35 3.24 = 0.20
Silicon mg/kg 121 + 11 138 + 16 Strontium ug/kg 295 + 85 592 + 649
Phosphorus a/kg 153 + 0.11 157 + 0.10 Yttrium ng/kg 1.13 + 0.44 1.78 + 0.43*
Sulfur a/kg 458 + 3.34 3.78 £+ 192 Zirconium ug/kg 108 * 45 214 + 52**
Chlorine a/kg 544 + 33.6 425 = 257 Niobium pg/kg 243 = 15 222 = 14*
Scandium ug/kg 213 £ 72 124 + 61* Molybdenum  pg/kg 478 + 41 587 + 30**
Titanium mg/kg 8.60 + 0.61 10.57 + 5.38 Ruthenium ug/kg 0.063 + 0.099 0.047 + 0.056
Vanadium ng/kg 161 + 68 223 = 40 Rhodium pg/kg  0.064 £ 0.042 0.137 + 0.052*
Chromium mg/kg 154 = 1.80 113 £ 1.35 Palladium pg/kg  0.651 = 0.206 0.771 + 0.273
Manganese mg/kg 3.15 £ 0.42 3.09 + 0.32 Silver ug/kg 0.46 + 0.33 1.72 + 0.44**
Iron mg/kg 118 + 18 168 + 28** Cadmium ng/kg 3.13 = 0.49 3.10 £ 051
Cobalt pg/kg 158 + 7.9 170 £ 5.8 Tin ug/kg 11.0 £ 2.2 155 + 131
Nickel ug/kg 336 + 362 384 + 362 Antimony ug/kg 709 £+ 20.1 584 + 22.8
Copper mg/kg 6.65 + 0.61 9.05 £+ 1.42** lodine ng/kg 832 = 375 64.9 £ 145
Zinc mg/kg 415 + 3.6 48.0 £ 2.9** Cesium ug/kg  0.916 + 0.262 0.989 + 0.109
Gallium pg/kg  90.0 £ 9.1 102.1 £ 7.3* Barium mg/kg  3.67 = 0.73 491 = 0.60*
Germanium ug/lkg 120 = 0.71 113 + 0.91 Lead ug/kg 160 + 122 238 + 201

Means + SD for six rats.
*, P <0.05; **, P <0.01; significantly different from the control group.
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Table 2. Effect of Mg deficiency on hepatic mineral concentrations determined by the

guantitative analyses

Mineral Unit Control Mg deficiency
Scandium ng/kg 117 + 33 84 + 25
Iron mg/kg 87.8 + 142 148.1 + 36.4**
Copper mg/kg  4.02 + 0.59 6.11 + 0.93**
Zinc mg/kg 272 + 2.7 30.6 = 2.5*
Zirconium ng/kg 270 = 69 490 + 112**
Molybdenum  ng/kg 440 = 50 530 + 40**

Mean + SD for six rats.

*P < 0.05, ** P < 0.01; significantly different from the control group.
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Figure 1. Correlations between semiquantitative measurements and quantitative measurements
of some trace minerals. (<) and (4) showed control and magnesium deficient rats, respectively.
The x- and y-axis showed the concentration determined by the semiquantitative analysis and the

guantitative analyses, respectively. P values are significant level of correlations between
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