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Effect of magnesium deficiency and repeated-restraint stress
on excretion of urinary metabolites in rats
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Summary
Magnesium deficiency (MgD) and psychological stress are suggested to be common risk factors for some diseases

such as hypertension, type 2 diabetes, and depression. However, effects of the combination have remained unclear. In

the present study, we investigated effects of the combination of MgD and repeated-restraint stress, as a psychological

stressor, on excretion of urinary metabolites by gas chromatography-triple quadrupole mass spectrometry-based metab-

olomic analysis. Sixty-six excreted urinary metabolites were affected by MgD and/or repeated-restraint stress. The

combination of MgD and repeated-restraint stress affects the excretion of pantothenic acid, kynurenic acid, 3-Hydroxy-

3-methylglutaric acid and so on. These metabolites could reflect on nutritional and/or physiological conditions and thus

may be useful to understand effects of the combination on the body. These results suggest that more detailed studies

focusing on the metabolites observed in the present study will be required to clarify the relationship among Mg defi-

ciency, psychological stress, and related diseases.
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Figure 1 Effect of Mg deficiency and repeated restraint stress
on inflammation score in rats

Values are means with their standard errors (n = 6). MgD: magnesium
deficiency, Stress: repeated restraint stress. Inflammatory skin lesions
were evaluated by the inflammatory score reported by Kotani et all7). *P
< 0.05 for Control vs. MgD and for Control vs. MgD + Stress. No signifi-
cant difference was detected in all time points for “MgD vs MgD +
Stress” or “Control vs. Stress”.

Table 1 Effect of Mg deficiency and repeated restraint stress on growth parameters and Mg concentrations of plasma

and femur in rats.

MgD P value

Control MgD Stress + MgD
Stress MgD Stress X

Stress
Initial body weight (g) 1197 = 19 111.0 = 39 1232 + 22 1112 = 29 NS NS NS
Body weight gain (g/d) 368 =19 382 =15 30. = 09 375 = 22 NS NS NS
Food intake (g/d) 192 £ 06 196 = 06 196 = 06 197 = 04 NS NS NS
Plasma Mg (mg/L) 148 = 0.3 29 =02 16.1 = 04 23 =01 <0.01 NS NS
Femur Mg (g/kg) 171 + 0.06 080 = 0.05 175 = 0.05 0.77 = 0.03 <0.01 NS NS

Values are means with their standard errors (n = 6). MgD: magnesium deficiency, Stress: repeated restrained stress, NS:

not significant (P > 0.05).



Table 2 Effect of Mg deficiency and repeated restraint stress on excretion of urinary metabolites on day 1 in rats

MgD P value

Control MgD Stress + MgD
Stress MgD Stress X

Stress

Adipic acid 100 = 28 65+ 7 76 = 13 49 = 5 <0.05 NS NS
Cytosine 100 = 55 45 £ 14 130 = 62 2=1 <0.05 NS NS

Citric acid* 279 £ 24 184 = 28 257 = 35 167 = 63 <0.01 NS NS
Fumaric acid 100 £ 36 37+ 12 55 + 9 24 + 4 <0.05 NS NS
Glutaric acid 100 £ 23 50+ 9 79 = 13 41 = 7 <0.01 NS NS
3-Hydroxyisovaleric acid 100 £ 21 29+ 5 76 =9 20 £ 8 <0.01 NS NS
3-Hydroxy-3-methylglutaric acid 100 £ 28 37+ 13 68 = 9 0+£0 <001 <0.05 NS
2-Ketoglutaric acid 100 £ 26 33+ 11 72 = 15 25 =7 <0.01 NS NS
Malic acid 100 = 34 44 = 10 57 =9 27 =3 <0.05 NS NS
2-Methyl-3-hydroxybutyric acid 100 = 27 46 £ 4 68 =9 36 £ 4 <0.01 NS NS
Methylmalonic acid 100 = 26 46+ 5 76 = 14 30 £5 <0.01 NS NS
Mevalonic lactone 100 £ 29 64+ 5 73+ 9 34 =10 <0.05 NS NS
N-Acetylserine 100 = 36 57+ 7 80 = 12 36 =7 <0.05 NS NS
Oxalic acid 100 £ 52 158 + 27 67 =9 262 + 87 <0.05 NS NS

5-Oxoproline 100 £ 17¢ 99 £ 117 103 + 147 47 £ 9b <0.05 NS <0.05
Uracil 100 = 18 52 £ 10 63 =9 399 <0.01 NS NS

Uric acid 100 £ 39 104 £ 53 50 = 16 7+5 NS <0.05 NS

Values except for citric acid are relative value as means of control is 100. *The unit for citric acid is mmol. Values are means with
their standard errors (n = 6). MgD: magnesium deficiency, Stress: repeated restraint stress. NS: not significant (P = 0.05). Mean values
with different letters in the same line were significantly different by Tukey test (P < 0.05)

Table 3 Effect of Mg deficiency and repeated restraint stress on excretion of urinary metabolites on day 3 in rats

MeD P value
Control MgD Stress + MgD
Stress MgD Stress X
Stress
Aconitic acid 100 = 8 777 875 63 =7 <0.01 NS NS
Allantoin 100 =7 60 =6 84+ 10 55+ 6 <0.01 NS NS
Azelaic acid 100 = 4 133 £ 11 M +5 111 £ 15 <0.05 NS NS
Citric acid* 299 = 54 144 + 23 318 £ 30 107 £ 21 <0.01 NS NS
Dimethylglycine 100 = 10 8 +9 143 + 28 83+ 15 <0.05 NS NS
Fumaric acid 100 £ 5 57+ 13 92 12 40+9 <0.01 NS NS
Glutamic acid 100 + 21 41 12 58 =15 216 <0.01 <0.05 NS
Glutaric acid 100 £ 8 66 = 14 114 £ 16 43+5 <0.01 NS NS
Glycerol 3-phosphate 100 £ 5 112+ 8 95 =11 130 £5 <0.01 NS NS
Homogentisic acid 100 £ 9 243 = 26 93+13 234 + 26 <0.01 NS NS
Homovanillic acid 100 £9 124 £ 4 92+6 104 £ 11 <0.05 NS NS
3-Hydroxyanthranilic acid 100 = 10 145 = 11 92+ 14 174 + 8 <0.01 NS NS
4-Hydroxybenzoic acid 100 = 10 136 5 85+ 6 117 £ 13 <0.01 NS NS
2-Hydroxyisobutyric acid 100 =13 77 =11 87 £ 12 62+5 <0.05 NS NS
3-Hydroxyisobutyric acid 100 =9 71 =10 84 =11 57+5 <0.01 NS NS
3-Hydroxyisovaleric acid 100 =13 71+ 14 88 =11 47 =3 <0.01 NS NS
3-Hydroxy-3-methylglutaric acid 100 + 8 66 = 14 838 437 <0.01 <0.05 NS
Isovalerylglycine 100 = 10 767 105+ 8 77 £ 10 <0.01 NS NS
2-Ketoglutaric acid 100 = 14 307 106 + 17 187 <0.01 NS NS
Malic acid 100 = 4 54 =11 90 =12 38+8 <0.01 NS NS
2-Methyl-3-hydroxybutyric acid 100 = 12 63 = 10 84+ 10 47 5 <0.01 NS NS
Methylsuccinic acid 100 = 13 80+ 6 88+ 9 706 <0.05 NS NS
Mevalonic lactone 100 = 16 66 5 72 +11 387 <0.01 <0.05 NS
N-Acetylaspartic acid 100 £ 9 60=9 80 =11 49+6 <001 NS NS
N-Acetylserine 100 £ 10 66 = 8 100 = 20 434 <0.01 NS NS
Quinolinic acid 100 = 11 145 + 16 8119 125+ 8 <0.01 NS NS
Succinic acid 100 = 17 44 +12 85+ 20 46 =7 <0.01 NS NS
Threonic acid 100 = 10 8+ 8 91 =7 69 +5 <0.05 NS NS

Values except for citric acid are relative value as means of control is 100. *The unit for citric acid is mmol. Values are means with
their standard errors (n = 6). MgD: magnesium deficiency, Stress: repeated restraint stress. NS: not significant (P > 0.05).
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Table 4 Effect of Mg deficiency and repeated restraint stress on excretion of urinary metabolites on day 5 in rats.

MgD P value
Control MgD Stress + MgD
Stress MgD Stress X
Stress
Aconitic acid 100 + 4° 99 + 10° 108 = 7¢ 62 = 10° <0.05 NS <0.05
Adipic acid 100 =12 76 £ 8 108 = 21 58 £8 <0.05 NS NS
Allantoin 100 = 29 14+3 58 £25 6=+3 <0.01 NS NS
Aspartic acid 100 = 3° 98 + 12° 99 + 5° 58 + 12° <0.05 <0.05 <0.05
Citric acid* 326 £ 13 159 = 20 360 + 47 123 =20 <0.01 NS NS
Fumaric acid 100 =7 65 + 13 107 = 15 40 = 10 <0.01 NS NS
Glucono-1,4-lactone 100 = 5™ 113 = 13° 99 + 10™ 70 +13° NS <0.05 <0.05
Glutaric acid 100 =12 64 =8 132 £18 45+ 8 <0.01 NS NS
Glyceric acid 100 = 11 8% *7 109 =12 74x7 <0.05 NS NS
Glycerol 3-phosphate 100 = 6 161 = 19° 102 = 11° 109 + 19 <0.05 NS <0.05
Hippuric acid 100 = 21 133 = 12° 90 + 12° 74 +13° NS <0.01 <0.01
3-Hydroxybutyric acid 100 = 15 66 =9 104 = 14 47 £ 10 <0.01 NS NS
2-Hydroxyisobutyric acid 100 = 6 76 =10 95 +8 59+ 10 <0.01 NS NS
2-Hydroxyisovaleric acid 100 =9 34 +10 96 = 6 24 +£10 <0.01 NS NS
3-Hydroxy-3-methylglutaric acid 100 =9 88+ 16 99 + 11 45+9 <0.01 NS NS
Indol-3-acetic acid 100 + 22 98 + 8" 142 = 35 52 + 8" <0.05 NS <0.05
Inositol 100 = 6™ 112 = 14° 104 = 3° 64 + 14° NS <0.05 <0.05
Isovalerylglycine 100 = 3™ 94 + 10 127 = 18° 52+ 10° <0.01 NS <0.01
2-Ketoglutaric acid 100 =12 33+10 120 = 22 25+10 <0.01 NS NS
Kynurenic acid 100 =9 69 + 12 82+5 38 +12 <0.01 <0.05 NS
Malic acid 100 =7 65+ 14 103 = 15 39+10 <0.01 NS NS
Mesaconic acid 100 = 6 89+10 114 =11 69+ 14 <0.05 NS NS
meso-Erythritol 100 = 7 116 = 11° 88 + 7" 64 +11° NS <0.01 <0.05
2-Methyl-3-hydroxybutyric acid 100 =7 52+9 8 *5 34x7 <0.01 NS NS
Methylmalonic acid 100 = 11° 75 + 11° 116 = 15 39+9° <0.01 NS <0.05
Methylsuccinic acid 100 =13 72+3 101 =19 57+9 <0.01 NS NS
Mevalonic lactone 100 = 11 84 16 9 £7 507 <0.05 NS NS
N-Acetylaspartic acid 100 =5 82+10 93 +£8 56 = 10 <0.01 NS NS
Oxalic acid 100 = 18 418 £ 55 7717 393 £ 55 <0.01 NS NS
5-Oxoproline 100 = 11 78 £ 12 101 =9 40 = 11 <0.01 NS NS
Pantothenic acid 100 = 10° 92 + 7" 108 = 6° 60 + 10° <0.01 NS <0.05
Ribose 5-phosphate 100 =7 122 £ 14 93+7 78+ 15 NS <0.05 NS
Succinic acid 100 = 15 51+6 98+ 14 42+6 <0.01 NS NS
Threonic acid 100 = 6 98 +£8 101 =5 65+ 8 <0.01 NS NS
Thymidine 100 = 40 3 +5 55+ 8 26+9 <0.05 NS NS

Values except for citric acid are relative value as means of control is 100. *The unit for citric acid is mmol. Values are means with
their standard errors (n = 6). MgD: magnesium deficiency, Stress: repeated restraint stress. NS: not significant (P > 0.05). Mean values
with different letters in the same line were significantly different by Tukey test (P < 0.05).



Table 5 Effect of Mg deficiency and repeated restraint stress on excretion of urinary metabolites on day 7 in rats

MgD P value

Control MgD Stress + MgD
Stress MgD Stress X

Stress
N°-Acetyllysine 100 + 12 65 = 14 74+ 15 285 <0.01 <0.05 NS
N-Acetylglutamine 100 = 11 64 = 14 77 =16 28+ 4 <0.01 <0.05 NS
N-Acetylserine 100 = 15 60 = 14 80 =18 24+ 6 <0.01 NS NS
Aconitic acid 100 = 14 76 =12 85+ 16 42+ 8 <0.05 NS NS
Adenosine 100 + 12 115 + 23 85 =15 59 = 13 NS <0.05 NS
Adipic acid 100 = 19 50 =8 81 =24 31+ 6 <0.01 NS NS
Alanine 100 + 33 49 =17 29+9 26+ 8 NS <0.05 NS
Ascorbic acid 100 = 10 68 =13 101 + 20 375 <0.01 NS NS
Aspartic acid 100 = 17 71 =13 66 = 13 40 = 10 NS <0.05 NS
Azelaic acid 100 = 17 55 +9 7115 307 NS <0.05 NS
Citramalic acid 100 = 14 80 =13 75+ 13 51 = 12 NS <0.05 NS
Citric acid* 340 =19 204 =11 285 * 26 167 = 21 <0.01 NS NS
Fumaric acid 100 = 19 63 =12 90 = 24 32=7 <0.05 NS NS
Gluconic acid 100 + 13 67 =15 78 £ 17 30=*5 <0.01 <0.05 NS
Glutaric acid 100 = 16 64 =16 120 = 40 28+ 6 <0.05 NS NS
Glycerol 2-phosphate 100 =13 136 = 29 86 = 16 65 = 13 NS <0.05 NS
Glycerol 3-phosphate 100 =11 161 = 28 89 =16 88 = 16 NS <0.05 NS
Glycine 100 = 16 27 =11 47 £ 16 10+ 3 <0.01 <0.05 NS
Hippuric acid 100 = 17 93 £ 16 77 £ 15 49 = 11 NS <0.05 NS
3-Hydroxyisobutyric acid 100 = 17 62 =12 70 =12 307 NS <0.05 NS
3-Hydroxyisovaleric acid 100 = 20 48 =17 74 £ 12 17+ 6 <0.01 NS NS
3-Hydroxy-3-methylglutaric acid 100 = 16 69 = 16 85 = 23 36 = 10 <0.05 NS NS
Inositol 100 = 16 82+ 15 83+ 16 41+ 8 <0.05 NS NS
Isobutyrylglycine 100 = 14 85 =17 67 =10 43 = 11 NS <0.05 NS
Isovalerylglycine 100 = 14 81 15 115 + 26 49 = 12 <0.05 NS NS
Malic acid 100 + 18 62 =12 89 = 25 338 <0.05 NS NS

Values except for citric acid are relative value as means of control is 100. *The unit for citric acid is mmol. Values are means with
their standard errors (n = 6). MgD: magnesium deficiency, Stress: repeated restraint stress. NS: not significant (P > 0.05).

Table 5 (continued)

MgD P value

Control MgD Stress + MgD
Stress MgD Stress X

Stress
meso-Erythritol 100 £ 14 90 = 17 72+ 13 43+ 11 NS <0.05 NS
3-Methyladipic acid 100 =17 5711 7115 376 <0.01 <0.05 NS
3-Methylglutaric acid 100 = 15 64 £ 11 76 £ 14 336 <0.01 <0.05 NS
7-Methylguanine 100 =17 7314 65 * 12 379 NS <0.05 NS
2-Methyl-3-hydroxybutyric acid 100 = 17 39+6 57+9 217 <0.01 NS NS
Methylmalonic acid 100 = 18 83 = 22 82 =14 269 <0.05 <0.05 NS
Methylsuccinic acid 100 = 16 57 =10 84 =20 35 =*8 <0.01 NS NS
Mevalonic lactone 100 = 23 74 £15 68 £ 12 40 £ 10 NS <0.05 NS
Oxalic acid 100 = 22 75+ 22 82=x15 16+8 <0.05 <0.05 NS
5-Oxoproline 100 = 16 91 £21 7817 36+8 NS <0.05 NS
Pantothenic acid 100 = 16 62 =12 96 = 20 366 <0.01 NS NS
3-Phenyllactic acid 100 = 24 193 =57 78 £ 16 457 NS <0.05 NS
Pimelic acid 100 = 15 518 70 =13 317 <0.01 <0.05 NS
Suberic acid 100 = 16 426 70 = 14 234 NS <0.05 NS
Succinic acid 100 =19 62 15 66 = 14 317 <0.05 <0.05 NS
Threonic acid 100 = 14 79+13 76 =13 47 £ 10 NS <0.05 NS
Xanthine 100 + 22 50 = 10 49 =13 28 =10 <0.05 <0.05 NS

Values are relative value as means of control is 100. Values are means with their standard errors (n = 6). MgD: magnesium deficiency,
Stress: repeated restraint stress. NS: not significant (P = 0.05).
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