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1. De rat is niet in alle gevallen een goed model voor de mens. 
Dit proefschrift 

2. Bij het gebruik van laag-energetische vetvervangers zou niet alleen gelet moeten worden 
op de veiligheid van deze stoffen maar ook op de effectiviteit ervan. 

3. Door chemie meten wat we eten suggereert het kwantitatief weten van voedsel-
bestanddelen, maar zegt niets over de beschikbaarheid ervan. 

4. Hoewel het magnesiumgehalte in serum (of plasma) de meest gebruikte parameter is voor 
het vaststellen van de magnesiumstatus, weerspiegelt dit gehalte slechts acute effecten op 
de magnesiumhuishouding. 
RJ Elin, 1987 

5. De vitamine E concentratie in het serum wordt mede beïnvloed door het type 
voedingsvet. 

6. Het hoge fytaatgehalte in vegetarische voedingen heeft waarschijnlijk geen negatieve 
invloed op de magnesiumstatus vanwege het eveneens hoge magnesiumgehalte in deze 
voedingen. 

7. De vorming van een calcium-magnesium-fosfaat complex is complex. 
Dit proefschrift 

8. De opvatting dat natrium de uitscheiding van calcium met de urine verhoogt is 
waarschijnlijk onjuist. 
JL Greger et al, 1991 

9. Het feit dat suppletie van magnesium het optreden van hartaandoeningen vermindert zou 
erop kunnen wijzen dat de aanbevolen magnesiuminneming is onderschat. 
MS Seelig, 1986; RB Singh 1990 

10. "Humane Voeding" en "Moleculaire Fytopathologie" staan dichter bij elkaar dan men 
op het eerste gezicht zou denken. 

11. "Word Perfect" kan ertoe bijdragen dat een proefschrift "Perfect Word(t)" 

Stellingen behorende bij het proefschrift van Lisette Brink: "Nutrition and magnesium 
absorption". 1 april 1992 
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Chapter 1 

Scope of this thesis 



Scope of this thesis 

Magnesium is an essential mineral and is indispensable for the course of many fundamental 
biological processes in vertebrate animals, including man (1). Inadequate magnesium intake 
and/or impaired magnesium absorption might be involved in the pathogenesis of osteoporosis, 
hypertension, coronary heart disease and cancer (2-5). Thus, it is important to identify 
dietary constituents that either reduce or improve the intestinal absorption of magnesium. 

Intestinal absorption of minerals can be determined by epithelial and luminal 
characteristics. Although the process of epithelial uptake of magnesium is not yet fully 
understood (6), it appears that the concentration of soluble magnesium in the intestinal lumen 
is a major determinant of the amount of magnesium absorbed (7-12). 

This thesis attempts to elucidate the influence of various nutrients on the solubility of 
intestinal magnesium and its impact on magnesium absorption in rats and in humans. Various 
nutrients present in dairy products and soybean protein-based products, namely casein, 
soybean protein, phytate, calcium, phosphate and lactose were studied. There is an increasing 
use of soybean products as substitute for animal protein in the diets of adults and also in 
infants foods (13), whereas the impact of this dietary change on magnesium absorption is not 
clear. Although the influence of the above-mentioned nutrients on magnesium absorption has 
been studied by various authors, there is considerable discrepancy and underlying 
mechanisms are largely unknown (Chapter 2). 

In Chapter 2, literature data on the effects of different nutrients on intestinal absorption 
of magnesium are reviewed. Chapter 3 deals with the effects of casein, soybean protein, 
phytate and lactose on apparent magnesium absorption in rats. To see whether the observed 
effects of the single components are also exerted when present in intact products, the effects 
of cow's milk and soybean beverage are compared (Chapter 4). Chapter 5 describes the 
effect of lactose on intestinal pH and intestinal magnesium solubility in rats in an attempt to 
explain its effect on magnesium absorption. Chapter 6 focusses on the interaction between 
dietary magnesium, calcium and phosphate in the intestinal lumen of rats and its impact on 
apparent magnesium absorption. The effects of casein, soybean protein, phytate, lactose and 
phosphate on true magnesium absorption and endogenous fecal magnesium loss in rats are 
presented in Chapter 7. Chapter 8 concerns the effect of lactose intake on apparent absorption 
of magnesium in humans. Finally, in Chapter 9 the results of the presented studies are 
discussed. 
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Chapter 2 

Nutrition and magnesium absorption: a review 

Elizabeth J. Brink and Anton C. Beynen 



Introduction 

Magnesium is an essential mineral for vertebrate lifeforms and plays a key role in many 
fundamental biological processes such as muscle contraction, enzyme activition, blood 
coagulation and neural excitability (1). It has been suggested that aging, stress and various 
disease states may increase magnesium needs (2). Inadequate intake and impaired absorption 
of magnesium are thought to contribute to the pathogenesis of osteoporosis, hypertension, 
coronary heart disease and cancer (2-5). 

Thus, it is important to identify factors that either reduce or improve the intestinal 
absorption of magnesium. In this paper, the effects of various dietary components on 
intestinal magnesium absorption are summarized. Magnesium absorption in humans is 
emphasized, but dietary effects in rats are also discussed because the rat is frequently used 
as an experimental model. In the appendix tables, the design and outcome of studies in 
humans and rats are briefly described. The objective of this paper is to provide an inventory 
of nutritional influences on magnesium absorption. Differences in magnesium absorption may 
be reflected in magnesium concentrations of tissues. Thus, dietary effects on magnesium 
concentrations in various tissues, including blood plasma, are given also. In most cases, there 
is little information on the mechanisms underlying nutritional influences on magnesium 
absorption; when opportune, speculations are made. 

Magnesium metabolism 

Intake. Magnesium is widely distributed in foods. The daily intake of magnesium in adults 
usually is 250-500 mg (10-20 mmol), which mainly comes from cereals (6). Magnesium 
requirements as based on supposedly adequate intakes of magnesium and on metabolic studies 
vary from 100 to 1000 mg per day (7, 8). The National Research Council in the United 
States recommends 300 and 350 mg/day for young women and men, respectively, with an 
extra 150 mg/day during pregnancy (9). 

Absorption. In a recent review, Hard wick et al. (10) showed that despite extensive research 
on magnesium absorption, there is still uncertainty regarding the site and mechanism of 
intestinal magnesium transport. Most studies with humans (11-13) as well as with rats (14-18) 
indicate that the predominant site of magnesium absorption is the distal small intestine. This 
conclusion could be drawn independently of the experimental methods used, diet, age, and 
magnesium status of the experimental subjects. 

As to the mechanism of magnesium absorption, it appears that passive diffusion (13, 
15, 18-21) and active transport (22-26) both participate in intestinal magnesium absorption. 
For the small intestine, active, or rather saturable transport, is substantiated mainly by the 
observation that the rate of magnésium absorption plateaus at high luminal magnesium 
concentrations. The active absorptive mechanism in the descending colon probably is 
important only under conditions of extremely low dietary magnesium intake or rapid growth. 



Hardwick et al. (10) conclude that, at usual magnesium intakes, magnesium absorption 
occurs primarily by diffusional and solvent drag mechanisms. Thus, the concentration of 
soluble, or at least available magnesium on the luminal site is the major factor controlling 
the amount of magnesium absorbed. 

Intestinal magnesium absorption in humans varies between 35 and 70% of magnesium 
intake (7, 13, 26, 27). 

Excretion. Absorbed magnesium is retained either for tissue growth, including bone 
formation, or for use in turnover replacement. The kidney is the major excretory pathway 
for absorbed magnesium and thus tubular reabsorptive processes control magnesium 
homeostasis (28-30). Supplementing a diet with magnesium raises urinary magnesium 
excretion without altering serum levels provided that these are in the normal range (31). 

Hormonal regulation. Various hormones affect magnesium metabolism, but there is no 
evidence for a specific magnesium-regulating hormone (32). Numerous hormones may 
influence magnesium absorption, such as parathyroid hormone (33), calcitonin (34), growth 
hormone (35), aldosterone (36, 37) and vitamin D (22, 38-40). A stable serum magnesium 
concentration must be the result of balance between gastrointestinal uptake and renal 
reabsorption and excretion processes. 

Magnesium deficiency. Subclinical magnesium deficiency may occur frequently (7), but there 
are no solid data as to its incidence and impact. In contrast, severe hypomagnesemia is a well 
recognized clinical syndrome (2) characterized by muscular symptoms (tetany, muscular 
tremor), psychic disorders (agitation, confusion and hallucinations) and cardiological signs 
(disturbed ECG). Among the various clinical conditions associated with magnesium 
depletion, the most important are prolonged fasting and excessive losses via the gastro
intestinal tract due to absorptive disorders (2). 

Nutritional factors affecting magnesium absorption 

Amount of protein. It is clear that increasing the amount of dietary protein raises apparent 
magnesium absorption (ingested minus fecal magnesium) in rats (Appendix table 1). 
Enhanced magnesium absorption is invariably associated with elevated urinary magnesium 
excretion. One study with rats showed that increased protein intake lowered magnesium 
retention, but data on magnesium intake and absorption are not given (41). Other rat 
experiments demonstrated that high protein intake did not affect whole-body retention of 
magnesium (49, 51) or raised magnesium concentrations in plasma and carcass (47). 

Human studies also indicate that high protein intake results in increased apparent 
magnesium absorption (Appendix table 1). However, in some studies this may relate to the 
raised magnesium intake while ingesting the high-protein diet (55, 61, 63). Two studies 
reported no effect of increased protein intake on magnesium absorption in humans, but the 
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increase in protein intake was relatively small (57, 64). 
The increased apparent magnesium absorption on high protein diets was not associated 

with systematic changes in magnesium retention and urinary excretion. It would be expected 
that urinary magnesium excretion rises with increased protein intake. First, under steady state 
conditions increased magnesium absorption results in increased urinary magnesium excretion 
(65, 66). Second, sulfur containing amino acids in protein could stimulate urinary magnesium 
excretion (see below). 

Type of protein. Most studies in rats emphasize the effects of soybean protein versus casein, 
probably because of the increasing use of soybean protein as substitute for animal protein. 
Soybean products usually contain phytate (67), which lowers magnesium absorption (see 
below). Thus, soybean protein versus casein may be expected to decrease magnesium 
absorption which was indeed seen in a well-controlled experiment (42). In this experiment 
soybean protein also lowered urinary excretion of magnesium. 

Various workers reported that magnesium concentrations in serum, femur, kidney and 
liver of rats were not affected by feeding soybean protein instead of casein (Appendix table 
1), but magnesium intakes were not given or were higher with the soybean-protein diets. At 
marginal, but equal magnesium intakes, feeding soybean protein versus casein resulted in 
decreased magnesium concentrations in femur and plasma (42). In a recent study (68) it was 
shown that the impairment of apparent magnesium absorption in rats fed soybean protein 
versus casein was due to enhanced fecal excretion of endogenous magnesium, whereas true 
magnesium absorption was unaffected. This increased endogenous loss was compensated for 
by decreased urinary excretion so that magnesium retention remained unchanged. The 
observed effects were most likely caused by phytate in the soybean protein. Addition of 
phytate to a diet with casein, to a concentration identical to that in diets containing soybean 
protein, caused apparent magnesium absorption to fall to a level seen after feeding soybean 
protein (42, 68), whereas the effects on fecal excretion of endogenous magnesium were also 
similar (68). 

There are only sparse data on effects of type of protein on magnesium absorption in 
humans. Soybean protein versus meat protein had no effect on apparent magnesium 
absorption (59). A lactalbumin-casein preparation raised apparent magnesium absorption 
when compared with either beef protein or peanut flour (62). 

Sulphate and chloride. The increased urinary magnesium excretion seen after ingesting 
additional protein (Appendix table 1) might be analogous to the protein effect on urinary 
calcium excretion, which is ascribed to the sulfur containing amino acids in protein (69, 70). 
Indeed, in a study with rats, Greger et al. (71) demonstrated that dietary sulphate or 
bisulphate significantly raised urinary magnesium excretion, which was associated with 
slightly increased apparent magnesium absorption. Data on magnesium retention are not 
available, but magnesium concentration in tibia was decreased after sulphate feeding (71). 

The chloride anion, which is often associated with isolated proteins could also be 
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responsible for the increased urinary magnesium excretion after protein ingestion. Ingestion 
of chloride from different sources raises urinary magnesium excretion in rats (71, 72). 
However, apparent magnesium absorption was not significantly influenced by chloride, which 
explains the observed decreased magnesium concentration in tibia. 

Bicarbonate and ammonium. Greger et al. (71) observed in studies with rats that feeding 
sodium bicarbonate increased apparent magnesium absorption in one experiment, but not in 
another. Urinary magnesium excretion was not influenced by sodium bicarbonate. In 
contrast, Levin and Winaver (73) showed that bicarbonate infusion, causing metabolic 
alkalosis, enhanced tubular reabsorption of magnesium associated with decreased urinary 
magnesium excretion. Metabolic acidosis may decrease tubular reabsorption of magnesium, 
resulting in increased urinary excretion. McDougal and Koch (74) did show that ammonium 
chloride directly inhibits renal magnesium reabsorption, but Toothill (50) was unable to 
demonstrate an effect on apparent magnesium absorption. 

Fat. Studies with rats demonstrated that a diet containing equal parts of medium chain 
triglycerides, sunflower seed oil and olive oil significantly raised apparent magnesium 
absorption in comparison with a diet containing olive oil as only fat source (75). This might 
be caused by the lower capacity of medium chain triglycerides to form soaps with magnesium 
(76, 77). Studies of Behling et al. (78) and Kaup et al. (79) showed that increasing the 
dietary fat concentration from 5% (w/w) to 20% (w/w) can improve apparent magnesium 
absorption. Because of the possible formation of magnesium soaps in the intestine the 
opposite would be expected. However, the effect depended on dietary magnesium and 
calcium concentrations. Increasing fat intakes improved apparent magnesium absorption at 
a dietary magnesium concentration of 0.5% (78), but no effect was seen when dietary 
magnesium concentration was 0.05% (79). In rats fed diets containing high calcium 
concentrations, fat seemed to improve magnesium absorption, but it was depressed in rats 
fed high-fat diets with a low calcium concentration. This suggests that fatty acids 
preferentially form complexes with calcium rather than with magnesium. Tadayyon and 
Ludwak (80) showed that supplementation of a fat-free diet with 25 energy % in the form 
of either tripalmitin or tristearin depressed apparent magnesium absorption in young rats. 

Studies with humans could not demonstrate any effect of concentration or kind of 
dietary fat on magnesium absorption. Results of Van Dokkum et al. (81) indicate that 
decreasing the dietary fat intake from 42 to 22 energy % does not influence apparent 
absorption, urinary excretion and retention of magnesium in young men. Increasing the 
amount of linoleic acid at constant fat intakes did not affect magnesium metabolism either 
(81). In addition, Rickets et al. (82) found no effect of kind and amount of dietary fat on 
magnesium balance in humans. 

Carbohydrates. Lactose is the carbohydrate most often studied in relation to magnesium 
absorption (Appendix table 2). Its influence in rats is clear. Lactose in the diet increases 
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apparent absorption and urinary excretion of magnesium. This is probably due to the fact that 
rats become lactase-deficient after weaning (97). Thus, rats are not capable to hydrolyse 
lactose in the intestine, resulting in microbial fermentation of lactose and lowered luminal 
pH. This in turn could increase the solubility of intestinal magnesium, leading to increased 
magnesium absorption (89). 

Based on the above mentioned it would be expected that lactose exerts no effect on 
apparent magnesium absorption in lactose-tolerant subjects. Indeed, in lactose-tolerant 
adults with constant magnesium intake, lactose did not influence apparent magnesium 
absorption (66). Studies with infants indicate that lactose increases apparent magnesium 
absorption (94-96), but in these studies magnesium intake was not reported or was higher in 
the infants fed lactose. A higher magnesium intake by itself raises apparent absolute 
magnesium absorption (65, 66) and thus any effect of lactose could not be determined. 

One study showed that a solution of glucose polymer increased magnesium absorption 
(98). However, glucose polymer was given together with magnesium and magnesium 
absorption was measured by triple-lumen perfusion in the jejunum which is not the main site 
of magnesium absorption. In any event, these data may not predict the effect of glucose 
polymer in a diet on magnesium absorption. 

Fructose versus glucose has been reported to increase magnesium absorption in a study 
with rats (85). This was also seen for fructose versus cornstarch in an experiment with 
humans (93). The metabolic basis for fructose-induced stimulation of magnesium absorption 
is unknown. 

Fiber. Various fiber sources (wheat bran, cellulose, lignin, pectin and guar gum) have been 
reported to bind magnesium in vitro (99). When insoluble fiber-magnesium complexes are 
formed in the intestine, magnesium absorption may be depressed. Appendix table 3 shows 
that in many rat and human experiments increased intake of cellulose or cellulose-rich 
preparations such as wheat bran produced enhanced fecal and urinary magnesium losses. 
However, absolute magnesium absorption was generally increased because higher fiber 
intakes were associated with higher magnesium intakes. Therefore, independent effects of 
fiber on magnesium absorption cannot be estimated. In a rat study in which magnesium 
intake was controlled, dietary cellulose had no effect on apparent absorption of magnesium 
(102). Results of the well-controlled studies in man indicate that dietary cellulose might lower 
magnesium absorption (8, 107, 110). In practical diets, high fiber intake usually is associated 
with high magnesium intake. Thus, no deleterious effects of high-fiber diets on magnesium 
balance would be expected. Indeed, Schwartz et al. (117) showed that feeding a bran-rich 
diet to humans for 4 wk did not affect magnesium balance. 

Few studies have assessed the effect of pectin on magnesium absorption. In rats, 
galacturonic acid, which is the basic building block of pectin, significantly raised apparent 
absorption and urinary excretion of magnesium (102). However, pectin lowered magnesium 
absorption (102) and magnesium retention (103) in rats, whereas no effect was seen in a 
study with humans (107). 
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Oxalic acid. Oxalic acid might bind magnesium ions which could result in decreased 
magnesium absorption (118). Ingestion of spinach, which is high in oxalic acid, raised fecal 
magnesium excretion, but this may have been due to an increased magnesium intake (119). 
Absolute apparent magnesium absorption and urinary magnesium excretion were not 
significantly influenced by oxalic acid. 

Phytate. At neutral pH, phytate can form with magnesium an insoluble complex, which may 
be a calcium-magnesium-phytate (120) or protein-magnesium-phytate complex (121). 
Formation of these insoluble complexes in the intestine might decrease magnesium 
absorption. However, the participation of magnesium in the formation of insoluble mineral-
phytate complexes depends on several factors. First, a high calcium: magnesium ratio favors 
the in vitro formation of a calcium-phytate complex without co-precipitation of magnesium. 
Second, titration curves for calcium and magnesium have indicated that the stability of the 
magnesium-phytate complex is lower than that of a calcium-phytate complex. In keeping with 
this, it can be questioned whether the high calcium:magnesium ratio in rat diets allows the 
formation of an insoluble calcium-magnesium-phytate complex in the intestine. Brink et al. 
(68) found that phytate increased fecal excretion of endogenous magnesium in rats, whereas 
it exerted no effect on true magnesium absorption, which speaks against the formation of an 
insoluble magnesium-phytate complex in the intestine. It is not clear why phytate increased 
fecal excretion of endogenous magnesium. In any event, it has been shown in rats that 
dietary phytate causes a decreased magnesium solubility in the gut (122) and lowers apparent 
magnesium absorption (Appendix table 4) and urinary excretion of magnesium (42). At 
normal and relatively high dietary magnesium concentrations, phytate feeding does not affect 
magnesium retention and magnesium concentrations in plasma, tibia, femur, carcass, liver 
and kidney (42, 101, 123). However, at marginal dietary magnesium concentrations, phytate 
decreases body weight gain (125) and magnesium concentrations in femur (42). 

Various studies with humans dealing with the effect of phytate on magnesium 
absorption are difficult to interpret because high-phytate diets were fortified with fiber-rich 
foodstuffs, so that magnesium intake was usually elevated (64, 127-129). However, studies 
with controlled magnesium intake using dephytinized products or supplemental phytate 
demonstrate that phytate decreases apparent absorption and urinary excretion of magnesium 
with no effect on magnesium retention (65, 126, 128). 

Thus, phytate in the diet can decrease apparent absorption of magnesium. However, 
with natural diets, high intakes of phytate are generally accompanied with high intakes of 
magnesium, ensuring sufficient magnesium for absorption. 

Ethanol. A single dose of ethanol produces increased urinary excretion of magnesium by 
human subjects (130, 131). This effect may explain the magnesium depletion observed in 
many alcoholic patients (132). Data concerning ethanol effects on intestinal magnesium 
absorption, if any, are not available. 
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Magnesium. Increased magnesium intakes cause increased rates of absolute magnesium 
absorption, resulting in enhanced urinary magnesium excretion (39, 42, 45, 46, 60, 65, 104, 
133-136). Extra intake of magnesium could raise magnesium retention which may be 
reflected by higher magnesium concentrations in plasma, bone and muscle. Whether this 
happens depends on magnesium status, age, habitual magnesium intake and the magnitude 
of the increase in magnesium absorption. 

The source of dietary magnesium may determine magnesium absorption by influencing 
the solubility of magnesium in the intestine. In in vitro incubations, magnesium citrate is 
more soluble than magnesium oxide (137). In rats, magnesium given either as a chloride, 
oxide or carbonate salt resulted in higher apparent magnesium absorption than magnesium 
given in the form of either a sulphate, phosphate or silicate salt (138, 139). However, the 
differences were small and may not have physiological significance. Böhmer et al. (136) 
showed in adult females that magnesium supplemented as either magnesium citrate, lactate, 
hydroxide or chloride did not exert differential effects on urinary magnesium excretion. 

Calcium. The effect of dietary calcium on intestinal absorption of magnesium has been 
subject of much controversy. Studies in rats have clearly demonstrated that apparent 
absorption of magnesium is decreased by high calcium intake (Appendix table 5). This has 
often been explained by competition between magnesium and calcium for a common carrier 
system in the ileum (19, 140, 165). However, Karbach and Rummel (24) could not confirm 
this. Human studies on magnesium absorption as influenced by dietary calcium have yielded 
contradictory results (Appendix table 5). Although some studies show decreased apparent 
magnesium absorption at high calcium intakes, most well-controlled studies indicate that high 
calcium intake does not affect intestinal magnesium absorption. 

Recently, an explanation has been offered for the controversy between the outcome of 
the rat studies and many human experiments. In rats, Brink et al. (143) showed that the 
inhibitory effect of dietary calcium on apparent magnesium absorption depends on the 
phosphate: magnesium ratio of the diet. This ratio determines whether or not an insoluble 
magnesium-calcium-phosphate complex is formed in the intestine. The relatively low 
phosphate: magnesium ratio and the relatively low calcium concentration in human diets, as 
compared with rat diets, might result in negligible formation of insoluble complexes in the 
human intestine after the intake of extra calcium. This would explain why addition of calcium 
to human diets does not affect apparent magnesium absorption whereas addition of calcium 
to rat diets inhibits it. This explanation is confirmed by the study of Giles et al. (133), who 
found in infants that high-calcium diets, with a high phosphate: magnesium ratio comparable 
to that in rat diets caused a decreased apparent magnesium absorption. 

Phosphate. The influence of dietary phosphate on magnesium absorption is not fully settled. 
Generally, increased phosphate concentrations in the diet have been reported to lower 
apparent magnesium absorption in rats and humans, but lack of effect has also been reported 
(Appendix table 5). The phosphate-induced decrease of magnesium absorption might be 
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caused by the formation of an insoluble magnesium-phosphate complex in the intestine (10). 
However, Brink et al. (143) recently presented evidence that the intestinal formation of an 
insoluble magnesium-calcium-phosphate complex is responsible for the decrease in apparent 
magnesium absorption. Because the formation of this complex depends on the dietary 
phosphate: magnesium ratio, controversy of literature data may relate to differences in this 
ratio. 

Potassium. Studies in rats indicate that dietary potassium does not influence magnesium 
absorption (Appendix table 6). Infusion of a solution containing 0, 20 or 40 mmol/L 
potassium into a ligated loop of rat colon depressed magnesium uptake by the loop (170). In 
a study with humans it was demonstrated that potassium supplementation during a 40-day 
period of total fasting caused an increase in fecal magnesium loss (53). However, this effect 
may be independent of magnesium absorption. 

Sodium. In vitro studies using rat gut sacs (171) or rat ileum (19) suggest that sodium ions 
may optimize magnesium transport. However, balance studies in rats could not demonstrate 
any systematic effect of sodium on intestinal, apparent magnesium absorption (Appendix table 
6). Increasing dietary sodium with either chloride, sulphate or bisulphate as anion raised 
urinary magnesium excretion which was not consistently associated with an increase in 
apparent magnesium absorption (71). Urinary anion excretion was found to be responsible 
for the increase in urinary magnesium excretion (71). 

Vitamin D. The vitamin most studied in relation to magnesium absorption is vitamin D, but 
its role remains uncertain (10). Several studies in man suggest that l,25(OH)2D3 or vitamin 
D3 have little or no effect on apparent absorption of magnesium (172-174), whereas others 
showed that pharmacological doses of vitamin D3 may increase apparent magnesium 
absorption (175-177). Rat experiments demonstrate that large doses of vitamin D3 can 
increase apparent magnesium absorption (38, 39, 178, 179), whereas a realistic dose had no 
effect (180). Magnesium absorption by the colon of vitamin D-repleted rats may be normal 
(23). Hardwick et al. (10) put forward that a significant portion of magnesium absorption 
must be vitamin D-independent because it persists under conditions of vitamin D-deficiency. 
However, repletion of vitamin D is associated with increments in magnesium absorption (38). 

Pyridoxine. Eisinger and Dagorn (134) showed that extremely high doses of pyridoxine lower 
apparent magnesium absorption in humans. However, at normal intakes of pyridoxine an 
effect on magnesium absorption was not seen. 

Zinc. Forbes et al. (87) reported that dietary zinc does not affect apparent absorption, 
urinary excretion and retention of magnesium in rats. Likewise, supplemental zinc had no 
significant effect on apparent magnesium absorption in adolescent females (181). 
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Un. In adult men, daily consumption of 50 versus 0.1 mg tin did not affect apparent 
absorption, urinary excretion and retention of magnesium (182). 

Aluminum. In vitro studies suggest that aluminum forms an insoluble complex with 
magnesium (183). However, in a balance study with adult males, ingestion of 125 mg 
aluminum per day had no significant effect on apparent magnesium absorption and retention 
(184). 

Caffeine. Yeh et al. (185) found in rats that subcutanous injection of caffeine raised apparent 
magnesium absorption and urinary magnesium excretion. The effect of dietary caffeine on 
magnesium absorption is not known. 

Summary 

This paper reviews the evidence that certain dietary components can affect intestinal 
absorption of magnesium. Increased intakes of protein and fructose improve apparent 
magnesium absorption in humans, whereas a lowering effect occurs with consumption of 
cellulose and phytate. Although dietary concentrations of lactose, fat, calcium and phosphate 
have clear effects on magnesium absorption in experiments with rats, the impact of these 
nutrients on magnesium absorption in humans remains unsettled. Mechanisms underlying the 
effects of dietary components on magnesium absorption in humans are generally poorly 
understood. 

A change in magnesium absorption not necessarily results in a change in magnesium 
retention. When consuming practical diets, the fall of apparent magnesium absorption caused 
by phytate and cellulose is generally compensated by increased magnesium intake due to high 
magnesium concentrations in phytate- and cellulose-rich products. Furthermore, to maintain 
homeostasis, urinary magnesium excretion will be raised after stimulation of apparent 
magnesium absorption and it will be lowered after impairment of apparent magnesium 
absorption. Thus, the effects of dietary components on magnesium absorption probably are 
critically important only at low intakes of magnesium. At low magnesium intakes, differences 
in magnesium absorption may be expected to influence magnesium retention and thus can 
either induce or abolish magnesium deficiency. 
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Chapter 3 

Inhibitory effect of dietary soybean protein versus casein 
on magnesium absorption in rats 

Elizabeth J. Brink, Pieter R. Dekker, Emerentia C.H. van Beresteijn and Anton C. Beynen 

The Journal of Nutrition 121 (1991) 1374-1381 



Abstract. The effects of casein and soybean protein on magnesium absorption 
and magnesium concentration in femur were investigated in rats. Purified diets 
containing either casein or soybean protein and three concentrations of added 
magnesium (0.82, 1.64 or 2.46 mmol/100 g diet) were used. The 
isonitrogenous diets were carefully balanced for the different mineral 
concentrations in the protein preparations. Absolute and percentage 
magnesium absorption and urinary magnesium excretion were significantly 
decreased in rats fed soybean protein when compared with casein, irrespective 
of the dietary concentration of added magnesium. The magnesium content of 
femur was significantly lower in rats fed soybean protein, but this effect was 
seen only when the diet contained 0.82 mmol magnesium/100 g diet. The 
addition of sodium phytate to the casein diets, to a concentration identical to 
that in the diets containing soybean protein as provided by the soybean protein 
preparation, produced similar effects on magnesium absorption as did the diets 
containing soybean protein. These results indicate that soybean protein, when 
compared with casein, decreases magnesium absorption through its phytate 
component. 

Introduction 

There is an increasing use of soybean products as substitutes for animal protein in the diets 
of adults and in infant foods. The impact of this diet change on magnesium absorption is not 
known. Magnesium absorption from a diet containing milk might be superior to that from 
a diet containing soybean products. Phytate, which is present in substantial amounts in 
soybean products, has been reported to suppress the absorption of magnesium (1), while the 
lactose component of milk improves it (2). The effects of the protein source of milk versus 
that of soybean products on magnesium absorption are not clear. Magnesium bioavailability, 
assessed as the amount of magnesium in plasma and bone, was not differently influenced by 
dietary casein and soybean isolate (3, 4). In these studies however, magnesium intake and 
absorption by rats fed the different experimental diets were not reported. Thus, it cannot be 
excluded that differential magnesium intakes had masked protein effects on efficiency of 
magnesium absorption. 

The lack of conclusive information about the effects of dietary casein and soybean 
protein on magnesium absorption prompted us to perform two experiments with rats. 
Apparent magnesium absorption and magnesium concentrations of plasma, femur and kidneys 
were measured. In the first experiment, the effects of dietary casein and soybean protein 
were studied at different dietary concentrations of added magnesium. The second experiment 
was conducted in an attempt to determine whether the decreased apparent magnesium 
absorption resulting from soybean protein was related to its phytate component. 

Materials and Methods 

General procedures. The experimental protocols were approved by the animal ethical 
committee of the Agricultural University, Wageningen, The Netherlands. Young, male 
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Wistar rats (Cpb:WU) from a local breeding colony (Agricultural University, Wageningen, 
The Netherlands), were housed individually in metabolic cages in a room with controlled 
temperature (20-24QC), relative humidity (40-70%) and lighting (light, 06.00-18.00 h). For 
four wk, the animals were fed the experimental diets ad libitum with demineralized water 
freely available. Feed consumption was recorded daily and body weights were measured 
weekly. During the last four d of the experimental period, feces and urine of each animal 
were collected separately. In this period the diets were offered as a porridge (diet : 
demineralized water = 7 : 3 , w/w) to prevent feed spillage and contamination of excreta. 
Feed intake data were corrected for the addition of water. At the end of the experimental 
period, between 08.30 and 12.30 h, fasting blood samples were drawn under light diethyl 
ether anesthesia by orbital puncture, which was immediately followed by decapitation. Femur 
and kidneys were removed. 

Diets, feces and kidneys were freeze-dried and homogenized. Diets and feces were wet 
ashed with nitric acid and perchloric acid. Femora were cleaned of adhering tissue, defatted 
in diethyl ether for 50 h, dried for 16 h at 105CC, and weighed. Kidneys and fat free femora 
were dry ashed in a muffle furnace for 16 h at 550°C. The ash was dissolved in 5 mL of 4 
mol/L HCl and diluted with distilled water. After appropriate dilution with a solution 
containing 48 mmol/L SrCl2 and 3 mmol/L CsCl, magnesium was analyzed by atomic 
absorption spectrophotometry (Perkin Elmer 1100, Bodenseewerk Perkin Elmer & Co 
GmbH, Überlingen, Germany). Samples of the diets were also analyzed for calcium, zinc, 
copper and iron by atomic absorption spectrophotometry, for sodium and potassium by 
atomic emission spectrophotometry and for phosphorus by the Fiske Subbarow method (5). 
Nitrogen was determined by the micro-Kjeldahl method (6) and lactose and dextrose by high 
performance liquid chromatography (7). The phytate content of the diets was analyzed as 
described by Slump et al. (8). 

Apparent intestinal absorption, urinary excretion and retention of magnesium as well 
as magnesium content in plasma, femur and kidneys were determined. Apparent intestinal 
absorption was calculated as magnesium intake minus fecal excretion, and was expressed as 
such and as percentage of intake. Magnesium retention was calculated as apparent absorption 
minus urinary excretion of magnesium. 

Experiment 1. This experiment was designed to investigate the effects of casein and soybean 
protein at different dietary concentrations of added magnesium. It was hypothesized that there 
might be an interaction of protein source and magnesium content of the diet on magnesium 
metabolism. When using diets containing either casein or soybean protein, but with different 
concentrations of added magnesium, the risk of not detecting an effect of the type of protein 
would be minimized. 

Forty-two rats, aged six wk, with mean body weight of 136 g, were randomly divided 
into six groups of seven and were fed diets containing either casein or soybean protein and 
three concentrations of added magnesium. Dietary concentrations of added magnesium were 
0.82, 1.64 or 2.46 mmol/100 g diet. The composition of the diets is shown in Table 1. The 
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Table 1. Composition of the diets used in Experiment J. 

Ingredient 

Casein 

Soybean protein 

Dextrose 

MgS04 .7H20 

CaCOj 

KCl 

NaCl 

C6H5Na307.2H20 

Constant components' 

Chemical analysis 

Nitrogen 

Magnesium 

Calcium 

Phosphorus 

Sodium 

Potassium 

Zinc 

Copper 

Iron 

0.82 

18 

-
40.67 

0.16 

0.07 

0.28 

0.15 

0.22 

40.45 

184 

1.03 

14.5 

10.0 

9.6 

12.6 

0.18 

0.05 

0.09 

Total 

Casein 

1.64 

18 

-
40.46 

0.37 

0.07 

0.28 

0.15 

0.22 

40.45 

184 

1.77 

14.3 

10.1 

9.6 

12.8 

0.19 

0.05 

0.08 

magnesium content (mmol/100 g 

2.46 

g/100 g 

18 

-
40.16 

0.67 

0.07 

0.28 

0.15 

0.22 

40.45 

mmol/100 

185 

3.01 

14.3 

10.1 

9.7 

12.7 

0.19 

0.05 

0.08 

0.82 

-
20 

39.47 

0.08 

-
-
-
-

40.45 

g 

196 

0.91 

14.8 

10.3 

11.5 

12.8 

0.19 

0.05 

0.13 

Soybean protein 

1.64 

-
20 

39.26 

0.29 

-
-
-
-

40.45 

199 

1.80 

14.3 

10.0 

11.3 

12.6 

0.19 

0.05 

0.13 

2.46 

-
20 

39.08 

0.47 

-
-
-
-

40.45 

197 

2.67 

14.4 

10.1 

11.3 

12.6 

0.20 

0.05 

0.11 

The constant components consisted of (g/100 g diet): DL-methionine, 0.3; wheat starch, 15; cellulose, 5; palm oil, 
15; mineral premix, 3.5; vitamin premix, 1.0; retinyl acetate, 0.025 (400 IU); cholecalciferol, 0.025 (100 IU) 
choline chloride, 0.2. The mineral premix consisted of the following (mg): CaC03, 1000; CaHP04.2H20, 333 
KH2P04, 443; KCl, 441; C<;H5Na307.2H20, 432; FeS04.7H20, 21; MnS04.H20, 24; ZnSO„.7H20, 48 
CuS04.5H20, 11; KI03, 0.04; NajSeOj.SHA 0.04; CrK(S04)2.12H20, 2; dextrose, 744.92. The vitamin premix 
consisted of the following (mg): thiamin, 0.6; riboflavin, 0.6; pyridoxin, 0.7; nicotinamid, 3; DL-calcium 
pantothenate, 1.6; folic acid, 0.2; D-biotin, 0.02; cyanocobalamin, 0.001; DL-a-tocopherylacetate, 10; menadione, 
0.005; dextrose, 983.3. 

analyzed composition of the casein (acid casein, DMV, Veghel, The Netherlands) and 
soybean protein (soy isolate, Purina protein, Hofhuis Pentacon, Bunschoten, The 
Netherlands), respectively, was as follows (g/100 g): nitrogen, 14.3 and 13.8, magnesium, 
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Table 2. Composition of the diets used in Experiment 2. 

Ingredient 

Casein 

Soybean protein 

Dextrose 

Lactose 

Sodium phytate 

MgS04 .7H20 

CaCOj 

KH2P04 

KCl 

NaCl 

C6H5Na3Cy2H20 

Constant components' 

Chemical analysis 

Nitrogen 

Lactose 

Phytate 

Magnesium 

Calcium 

Phosphorus 

Sodium 

Potassium 

Zinc 

Copper 

Iron 

Total magnesium content (mmol/100 g) 

Casein 

0.82 

18 

-
40.20 

-
-
0.16 

0.13 

0.20 

0.29 

0.19 

0.38 

40.45 

180 

0 

0.00 

0.82 

14.8 

11.0 

12.6 

15.4 

0.20 

0.06 

0.09 

1.64 

18 

-
39.99 

-
-
0.37 

0.13 

0.20 

0.29 

0.19 

0.38 

40.45 

186 

0 

0.00 

1.56 

14.5 

11.3 

12.2 

15.1 

0.19 

0.06 

0.08 

Soybean 

0.82 

-
20 

38.89 

-
-
0.08 

-
0.20 

-
-
0.38 

40.45 

195 

0 

0.40 

0.82 

14.3 

11.9 

13.0 

15.6 

0.21 

0.06 

0.13 

protein 

1.64 

Casein + 

0.82 

g /100g 

-
20 

38.68 

-
-
0.29 

-
0.20 

-
-
0.38 

40.45 

18 

-
40.44 

-
0.42 

0.16 

0.13 

-
0.40 

-
-

40.45 

mmol/100 g 

199 

0 

0.37 

1.69 

14.0 

11.9 

12.2 

15.0 

0.20 

0.06 

0.13 

181 

0 

0.38 

0.82 

14.8 

12.2 

14.3 

15.2 

0.19 

0.06 

0.09 

phytate 

1.64 

18 

-
40.23 

-
0.42 

0.37 

0.13 

-
0.40 

-
-

40.45 

176 

0 

0.38 

1.64 

14.7 

12.3 

14.2 

15.5 

0.20 

0.06 

0.09 

Casein + lactose 

0.82 

18 

-
30.20 

10 

-
0.16 

0.13 

0.20 

0.29 

0.19 

0.38 

40.45 

183 

29 

0.00 

0.82 

13.9 

11.3 

13.5 

15.9 

0.21 

0.06 

0.08 

1.64 

18 

-
29.99 

10 

-
0.37 

0.13 

0.20 

0.29 

0.19 

0.38 

40.45 

187 

29 

0.00 

1.64 

14.1 

11.4 

13.5 

15.4 

0.20 

0.06 

0.08 

The constant components consisted of (g/100 g diet): DL-methionine, 0.3; wheat starch, 15; cellulose, 5; palm oil, 
15; mineral premix, 3.5; vitamin premix, 1.0; retinyl acetate, 0.025 (400 IU); cholecalciferol, 0.025 (100 IU) 
choline chloride, 0.2. The mineral premix consisted of the following (mg): CaC03, 1000; CaHP04.2H20, 333 
KH2P04, 443; KCl, 441; C6H5Na,07.2H20, 432; FeS04.7H20, 21; MnS04.H20, 24; ZnS04.7H20, 48 
CuS04.5H20, 11; KIO,, 0.04; Na^eCvSILO, 0.04; CrK(S04)2.12H20, 2; dextrose, 744.92. The vitamin premix 
consisted of the following (mg): thiamin, 0.6; riboflavin, 0.6; pyridoxin, 0.7; nicotinamid, 3; DL-calcium 
pantothenate, 1.6; folic acid, 0.2; D-biotin, 0.02; cyanocobalamin, 0.001 ; DL-a-tocopherylacetate, 10; menadione, 
0.005; dextrose, 983.3. 
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0.005 and 0.073, calcium, 0.056 and 0.384, phosphorus, 0.682 and 0.688, sodium, 0000 and 
0.672, potassium, 0.072 and 0.579. As indicated in Table 1, the diets were balanced for the 
differential composition of the protein preparations. Analyzed concentrations of magnesium 
were on average 14% higher than the calculated values. Although we did not balance for 
zinc, iron and copper, only the iron concentrations appeared to be somewhat higher in the 
soybean protein than in the casein diets. 

Experiment 2. This experiment was designed to elucidate whether the protein effect on 
magnesium absorption as found in experiment 1, was caused by the protein itself or by 
phytate in the soybean protein. For this purpose, casein diets without or with added sodium 
phytate were compared. To check the reproducibility of experiment 1, diets containing 
soybean protein were included. As a positive control, the effect of lactose versus dextrose 
was studied. Lactose has been shown to increase magnesium absorption (2, 9, 10). All 
dietary comparisons were studied at two concentrations of added magnesium. 

Forty-eight rats, aged four wk, with mean body weight of 109 g, were randomly 
divided into eight groups of six and were fed the diets given in Table 2. The soybean protein 
preparation was found to contain 1.93 mmol phytate/100 g, resulting in a dietary 
concentration of 0.39 mmol/100 g in the soybean protein based diets. Thus, the effect of 
added phytate in a casein diet was studied at a dietary concentration of 0.39 mmol/100 g to 
simulate the amount in the diet containing soybean protein. Lactose was added to the casein 
diet at a concentration of 29 mmol/100 g at the expense of dextrose. Calculated 
concentrations of added magnesium were either 0.82 or 1.64 mmol/100 g; these 
concentrations agreed well with those analyzed. The diets were balanced for the differential 
calcium, magnesium, sodium and potassium concentrations in the protein preparations. 

Statistics. Analysis of variance was applied to test the significance of main and interaction 
effects. If F-values reached statistical significance, group means were compared with Tukey's 
test (11) or Student's t-test. The level of significance was preset at P < 0.05. 

Results 

Body weight gain and feed intake. In experiments 1 and 2, body weight gain and feed 
consumption did not differ significantly between the dietary groups (results not shown). In 
experiment 1, body weight gain and feed intake were averaged 140 + 8 and 480 ± 1 1 g/28 
days (mean + SEM). In experiment 2, these values were 129 + 7 and 368 + 10 g/28 days. 

Dietary magnesium and magnesium balance. Tables 3 and 4 show that increasing 
magnesium concentrations in the diet caused an increase of absolute intestinal magnesium 
absorption and lowered the relative efficiency of this process. Increased intakes of 
magnesium produced increased rates of urinary magnesium excretion and increased 
magnesium contents of femur. Increased magnesium intake caused increased group mean 
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Tabel 3. Effect on magnesium metabolism of dietary casein vs. soybean protein at different concentrations of added 
magnesium, Experiment 1'. 

Mg absorption, 
/xmot/d 

Mg absorption, 
% of intake 

Fecal Mg, 
fimol/d 

Urinary Mg, 
umol/d 

Mg retention, 
umol/d 

Plasma Mg, 
mmol/L 

Femur Mg, 
«mol/g ash 

Kidney Mg, 
umol/g 
dry matter 

0.82 

134±3 ' 

7 0 ± l b 

5 9 ± ? 

58±6-

7 6 ± ? 

0 .76±0.04 ' 

285 ± 6 ' 

33 + 1 

Casein 

1.64 

212±6 b 

66±2 ' b 

l l l ± 1 0 b 

133±4 ' 

7 9+3 l b 

0.82±0.03 l b 

303 ± 3 b 

33±1 

Total magnesium content 

2.46 

332±11 ' 

60 ±2 -

217±8= 

228 ±6« 

104±12b 

O.9O±0.O6b 

314±3 ' 

3 5±1 

0.82 

97 ±3*- -

63 ±2*'* 

58±4» 

29 ±4»-* 

68±2» 

0.67±0.04A 

256±6A- -

34±1 

(mmol/100 g) 

Soybean protein 

1.64 

188±6"' ' 

58 ± 2 " - ' 

137±8B 

92±4"- -

96±7 B 

0.81 ±0.04" 

295 ± 5 " 

3 3±2 

2.46 

2 6 5 ± l l c ' 

55 ±2»--

215 ±6 C 

136±8C- -

129±8C 

0.87±0.06» 

313±3C 

34±1 

Significant 
effects2 

Mg, P, MgxP 

Mg, P 

Mg, P 

Mg, P, MgxP 

Mg 

Mg 

Mg, P, MgxP 

1 Values are means ± SEM for seven rats per dietary group. Means within a row for a particular dietary protein 
not sharing the same superscript are significantly different (Tukey's test, P < 0.05). Lower case letters refer to 
comparisons of groups fed diets containing casein; upper case letters refer to comparisons of groups fed diets 
containing soybean protein. "Significantly different from corresponding magnesium group fed diet containing 
casein. Student's t test, P < 0.05. 

2 Significance (P < 0.05) was calculated by ANOVA: Mg, magnesium effect; P, protein effect; MgxP, interaction. 

values of magnesium retention and increased magnesium contents in plasma but these effects 
did not reach statistical significance in all comparisons. The magnesium content of kidney 
was not significantly influenced by the dietary magnesium concentration. 

Protein source and magnesium balance. Rats fed casein versus soybean protein based diets 
had significantly increased apparent magnesium absorption and urinary magnesium excretion 
(Tables 3 and 4). Casein produced a significant increase of magnesium content in femur 
when the diets contained 0.82 mmol/100 g magnesium; at higher concentrations of added 
magnesium no such effect was seen. Magnesium retention as well as plasma and kidney 
concentrations of magnesium were not significantly influenced by protein source. 

Phytate and magnesium balance. Magnesium absorption and urinary magnesium excretion 
were significantly decreased in rats fed the casein diets supplemented with sodium phytate 
when compared with rats fed the casein diets without phytate (Table 4). These phytate effects 
were seen irrespective of the added magnesium concentration of the diet. Phytate produced 
a decrease in femur magnesium when the diet contained 0.82 mmol/100 g added magnesium, 
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but not when it contained 1.64 mmol/100 g diet. Phytate did not cause significant differences 
in magnesium retention and magnesium concentrations in plasma and kidneys. 

Lactose and magnesium balance. Lactose, when compared with dextrose, significantly 
increased intestinal magnesium absorption and urinary magnesium excretion (Table 4). 
Magnesium retention and magnesium concentrations in plasma, femur and kidney were not 
significantly affected by lactose. 

Discussion 

This study confirms the findings of Wacker and Parisi (12) that the amount of magnesium 
in the diet influences various aspects of magnesium metabolism. Increased intakes of 
magnesium consistently produced a decreased percentage and increased apparent absolute 
magnesium absorption and magnesium retention as well as magnesium concentrations in 
urine, feces, plasma and femur. Kidney concentrations of magnesium were not significantly 
affected by magnesium intake. 

This study also confirms (2, 9, 10) that lactose improves magnesium absorption. 
Lactose did not alter magnesium retention and magnesium concentration in plasma, femur 
or kidney. Forbes (10) also found that appparent magnesium absorption, but not magnesium 
retention, was increased in young rats fed lactose in comparison to dextrose. However, in 
that study (10) kidney magnesium concentrations were also increased in rats fed lactose. This 
might be caused by the fact that Forbes (10) used a higher lactose concentration than we did 
(25% versus 10%). The mechanism by which lactose stimulates magnesium absorption is not 
clear. Rats become lactase-deficient after the weanling period (13), and thus are not capable 
of hydrolyzing lactose in the intestine. Possibly, microbial fermentation of lactose in the 
intestine lowers luminal pH. Shiga et al. (14) showed that a decreased pH increases solubility 
of magnesium in the gastrointestinal tract. Because magnesium is absorbed by a passive 
absorption mechanism (15), we hypothesize that lactose-induced luminal solubility of 
magnesium increases its intestinal absorption. 

The new finding that emerged from this study is that rats fed soybean protein had 
reduced apparent absorption of magnesium when compared to rats fed casein. In rats fed 
diets containing soybean protein the percentage and absolute apparent absorption of 
magnesium was consistently decreased. This effect of casein versus soybean protein did not 
depend on the amount of added magnesium in the diet. Figure 1, in which the data from the 
two experiments are pooled, shows that irrespective of the intake of magnesium, the 
absorption of magnesium in rats fed casein was higher than that in rats fed soybean protein. 
The slopes of the regression lines for soybean protein and casein shown in Figure 1, did not 
differ significantly. However, the intercepts of the two regression lines were significantly 
different (P < 0.05, Student's t test). Guenter and Sell (16) reported that in chickens 
magnesium from soybean meal was as available as that from MgS04. However, they did not 
compare the effects of casein and soybean protein on absorption of added magnesium. 
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The type of dietary protein did 
not significantly affect magne
sium concentrations in plasma 
and kidney, but it did influence 
magnesium concentration of 
femur. However, only at the 
low dietary concentration of ad
ded magnesium (0.82 mmol/100 
g diet), the concentrations of 
femur magnesium were higher 
in rats fed casein diets com
pared with rats fed soybean 
protein diets. This dietary 
magnesium concentration, is 
below the requirement (1.64 
mmol/100 g diet) for rats (17) 
and appeared to be marginal in 
this study and in other studies 
(3, 18). Apparently, a decrease 
in magnesium absorption only 
leads to decreased magnesium 
accumulation in femur when 
dietary magnesium concentra-

apparent magnesium absorption 
(pmol/d) 

400 
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100 ^f 
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y = 0.55x + 36 ^ , 
r- 0.997 s ^ ^ ^ 
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t f /^ .c- 'soybean protei n 
/^S^ y- 0.50x + 26 
^ x- 0. 996 

I 1 1 

0 100 200 300 400 500 

magnesium intake((imol/d) 

Figure 1. Relationship between magnesium intake and apparent 
magnesium absorption in rats fed purified diets containing either casein 
or soybean protein. Symbols: D, casein, Experiment 1; • , casein, 
Experiment 2; A, soybean protein, Experiment 1; A, soybean protein, 
Experiment 2. The values are means ± SEM for seven rats in 
Experiment 1 and for six rats in Experiment 2. The slopes of the 
regression lines did not differ, but the intercepts were significantly 
different (P < 0.05, Student's t test). 

tions are below the requirement. 
Lo et al. (3) and Forbes et al. (4) reported that casein and soybean protein do not 

differently affect magnesium content of femur. Lo et al. (3) used diets with added magnesium 
concentration of only 0.82 mmol/100 g, and thus the lack of protein effect on femur 
magnesium cannot be readily explained. Forbes et al. (4) studied availabilty of endogenous 
magnesium from different soybean protein preparations in comparison to that from inorganic 
magnesium supplemented to casein, whereas we studied the effects of protein source on 
magnesium absorption of added magnesium. It is not clear whether this difference in study 
design is responsible for the different findings concerning femur magnesium concentration. 
However, in both studies (3, 4) magnesium intakes of rats fed the different experimental diets 
were not reported, and thus it cannot be excluded that magnesium intake of rats fed the diets 
containing soybean protein were higher than those of rats fed the casein diets. Such a 
difference might obscure a protein effect on magnesium content of femur. 

Roberts and Yudkin (19) showed that dietary sodium phytate concentrations of 1 to 
10% (w/w) cause magnesium deficiency in rats. Phytate decreases the absorption of 
magnesium, which is probably due to the formation of intestinal magnesium-calcium-phytate 
complexes (20, 21), resulting in a decrease of soluble magnesium in the intestine. Thus it 
could be suggested that phytate, which is known to be present in soybean protein preparations 
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(22), is responsible for the observed differential effect of casein and soybean protein on 
magnesium absorption. This suggestion is supported by two lines of evidence in our study. 
First, Figure 1 illustrates that soybean protein versus casein reduced magnesium absorption 
by a constant amount independent of magnesium intake: not the slopes but the intercepts of 
the regression lines for magnesium absorption as function of magnesium intake were 
significantly different. Second, the diet containing soybean protein and the addition of phytate 
to the casein diet, to a concentration identical to that in the soybean protein diet, influenced 
magnesium metabolism similarly (Table 4). However, naturally occurring phytate in soybean 
protein might be less effective in binding magnesium than added sodium phytate, because the 
phosphate groups can be bound to other components in the protein preparation. Thus, less 
phosphate groups may be available for binding with magnesium, which in turn diminishes 
the phytate effect on magnesium absorption. Moreover, it cannot be excluded that part of the 
effect of protein type on magnesium absorption is due to a difference of amino acid profile 
in the protein preparations. 
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Abstract. The milk components, lactose and casein, enhance the apparent 
absorption of magnesium and possibly also of calcium, whereas phytate, 
which occurs in soybean products, has an inhibitory effect. This implies that 
soybean beverage versus cow's milk could lower bioavailability of magnesium 
and calcium. In two experiments with growing rats, this hypothesis was 
tested. Feeding soybean beverage versus cow's milk consistently lowered body 
weight gain, enhanced bone turnover, as measured by increased plasma 
alkaline phosphatase (EC 3.1.3.1) activities and increased urinary 
hydroxyproline excretion, and decreased magnesium and calcium 
concentrations in femur. Because the mineral composition of soybean beverage 
and cow's milk was different, the intake of magnesium was higher in rats fed 
soybean beverage, whereas that of calcium was higher in rats fed cows's milk. 
Supplementation of soybean beverage either with phosphorus and calcium or 
with phosphorus, calcium and methionine, to concentrations identical to those 
in milk, restored growth and bone mineralization. When using diets carefully 
balanced for magnesium, calcium, phosphorus, sodium, potassium and 
methionine, soybean beverage versus cow's milk in the diets decreased 
apparent absorption and urinary excretion of magnesium and calcium. 
Hydrolysis of lactose in milk decreased absorption and urinary excretion of 
magnesium; it did not significantly affect calcium absorption, but lowered 
urinary calcium excretion. This study shows that soybean beverage versus 
cow's milk depresses magnesium and calcium bioavailability as would be 
predicted on the basis of reported effects of their purified components. 

Introduction 

Constituents of cow's milk products, when compared with those of soybean products, 
increase the apparent absorption of magnesium and possibly also of calcium. Casein versus 
soybean protein improves magnesium absorption (1), but does not affect calcium absorption 
(2). Lactose, a constituent of milk, stimulates the absorption of magnesium (1, 3-5). The 
effect of lactose on calcium absorption is controversial, with improved calcium absorption 
(3-5) and no effect (6-8) being reported. Phytate, which is present in soybean products in 
significant amounts (9), suppresses the absorption of magnesium and calcium (1, 10-12). 

Based on the effects of constituents of milk products versus those of soybean products, 
it follows that substitution of soybean beverage for cow's milk in the diet lowers 
bioavailability, especially apparent absorption, of magnesium and calcium. However, it could 
be suggested that the constituents do not exhibit the anticipated effects when present in the 
matrix of the intact products. In order to test this suggestion, we fed cow's milk and soybean 
beverage to young growing rats and determined mineral bioavailability. The effect of lactose 
in intact milk was ascertained by comparing intact and lactase-treated milk. The soybean 
beverage used was deficient in methionine and calcium but contained more magnesium than 
cow's milk. To find out whether differences in mineral absorption from the intact products 
could be caused by differences in concentrations of these nutrients, we also used diets that 
were balanced for methionine, calcium and magnesium. Magnesium and calcium bio
availability were assessed by measurement of their apparent absorption, urinary excretion and 
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concentrations in plasma and femur. Plasma alkaline phosphatase (EC 3.1.3.1) activity and 
urinary hydroxyproline excretion were determined as indices of bone turnover. 

Materials and Methods 

General procedures. Male Wistar (Cpb:WU) rats, aged four wk, were housed individually 
in polycarbonate-topped metabolic cages with stainless steel wire bottoms (314 cm2 x 12 cm) 
in a room with controlled temperature (20-22°C), relative humidity (50-60%) and lighting 
(light, 06.00-18.00 h). For four wk, the animals were fed the experimental diets containing 
cow's milk, lactase-treated cow's milk or soybean beverage. Diets and demineralized water 
were freely available. 

Sterilized cow's milk was prepared in The Netherlands Institute for Dairy Research. 
Lactase-treated milk was obtained by addition of 200 mg lactase (EC 3.2.3.23, Maxilact-a 
40.000, Gist Brocades, Delft, The Netherlands) to one litre of the sterilized milk and 
incubation for 24 h at 10°C. This led to hydrolysis of 80% of the lactose. The soybean 
beverage was obtained from Protevit, Fijnaart, The Netherlands. Table 1 shows the analyzed 
composition of the cow's milk, lactase-treated cow's milk and soybean beverage. The milk, 
lactase-treated milk and soybean beverage were fed in the form of diets shown in Tables 2 
and 3. Basically, either a protein-free mixture without minerals or a protein-rich mixture with 
minerals were added to make a porridge. The experimental diets were freshly prepared twice 
a week. 

Feed consumption was recorded daily and body weights were measured weekly. During 
the last four d of the experimental period, feces and urine of each animal were collected. At 
the end of the experimental period, between 08.30 and 12.30 h, fasting blood samples were 
drawn under light diethyl ether anaesthesia by orbital puncture, which was immediately 
followed by decapitation. Femora were removed. 

For analysis of minerals, diets and feces were freeze-dried, homogenized and wet ashed 
with nitric acid and perchloric acid. Femora were cleaned of adhering tissue, defatted in 
diethyl ether for 50 h, weighed in air as well as under water for volume measurement. Fat 
free femora were dried for 16 h at 105°C and dry ashed in a muffle furnace for 16 h at 
550°C. After appropiate dilution, magnesium and calcium were analyzed by atomic 
absorption spectrophotometry (Perkin Elmer 1100, Bodenseewerk Perkin Elmer & Co. 
GmbH, Germany). Samples of the diets were also analyzed for sodium and potassium by 
atomic emission spectrophotometry and for phosphorus by the Fiske Subbarow method (14). 
Nitrogen in the diets was analyzed by the macro-Kjeldahl method (15) and lactose by high-
performance liquid chromatography (16). Methionine was determined according to the 
method described by Moore (17). The phytate content of the base products and the complete 
diets was analyzed as described by Slump et al. (18). 

Bioavailability of magnesium and calcium was evaluated by determination of their 
apparent intestinal absorption, urinary excretion and contents in plasma and femur. Bone 
turnover was assessed by measurement of plasma alkaline phosphatase and urinary 
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Table 1. Analyzed composition of the cow's milk ßi), lactose-treated cow's milk (L) and soybean beverage (S). 

M L S 

Energetic value (kJ/kg)' 

Nitrogen (g/kg) 

Fat (g/kg) 

Lactose (g/kg) 

Other carbohydrates (g/kg) 

Phytate (mmol/kg) 

Magnesium (mmol/kg) 

Calcium (mmol/kg) 

Phosphorus (mmol/kg) 

Potassium (mmol/kg) 

Sodium (mmol/kg) 

Water (mol/kg) 

1 Calculated on the basis of chemical analysis; energetic values used (kJ/g): protein, 16.8; carbohydrates, 16.8; fat, 
37.8. For conversion of nitrogen into protein concentrations a factor of 6.35 was used for cow's milk and lactase-
treated cow's milk, and a factor of 5.91 was used for soybean beverage. 

2 nd = not determined. 

hydroxyproline using commercial kits purchased from Boehringer, Mannheim, Germany and 
Hypronosticon, Organon Teknica, Oss, The Netherlands. Apparent intestinal absorption was 
calculated as mineral intake minus fecal excretion, and was expressed as such and as 
percentage of intake. 

Experiment 1. This experiment was designed to compare bioavailability of magnesium and 
calcium from cow's milk, lactase-treated cow's milk and soybean beverage. These products 
were compared in either a protein/mineral-free or protein/mineral-rich (magnesium-free) diet. 
The use of two dietary backgrounds was anticipated to provide clues as to whether the 
differential effects of cow's milk and soybean beverage become less pronounced when 
incorporated into more nutritionally adequate diets. Since we were especially interested in 
magnesium bioavailability from intact cow's milk and soybean beverage, no magnesium was 
added to the protein/mineral-rich dietary background. 

Forty-two rats, with a mean body weight of 83 g, were randomly divided into six 
groups of equal size and were fed diets containing either cow's milk, lactase-treated cow's 
milk or soybean beverage. To 2800 g of these products, which corresponded to 300 g of dry 
matter, 700 g of either a protein/mineral-free or protein/mineral-rich ingredient mixture was 
added as indicated in detail in Table 2. In essence, the protein/mineral-free mixture consisted 
of rice flour (Molenaar kindermeel, Milupa, Amersfoort, The Netherlands), supplemented 
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Table 2. Composition of the diets containing cow's milk ßi), lactose-treated cow's milk (L) or soybean beverage 
(S), Experiment 1. 

Experimental diets 

Ingredient 

Cow's milk' 

Lactase-treated milk' 

Soybean beverage' 

Protein/mineral-free mix2 

Protein/mineral-rich mix3 

Chemical analysis 

Nitrogen 

Phytate 

Lactose 

Magnesium 

Calcium 

Phosphorus 

Sodium 

Potassium 

Protein/mineral-free background 

M 

300 

-
-

700 

-

1543 

nd' 

339 

20.6 

92.5 

109.7 

60.9 

169.2 

L 

-
300 

-
700 

-

1536 

nd 

35 

20.6 

92.5 

109.7 

60.9 

169.2 

S 

g dry 

-
-

300 

700 

-

Protein/mineral-rich background 

M 

weight 

300 

-
-
-

700 

mmol/kg dry weight 

1729 

6.8 

0 

37.0 

15.0 

90.3 

82.6 

189.7 

2286 

nd 

348 

24.7 

135.0 

154.8 

156.5 

130.8 

L 

-
300 

-
-

700 

2264 

nd 

35 

24.7 

135.0 

154.8 

156.5 

130.8 

S 

-
-

300 

-
700 

2464 

7.0 

0 

41.2 

67.5 

135.5 

178.3 

151.3 

1 Used as such: to 2800 g of these products, which corresponded with 300 g of dry matter, 700 g of either the 
protein/mineral-free or protein/mineral-rich mixture was added. 

2 The protein/mineral-free mixture consisted of the following (g/kg dry diet): rice flour, 620.91; cellulose, 57; 
sunflower oil, 8; vitamin premix, 10; FeS04, 0.09; chromium trioxide, 4. The composition of the vitamin premix 
(AIN-76) was as described (13). 

3 The protein/mineral-rich mixture consisted of the following components (g/kg dry diet): ovalbumin, 105; cellulose, 
56; rice flour, 396.2; palm oil, 105; mineral premix, 24.5; vitamin premix, 9.1; choline chloride, 1.4; chromium 
trioxide, 2.8. The mineral premix consisted of the following (mg): CaC03, 1926; CaHP04.2H20, 4667; KH2P04, 
3418; FeSCv7H20, 176; MnSO„.H20, 167; ZnS04.7H20, 98; CuS04.5H20, 78; KIO„ 0.3; NajSeOj.S^O, 0.3; 
CrK(S04)2.12H20, 13; dextrose, 13,956. The composition of the vitamin premix (AIN'76) was as described (13). 

4 nd = not determined. 

with cellulose, iron and vitamins. The protein/mineral-rich mixture contained rice flour, 
cellulose, ovalbumin (NIVE-WRC, Amersfoort, The Netherlands), mineral and vitamin 
premix. The protein/mineral-rich mixture did not contain magnesium. 

Experiment 2. The aim of this experiment was to compare mineral availability from the 
different diets under conditions of equal growth and mineral intake by the rats. The soybean 
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Table 3. Composition of the diets containing cow's milk (M) or soybean beverage (S), Experiment 2. 

Supplements 

Ingredient 

Cow's milk' 

Soybean beverage' 

DL-Methionine (Met) 

CaHP04.2H20 

CaCO, 

MgC03 

NaHCO, 

KHCOj 

Protein/mineral-free mix2 

Chemical analysis 

Nitrogen 

Methionine 

Phytate 

Magnesium 

Calcium 

Phosphorus 

Sodium 

Potassium 

None 

300 

-
-
-
-
-
-
-

700 

1678 

27.5 

nd3 

20.6 

100.0 

106.5 

52.2 

125.6 

Experimental 

M 

Mg+Na+K 

300 

-
-
-
-
1.2 

1.8 

5.8 

700 

1664 

27.5 

nd 

34.6 

100.0 

106.1 

82.6 

164.1 

diets with protein/mineral 

None Met 

g dry weight 

-
300 300 

0.95 

-
-
-
-
-

700 700 

mmol/kg dry weight 

1793 1771 

22.1 28.1 

6.8 6.8 

37.0 36.8 

12.5 12.7 

80.6 77.4 

82.6 81.5 

164.8 163.7 

free background 

S 

P+Ca 

-
300 

-
4.4 

6.6 

-
-
-

700 

1764 

20.8 

6.9 

36.9 

102.5 

104.8 

80.3 

163.9 

P+Ca+Met 

-
300 

0.95 

4.4 

6.6 

-
-
-

700 

1786 

28.2 

7.0 

37.1 

103.8 

105.2 

80.8 

164.2 

Used as such: to 2800 g of these products, which corresponded with 300 g of dry matter, 700 g of either the 
protein/mineral-free or protein/mineral-rich mixture was added. 
The protein/mineral-free mixture consisted of the following (g/kg dry diet): rice flour, 620.91; cellulose, 57; 
sunflower oil, 8; vitamin premix, 10; FeS04, 0.09; chromium trioxide, 4. The composition of the vitamin premix 
(AIN76) was as described (13). 
nd = not determined. 

beverage is deficient in phosphorus, calcium and methionine; thus these nutrients were added, 
either alone or in combination, to concentrations identical to those in cow's milk. The 
soybean beverage contained more magnesium, sodium and potassium than cow's milk. In 
order to balance the diets for these components as well they were added to cow's milk to 
concentrations identical to those in soybean beverage. The composition of the diets used in 
experiment 2 is shown in Table 3. All diets contained the protein/mineral-free mixture. 
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Forty-two rats, with a mean body weight of 79 g, were randomly divided into six dietary 
groups of equal size and fed the diets. 

Statistics. A priori defined contrasts were evaluated using Bonferroni's test for multiple 
comparisons (19). The level of statistical significance adjusted for multiple comparisons was 
preset at P < 0.05. The following contrasts were tested. Experiment 1: lactase-treated cow's 
milk versus cow's milk against both dietary backgrounds; soybean beverage versus cow's 
milk against both dietary backgrounds; protein/mineral-rich diets versus protein/mineral-free 
diets with identical product. Experiment 2: non-supplemented soybean beverage versus non-
supplemented cow's milk; supplemented cow's milk versus non-supplemented cow's milk; 
soybean beverage supplemented with phosphorus, calcium and methionine versus 
supplemented cow's milk; soybean beverage supplemented with methionine versus non-
supplemented soybean beverage; soybean beverage supplemented with phosphorus and 
calcium versus non-supplemented soybean beverage; soybean beverage supplemented with 
phosphorus, calcium and methionine versus non-supplemented soybean beverage; soybean 
beverage supplemented with phosphorus, calcium and methionine versus soybean beverage 
supplemented with methionine; soybean beverage supplemented with phosphorus, calcium 
and methionine versus soybean beverage supplemented with phosphorus and calcium. Only 
those contrasts that reached statistical significance are indicated in Tables 4-7. 

Results 

Experiment 1 (Tables 4 and 5). 

Body weight gain and feed intake. Body weight gain and feed intake of rats fed soybean 
beverage against the protein/mineral-free background were significantly decreased when 
compared with rats fed cow's milk (Table 4). There were no significant differences between 
groups fed the diets containing the protein/mineral-rich mixture. Replacement of the 
protein/mineral-free mixture by the protein/mineral-rich mixture in the diet with soybean 
beverage significantly increased body weight gain. Such replacement did not influence body 
weight gain when the diet contained either cow's milk or lactase-treated cow's milk, while 
it significantly decreased feed intake. 

Magnesium balance. Irrespective of the composition of the dietary background, which in 
either case did not contain added magnesium, magnesium intake was significantly increased 
in rats fed soybean beverage (Table 4). This was associated with an increased absolute mag
nesium absorption and urinary and fecal magnesium excretion, while percentage magnesium 
absorption was decreased. Lactase-treated versus normal cow's milk significantly decreased 
intestinal magnesium absorption and lowered urinary magnesium excretion. Magnesium 
concentration in plasma was increased by soybean beverage versus cow's milk against a 
protein/mineral-free background. 
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Table 4. Body weight gain, feed intake, magnesium and calcium balance of rats given diets containing cow's milk 
(M), lactase-treated cow's milk (L) and soybean beverage (S) in a protein/mineral-free or protein/mineral-
rich background, Experiment 1'. 

Body-weight gain (g/28 d) 

Feed intake (g/28 d)3 

Magnesium balance 

Mg intake (/tmol/d) 

Fecal Mg excretion (/imol/d) 

Mg absorption (jjmol/d) 

Mg absorption (%) 

Urinary Mg excretion Q«nol/d) 

Plasma Mg (mmol/L) 

Calcium balance 

Ca intake (/imol/d) 

Fecal Ca excretion (jamoXIä) 

Ca absorption (jumol/d) 

Ca absorption (%) 

Urinary Ca excretion (/jmol/d) 

Plasma Ca (mmol/L) 

Experimental diets 

Protein/mineral-free 
background 

M 

137 

455 

358 

90 

267 

75 

185 

0.82 

1525 

351 

1174 

77 

33 

2.90 

L 

144 

478 

366 

144A 

226A 

62A 

136A 

0.82 

1575 

419 

1156 

73 
OA 

2.93 

S 

88" 

391" 

556B 

226" 

329B 

59" 

206 

0.90B 

225B 

20B 

205" 

94B 

3B 

2.85 

Protein/mineral-rich 
background 

M 

140 

397E 

325 

70 

255 

79 

177 

0.86 

1950E 

810E 

1139 

59E 

26 

2.93 

L 

150 

421F 

329 

95e 

235e 

71CF 

152 

0.83 

1973F 

788F 

1185 

60" 

17 

2.95 

S 

148° 

407 

551D 

222D 

329D 

60° 

222D 

0.88 

937D'° 

44D'° 

893D'° 

95D 

4 D 

2.91 

SED2 

6 

8 

22 

14 

9 

1 

8 

0.01 

94 

37 

80 

2 

2 

0.01 

1 Values are expressed as group means for seven rats per dietary group. Superscripts refer to a priori selected 
contrast which are significantly different (Bonferroni's test, P < 0.05). A = lactase-treated cow's milk versus 
cow's milk in the protein/mineral-free background; B = soybean beverage versus cow's milk in the 
protein/mineral-free background; C = lactase-treated cow's milk versus cow's milk in the protein/mineral-rich 
background; D = soybean beverage versus cow's milk in the protein/mineral-rich background; E = cow's milk 
in the protein/mineral-rich background versus cow's milk in the protein/mineral-free background; F = lactase-
treated cow's milk in the protein/mineral-rich background versus lactase-treated cow's milk in the protein/mineral-
free background; G = soybean beverage in the protein/mineral-rich background versus soybean beverage in the 
protein/mineral-free background. 

2 SED = Standard Error of Difference. 
3 On a dry weight basis. 

Calcium balance. Calcium intake was significantly lower in rats fed soybean beverage 
instead of cow's milk, which was associated with decreased absolute calcium absorption, 
decreased urinary and fecal calcium excretion and an increased percentage calcium absorption 
(Table 4). Absolute calcium absorption in rats fed soybean beverage was significantly higher 
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Table 5. Bone parameters in rats given diets containing cow's milk (M), lactase-treated cow's milk (L) or soybean 
beverage (S) in a protein/mineral-free or protein/mineral-rich background, Experiment 1'. 

Plasma alkaline phos
phatase activity (U/L) 

Urinary hydroxyproline 
excretion (/imol/d) 

Femur Mg (mmol/cm3) 

Femur Ca (mmol/cm3) 

Experimental diets 

Protein/mineral-free background 

M 

91 

7.6 

0.16 

4.85 

L 

96 

8.0 

0.15 

4.68 

S 

119B 

9.4" 

0.11B 

2.72" 

Protein/mineral-rich background 

M 

110 

8.0 

0.16 

4.84 

L 

97 

8.3 

0.16 

4.67 

S 

8 4 D . O 

9.0D 

0.14DG 

4.20DG 

SED2 

4 

0.3 

0.006 

0.16 

1 Values are expressed as group means for seven rats per dietary group. Superscripts refer to a priori selected con
trast which are significantly different (P < 0.05). B = soybean beverage versus cow's milk in the protein/mineral-
free background; D = soybean beverage versus cow's milk in the protein/mineral-rich background; G = soybean 
beverage in the protein/mineral-rich background versus soybean beverage in the protein/mineral-free background. 

2 SED = Standard Error of Difference. 

with the diets containing the protein/mineral-rich mixture instead of the protein/mineral-free 
mixture. Hydrolysis of lactose in milk did not significantly affect calcium absorption, but it 
decreased urinary calcium excretion. The latter effect just failed to reach statistical 
significance in rats fed diets with the protein/mineral-rich background. Plasma concentrations 
of calcium were not significantly influenced by the experimental diets. 

Bone metabolism. When the rats were fed the diets containing the protein/mineral-free 
mixture, urinary hydroxyproline excretion and plasma alkaline phosphatase activity were 
significantly increased by soybean beverage versus cow's milk (Table 5). When soybean 
beverage and cow's milk were compared against a protein/mineral-rich (magnesium-free) 
background, urinary hydroxyproline excretion was still increased, but plasma alkaline 
phosphatase activity was now significantly decreased in rats fed soybean beverage. 
Magnesium and calcium concentrations in femur were significantly lower in rats fed soybean 
beverage instead of cow's milk, irrespective of the background composition of the diet. 
Hydrolysis of lactose in milk did not significantly affect bone parameters. 

Experiment 2 (Tables 6 and 7). 

Body weight gain and feed intake. Body weight gain was significantly lower in rats fed non-
supplemented soybean beverage than in rats given non-supplemented milk (Table 6). Growth 
retardation in the rats fed soybean beverage had disappeared after supplementation of the diet 
with either phosphorus plus calcium or with the combination of phosphorus, calcium and 
methionine. Feed intakes of rats fed the experimental diets were not significantly different. 
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Table 6. Body weight gain, feed intake, magnesium and calcium balance in rats given diets containing cow's milk 
(M) or soybean beverage (S) in a protein/mineral-free background either with or without supplements. 
Experiment 2'. 

Supplements 

Body-weight gain (g/28 d) 

Feed intake (g/28 d)3 

Magnesium balance 

Mg intake Oimol/d) 

Fecal Mg excretion (/imol/d) 

Mg absorption (^mol/d) 

Mg absorption (%) 

Urinary Mg excretion (yumol/d) 

Plasma Mg (mmol/L) 

Calcium balance 

Ca intake (/tmol/d) 

Fecal Ca excretion 0*mol/d) 

Ca absorption (jimoVä) 

Ca absorption (%) 

Urinary Ca excretion (/tmol/d) 

Plasma Ca (mmol/L) 

Experimental diets with protein/mineral-free background 

None 

172 

447 

356 

98 

258 

72 

133 

0.88 

1900 

500 

1400 

74 

70.3 

2.85 

M 

M g + N a + K 

165 

446 

625A 

228A 

397A 

65A 

271A 

0.88 

2035 

610 

1424 

70 

67.5 

2.84 

None 

138B 

446 

623B 

245" 

378B 

61" 

252B 

0.98 

213" 

8B 

205B 

96B 

3.3B 

2.74" 

S 

Met 

140 

428 

623 

258 

364 

59 

239 

0.97 

210 

7 

203 

97 

3.4 

2.70 

P + C a 

158 

472 

705 

384D 

321D 

46D 

146D 

0.91 

2104D 

826D 

1278° 

61D 

37.1D 

2.80 

P + C a 
+Met 

165E 

467 

661 
355CE.F 

305C.E.F 

46C,E.F 

199° 

0.91 

1973E'F 

7 5 3 C . E , F 

1220C'E'F 

6 2 C . E , F 

31 . 3 C E F 

2.84F 

SED2 

4 

8 

25 

22 

12 

3 

15 

0.03 

130 

71 

98 

3 

7 

0.01 

1 Values are expressed as group means for seven rats per dietary group. Superscripts refer to a priori selected 
contrast which are significantly different (Bonferroni's test, P < 0.05): A = cow's milk supplemented with Mg, 
Na and K versus cow's milk without supplements; B = soybean beverage without supplements versus cow's milk 
without supplements; C = soybean beverage supplemented with P, Ca and methionine (Met) versus cow's milk 
supplemented with Mg, Na and K; D = soybean beverage supplemented with P and Ca versus soybean beverage 
without supplements; E = soybean beverage supplemented with P, Ca and methionine versus soybean beverage 
without supplements; F = soybean beverage supplemented with P, Ca and methionine versus soybean beverage 
supplemented with methionine. 

2 SED = standard error of difference. 
3 On a dry weight basis. 

Magnesium balance. Intake, absolute absorption, and urinary and fecal excretion of 
magnesium were significantly higher in rats fed non-supplemented soybean beverage 
compared with cow's milk (Table 6). Percentage magnesium absorption was decreased in rats 
fed soybean beverage. Supplementation of soybean beverage with methionine alone did not 
affect magnesium balance. Adding phosphorus plus calcium to the soybean beverage diet 
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caused a significant increase in fecal magnesium excretion and reduced urinary excretion as 
well as intestinal absorption. Further supplementation with methionine did not significantly 
influence urinary and fecal excretion of magnesium. The addition of magnesium, sodium and 
potassium to the cow's milk diet caused an increased intake of magnesium, associated with 
increased urinary and fecal excretion, and absolute absorption of magnesium. As a 
consequence, percentage magnesium absorption was decreased. Although magnesium intake 
did not differ between the rats fed the diet containing either soybean beverage supplemented 
with phosphorus, calcium and methionine or cow's milk supplemented with magnesium, 
sodium and potassium, the former showed significantly lower absolute and percentage 
magnesium absorption. Plasma magnesium concentrations were not significantly affected by 
the dietary treatments. 

Calcium balance. Intake, absolute absorption and urinary excretion of calcium were 
significantly lower in rats fed non-supplemented soybean beverage than in rats fed non-
supplemented cow's milk (Table 6). Percentage calcium absorption was significantly higher 
in rats fed soy beverage. Calcium balance was not affected after supplementation of the 
soybean beverage with methionine. The addition of phosphorus plus calcium or the 
combination of phosphorus, calcium and methionine caused similar increases in calcium 
intake, absolute absorption and urinary and fecal excretion of calcium, while percentage 
calcium absorption was similarly reduced. Fortification of milk with magnesium, sodium and 
potassium did not significantly affect calcium balance. Although calcium intake was not 
different between the two groups, percentage and absolute calcium absorption in rats fed the 
soybean beverage diet supplemented with phosphorus, calcium and methionine were 
significantly lower than in rats fed the cow's milk diet either without or with added 
magnesium, sodium and potassium. Plasma calcium concentrations were decreased in rats 
fed non-supplemented soybean beverage in comparison with those fed non-supplemented 
cow's milk. 

Bone metabolism (Table 7). Urinary hydroxyproline excretion and plasma alkaline 
phosphatase activity were significantly increased in rats fed non-supplemented soybean 
beverage compared with cow's milk. The addition of methionine to the soybean beverage diet 
did not affect these parameters, but addition of either phosphorus plus calcium or the 
combination of phosphorus, calcium and methionine decreased both parameters significantly. 
In rats fed the soybean beverage diet supplemented with phosphorus, calcium and methionine, 
plasma alkaline phosphatase activity was significantly lower than in rats fed the cow's milk 
diet supplemented with magnesium, sodium and potassium. However, urinary hydroxyproline 
excretion did not differ significantly between the two dietary groups. 

Magnesium and calcium concentrations in femur were significantly lower in rats fed 
non-supplemented soybean beverage than in rats fed cow's milk. Femur magnesium and 
calcium were not significantly affected by the addition of methionine to the soybean beverage 
diet. Supplementation of the soybean beverage diet with either phosphorus plus calcium or 
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Table 7. Bone parameters in rats given diets containing cow's milk (M) or soybean beverage (S) in protein/mineral-
free background either with or without supplements, Experiment 2'. 

Supplements 

Plasma alkaline phos
phatase activity (U/L) 

Urinary hydroxyproline 
excretion (/jmol/d) 

Femur Mg (mmol/cm3) 

Femur Ca (mmol/cm3) 

None 

77 

8.1 

0.16 

4.78 

Experimental diets 

M 

Mg+Na+K 

83 

8.3 

0.16 

4.83 

in protein/mineral-free background 

None 

117B 

13.4" 

0.09" 

2.45B 

Met 

103 

13.8 

0.08 

2.18 

S 

P+Ca 

60D 

8.2" 

0.15" 

4.68D 

P+Ca 
+Met 

5 g C.E .F 

9.2EF 

0.15EF 

4.65w 

SED2 

5 

0.5 

0.007 

0.25 

1 Values are expressed as group means for seven rats per dietary group. Superscripts refer to a priori selected 
contrast which are significantly different (Bonferroni's test, P < 0.05): B = soybean beverage without supplements 
versus cow's milk without supplements; C = soybean beverage supplemented with P, Ca and methionine (Met) 
versus cow's milk supplemented with Mg, Na and K; D = soybean beverage supplemented with P and Ca versus 
soybean beverage without supplements; E = soybean beverage supplemented with P, Ca and methionine versus 
soybean beverage without supplements; F = soybean beverage supplemented with P, Ca and methionine versus 
soybean beverage supplemented with methionine. 

2 SED = standard error of difference. 

phosphorus, calcium and methionine significantly increased magnesium and calcium 
concentrations in femur. The addition of magnesium, sodium and potassium to cow's milk 
did not affect bone parameters. Magnesium and calcium concentrations in femur were similar 
in rats fed either soybean beverage supplemented with phosphorus, calcium and methionine 
or cow's milk supplemented with magnesium, sodium and potassium. 

Discussion 

When soybean beverage and cow's milk were incorporated into diets containing a 
protein/mineral-free mixture, soybean beverage compared with cow's milk consistently 
depressed body weight gain and caused decreased femur concentrations of magnesium and 
calcium in both experiments. Bone turnover in rats given soybean beverage was increased, 
as indicated by increased plasma alkaline phosphatase activity (indicator of bone formation) 
and increased urinary hydroxyproline excretion (indicator of bone resorption). These effects 
of soybean beverage were most likely caused by the low concentration of calcium in this 
product (Table 1) as they were reversed after the addition of calcium (Tables 5 and 7). 
Calcium deficiency in young rats is known to cause growth retardation and increased bone 
turnover (20). 

Rats fed soybean beverage supplemented with phosphorus, calcium and methionine had 
lower plasma alkaline phosphatase activities than rats fed cow's milk supplemented with 
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magnesium, sodium, and potassium (Table 7). This most likely relates to the protein source. 
With the use of carefully balanced diets, soybean protein isolate decreased plasma alkaline 
phosphatase activities in rats when compared with casein (unpublished observation). 
However, the effect of protein on plasma alkaline phosphatase was not associated with 
decreased magnesium and calcium concentrations in femur (Table 7). 

Under conditions of equal growth rates and the feeding of diets with identical 
magnesium and calcium concentrations, intestinal absorption and urinary excretion of 
magnesium and calcium were significantly higher in rats fed cow's milk than in those given 
soybean beverage (Table 6). This was not reflected by a difference in femur concentrations 
of magnesium and calcium (Table 7). Apparently, the absorbed amounts of these minerals 
in rats fed soybean beverage sufficed to sustain normal bone mineralization. In rats fed 
soybean beverage diets not supplemented with phosphorus plus calcium, absolute calcium 
absorption did not suffice (Tables 6 and 7). 

Hydrolysis of lactose in milk significantly decreased magnesium absorption, but did not 
affect calcium absorption (Table 4). This agrees with the fact that lactose versus other 
carbohydrates increases magnesium absorption (3-5, 21). The effect of lactose on calcium 
absorption is controversial. Lactose has been reported to enhance calcium absorption (22-25). 
However no effect of lactose has also been reported (6-8, 21). The reason why lactose 
stimulates magnesium absorption, but perhaps not that of calcium, is not known. 

Apart from the absence of lactose in soybean beverage the presence of phytate may also 
explain why soybean beverage versus cow's milk lowers mineral absorption. Phytate 
decreases magnesium and calcium absorption (10-12). Addition of phytate to diets with 
casein, to a concentration identical to that in diets containing soybean protein, significantly 
decreased apparent absorption of magnesium (1) and calcium (unpublished observation) in 
rats to a level seen after feeding soybean protein. Thus phytate in soybean protein appears 
responsible for the reduction in magnesium and calcium absorption induced by soybean 
protein when compared with casein. 

In conclusion, the results of this study indicate that lactose and phytate when present 
in the matrix of intact milk and soybean beverage, respectively, still exert their influence on 
the bioavailability of magnesium and calcium. Soybean beverage versus cow's milk lowers 
apparent absorption of magnesium and calcium. 
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Chapter 5 

Ileal pH and apparent absorption of magnesium in rats 
fed diets containing lactose or lactulose 

Elizabeth J. Brink, Astrid M.P. Heijnen, Arnoldina G. Lemmens and Anton C. Beynen 



Abstract. The hypothesis was tested that dietary lactose versus glucose 
stimulates magnesium absorption in rats because lactose lowers pH of the 
intestinal lumen. The pH lowering may improve magnesium solubility 
which in turn elevates magnesium availability for transport across the 
intestinal epithelium. For comparison, the effects of lactulose were studied 
because it shares with lactose the characteristic of being poorly digestible. 
Replacement of glucose by lactose (10%, wt/wt) significantly stimulated 
apparent absorption of magnesium. Apart from magnesium absorption, 
lactulose also significantly enhanced apparent absorption of calcium and 
phosphate. Lactose versus glucose lowered the pH of the intestinal lumen 
from 7.5 to 7.2, whereas lactulose significantly reduced it to 7.0. In in 
vitro incubations, a decrease in pH, within the range of fluctuation in vivo, 
was found to cause an improved solubility of magnesium, and to a lesser 
extent also of calcium and phosphate. The smaller fall of ileal pH as 
induced by feeding lactose instead of lactulose, may explain why lactose 
improved magnesium absorption only. For individual rats there were 
negative relationships between ileal pH and apparent absorption of 
minerals, the relationship being strongest for magnesium. Neither lactose 
nor lactulose raised ileal solubility of minerals, which could relate to raised 
flow of chyme. It is suggested that lactose-induced stimulation of 
magnesium absorption in rats is caused by a lowering of ileal pH. 

Introduction 

Dietary lactose (ß-l,4-galactosyl-glucose) versus various other carbohydrates influences 
mineral absorption in rats. Lactose has been consistently shown to improve apparent 
magnesium absorption (1-5), whereas apparent calcium absorption was enhanced in some 
studies (6-9), but not in others (4, 10-12). Lactose was found to accelerate the appearance 
of label in blood when rats were administered lactose and radioactive phosphate together 
by gavage (13). However, in feeding trials no effect of lactose on apparent phosphate 
absorption was found (2). 

The mechanism by which lactose stimulates magnesium absorption is not known. 
Rats become lactase-deficient after weaning (14), and thus lactose is poorly digested. This 
may induce microbial fermentation of lactose in the intestine which in turn may lower the 
pH in the intestinal lumen. If insoluble calcium-magnesium-phosphate complexes are 
formed in the intestine, as has been shown in vitro (15), then a lowered pH should 
improve solubility of these minerals in the intestinal lumen (16). Only soluble minerals 
may cross the intestinal epithelium (17, 18). Thus, it could be hypothesized that lactose 
enhances ileal solubility of magnesium and thereby stimulates its absorption, whereas 
lactose has no major impact on ileal solubility of calcium and phosphate and consequently 
has no effect on calcium and phosphate absorption either. This hypothesis was tested in 
an experiment with weanling female rats. To see whether the hypothesis can be 
generalized, the effects of another poorly digestible carbohydrate, lactulose (ß-1,4-
galactosyl-fructose) (19) were studied as well. 
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Materials and Methods 

The experimental protocol was approved by the animal experiment committee of the 
Department of Laboratory Animal Science, Utrecht State University. 

Animals, housing and diets. We used female, outbred Wistar rats (Hsd/Cpb:WU, 
Harlan, Zeist, The Netherlands), aged about 3 wk. On arrival, the rats were fed ad 
libitum a commercial, pelleted diet (RMH-B, Hope Farms, Woerden, The Netherlands) 
and tap water. They were housed in wire-topped polycarbonate cages (37.5x22.5x15.0 
cm) with a layer of sawdust as bedding. Four d after arrival, all rats were fed the 
purified, control diet (Table 1) and demineralized water ad libitum. After another 8 d (d 0 
of the experiment), the rats were divided into 3 groups of 12 animals each, so that group 
mean body weights were similar. As from d 0, the rats were housed individually in 
metabolic cages (314 cm2xl2 cm). The cages were placed in a room with controlled 
temperature (20-22°C), lighting (light: 06.00-18.00 h) and relative humidity (50-65%). 

Table 1. Composition of the experimental diets. 

Control' Lactose Lactulose 

Ingredient 

Glucose2 709.4 609.4 609.4 

Lactose3 - 100.0 

Lactulose" - - 149.9 

Constant components5 290.6 290.6 290.6 

Chemical analysis 

Dry matter (g/kg) 941 941 893 

Calcium (mmol/kg) 112.5 115.0 107.5 

Magnesium (mmol/kg) 16.4 16.4 16.4 

Phosphate (mmol/kg) 125.8 129.0 135.4 

1 This diet also served as pre-experimental diet. 
2 Morsweet 01934, Cerestar, Haubourdin, France. 
3 Whey Products, Borculo, The Netherlands. 
4 Duphulac, Duphar BV, Amsterdam, The Netherlands. Lactulose preparation contained 33.3% (wt/wt) water. 
5 The constant components consisted of (g): casein, 151; corn oil, 25; coconut fat, 25; cellulose, 30; CaC03) 

12.4; MgCO,, 1.4; NaH2P04.2H20, 15.1; KCl, 1.0; KHC03, 7.7; mineral premix, 10; vitamin premix, 12. 
The mineral premix consisted of (mg): FeS04,.7H20, 174; Mn02, 79; ZnS04.H20, 33; NiS04.6H20, 13; NaF, 
2; KI, 0.2; CuS04.5H20, 15.7; Na2SeOJ.5H20, 0.3; CrCl,.6H20, 1.5; SnCl2.H20, 1.9; NH4V03, 0.2; corn 
meal, 9679.2. The vitamin premix consisted of (mg): thiamin, 4; riboflavin, 3; niacinamide, 20; DL-calcium 
pantothenate, 17.8; pyridoxine, 6; cyanocobalamin, 50; choline chloride, 2000; folic acid, 1; biotin, 2; 
menadione, 0.05; DL-a-tocopheryl acetate, 60; retinyl acetate and retinyl palmitate, 8 (4000 IU); 
cholecalciferol, 2 (1000 IU); corn meal, 9826.15. 
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During the experimental period (d 0-21, 0-22 or 0-23), one group of rats remained on the 
control diet. The other groups were fed diets with either 10% (wt/wt) lactose or lactulose. 
These diets were formulated by adding the carbohydrates to the control diet at the expense 
of the glucose component. Analysis indicated that the carbohydrates contained negligible 
amounts (< 0.001%, wt/wt) of magnesium, calcium and phosphate. 

As from d 0, the rats were transferred gradually to the test diets: one fifth of the 
control diet was replaced daily by the test diets until the transfer was complete after 5 d. 
The purified diets, which were in powdered form, were stored at 4 °C until feeding. The 
rats had free access to food and demineralized water. Feed consumption and body weight 
were recorded at regular intervals. The experiment lasted 21-23 d. 

Collection of samples. From d 17 to 19, feces and urine of each rat were collected 
quantitatively. The cages and tubes for collection of feces and urine were washed with a 
phosphate-free detergent (Briljant Rose Biosept, Rogier Bosman Chemie, Heijningen, The 
Netherlands) and rinsed thoroughly with 0.1 mol/L HCl and demineralized water. 

On d 21, between 8.30 and 11.00 h, 4 rats of each dietary group were anesthetized 
by exposure to diethyl ether. Blood was obtained by orbital puncture and the rats 
immediately killed by cervical dislocation. The entire small intestine, between stomach 
and cecum, was removed. The contents in the distal third of the intestine (ileum) was 
collected in pre-weighed tubes by gently squeezing the intestine between finger and 
thumb. The intestinal contents was immediately centrifuged (10 min, 10,000xg), and 
supernatant and pellet were separated. Weight of pellet and supernatant was determined. 
pH of the supernatant was measured directly (Russell combination pH electrode, Type 
RS-53, Auchtermuchty Fife, Great Britain). Trichloro acetic acid (TCA) was added to the 
supernatant to a final concentration of 5.4% (w/v) and the TCA-soluble fraction obtained 
by centrifugation (2 min, 10,000xg). Pellet and TCA-soluble fractions were analyzed for 
minerals. Cecum (including its contents), kidney and liver were excised and weighed. On 
d 22 and 23 the entire procedure was repeated with the remaining rats. 

In vitro experiments. To check whether the pH, within the range of observed fluctuation 
in the intestinal fluid, affects mineral solubility, in vitro experiments were carried out. 
The molar ratio of calcium:phosphate:magnesium in the incubations was chosen to be 
6:6:1, which is similar to that in the diet. Incubations had a final volume of 1 ml and 
contained in distilled water either 50 mmol/L MOPS (pH, 6.4-7.4) or 50 mmol/L HEPES 
(pH, 7.6-8.2), 3.5 mmol/L MgCl2, 20 mmol/L CaCl2, 20 mmol/L Na2HP04 and variable 
amounts of NaCl to maintain the ionic strength at 150 mmol/L. The mixture (0.9 ml) 
without Na2HP04 was pre-incubated for 10 min at 37 °C in a shaking waterbath. Then, 
0.1 ml of 200 mmol/L Na2HP04 was added and the mixture further incubated for another 
15 min. The tubes were then centrifuged (2 min, 10,000xg), supernatants collected and 
the pH measured. After dilution of the supernatant with TCA (final concentration 5%, 
wt/v), magnesium, calcium and phosphate were analyzed. 
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Chemical analyses. Magnesium and calcium in fractions of intestinal contents, feces, 
urine, feed samples and supernatants of in vitro incubations were analyzed as described 
elsewhere (20, 21). Phosphate was determined in ashed feed samples dissolved in 6 N 
HCl with the use of a commercial test combination (Phosphate, MA-KIT 10 ROCHE, 
Roche Diagnostics, Basel, Switzerland) and a COBAS-BIO auto-analyser (Hoffmann-La 
Roche BV, Mijdrecht, The Netherlands). For complete recovery of phosphate from the 
ashed samples, analysis was performed at least 1 wk after dissolution. 

Calculations. The distribution of minerals between the solid and liquid phase of ileal 
contents was calculated. The pellet obtained after centrifugation of the ileal contents 
comprises the solid phase contaminated with liquid phase. Weight of the solid phase was 
obtained after freeze-drying the pellet. Weight of the liquid phase was calculated as the 
sum of weight of liquid phase in the pellet (= total pellet weight minus solid phase) and 
that of supernatant. The concentration of minerals in the supernatant was assumed to be 
identical to that in the liquid phase. The amount of minerals in the solid phase was 
calculated as that in the total pellet minus that in the liquid phase of the pellet. 
Multiplying mineral concentration (mmol/L) in the supernatant with the weight of the 
liquid phase gave the amount of minerals in the liquid phase. The fraction of mineral in 
the liquid phase was computed as percentage of the total amount in the ileal contents. 

Apparent absorption of minerals was calculated as mineral intake minus fecal 
excretion and expressed as percentage of intake. Retention of minerals was calculated as 
mineral intake minus fecal plus urinary excretion and expressed as percentage of intake. 

Statistical analyses. Differences between group means were evaluated with Tukey's test. 
The level of significance was preset at P < 0.05. 

Results 

Growth and organ weights. Final body weight and feed intake of rats fed the lactulose 
diet were significantly lower than those of the control group (Table 2). Relative kidney 
and liver weights were similar for all groups. Weight of cecum with contents was 
significantly elevated in rats fed lactose or lactulose. Lactulose produced a more than 
twofold higher cecum weight than did lactose. 

Excreta production. Feces production of rats fed the lactulose diet was significantly 
higher than that of rats fed the control diet containing glucose (Table 2). This was due to 
the elevated water content of feces in the rats fed lactulose. Lactose also produced an 
increment in the amount of water in feces but this effect was less pronounced. Group 
mean urine production and urinary pH were highest in the lactulose group. 
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Table 2. Growth performance, selected organ weights and excreta production',2. 

Control Lactose Lactulose 

Body weight 

Initial (g) 

Final (g) 

Feed intake (g/d) 

94±2 

160±4b 

12.6 ±0.4" 

Relative organ weight (% of body weight) 

Kidney 0.39±0.01 

Cecum 0.83±0.05* 

Liver 4.29 ±0.08 

Feces 

Production (g/d) 

Dry matter (%) 

Urine 

Production (mL/d) 

pH 

0.9±0.1' 

69.3±1.0C 

4.1 ±0.3' 

8.4±0.3" 

94±2 

156±3,b 

12.1±0.1,b 

0.38±0.01 

1.44±0.09b 

4.31 ±0.08 

i.o±o.rb 

60.0±1.6b 

3.8±0.3* 

9.0±0.2"b 

94±2 

148 ±2 ' 

11.4±0.2' 

0.36±0.01 

3.09±0.16c 

4.12±0.07 

1.2±0.1b 

53.4±1.1' 

5.8±0.4b 

9.2±0.1b 

Values are means ± SEM for 12 rats per dietary group. 
Group means within a row not sharing a common superscript are significantly different (Tukey's test, 
P < 0.05). 

Mineral balance. Table 3 shows that intakes of minerals during the balance period (d 17-
19) were similar in the dietary groups. Apparent absorption and retention of magnesium 
and phosphate were significantly higher in the rats fed lactulose than in those fed glucose. 
Lactose significantly raised apparent magnesium absorption, but did not affect that of 
phosphate. 

Apparent absorption of calcium was not significantly affected by lactose, whereas 
percentage calcium absorption was significantly increased in rats fed lactulose. 

In the rats fed the lactulose diet, urinary calcium excretion was significantly 
elevated. Lactose did not significantly affect urinary mineral excretion. 

Minerals in ileal lumen. Rats fed lactulose had significantly more liquid phase in their 
ileal lumen than rats fed the control diet (Table 4). Lactose and lactulose produced a 
lower group mean pH of the liquid phase than did glucose, but the lowering was 
statistically significant only for lactulose. The amount of solid phase in the ileal lumen 
was similar for all dietary groups. 

Calcium concentration in liquid phase did not differ significantly between the dietary 
groups. However, lactose and lactulose raised the amount of calcium in the liquid phase. 
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Table 3. Balance of calcium and magnesium'J. 

Calcium 

Intake (/imol/d) 

Fecal excretion (pmol/d) 

Absorption (/imol/d) 

Absorption (% of intake) 

Urinary excretion Qimol/d) 

Retention (/imol/d) 

Magnesium 

Intake (/unol/d) 

Fecal excretion (/tmol/d) 

Absorption («mol/d) 

Absorption (% of intake) 

Urinary excretion (/tmol/d) 

Retention (/tmol/d) 

Phosphate 

Intake (jtmol/d) 

Fecal excretion (/imol/d) 

Absorption (jtmol/d) 

Absorption (% of intake) 

Urinary excretion (/imol/d) 

Retention (/imol/d) 

Control 

1418±61 

708±55b 

708 ±46 

50±3" 

10±1* 

699 ±46 

198 ±8 

95 ±7 ' 

103 ±7 ' 

52 ±3 ' 

33 ±5 

71±5' 

1584±69 

561 ±42 

1023 ±48' 

65 ±2 ' 

452 ±48 

568 ±45" 

Lactose 

1402±21 

587±23"b 

815±35 

58±2"b 

10±2" 

804±35 

189±2 

58±2b 

134+4" 

70±lb 

37±3 

95±5b 

1574±24 

481 ±17 

1094±34"b 

69±l , b 

448 ±17 

645±34b 

Lactulose 

1330±27 

503 ±38' 

826 ±44 

62±3b 

30±3b 

796 ±43 

189±3 

37 ±2" 

145 ±4b 

79±l e 

41±3 

102 ±5b 

1675 ±33 

474±33 

1201 ±43b 

72±2b 

355 ±14 

847±51° 

' Values are means ± SEM for 12 rats per dietary group. 
2 Group means within a row not sharing a common superscript are significantly different (Tukey's test, 

P < 0.05). 

The amount of calcium in solid phase was similar for the three groups. The percentage of 
total calcium in the liquid phase in the ileal lumen was significantly elevated in the 
lactulose group and tended to be elevated in the rats fed lactose when compared with the 
control group. 

Group mean magnesium amounts in the liquid and solid phase in rats fed the 
lactulose diet were lower than in rats fed the other diets. The fraction of soluble 
magnesium did not differ significantly between the dietary groups. 

Concentrations of phosphate in the liquid phase and the amount of phosphate in the 
solid phase were not significantly affected by the experimental diets. The absolute amount 
and percentage of phosphate in the liquid phase tended to be elevated in the lactulose 
group. 
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Table 4. Distribution of calcium and magnesium between the liquid and solid phase in the ileal lumen12. 

Liquid phase weight (g) 

Liquid phase (pH) 

Solid phase weight (g) 

Calcium 

Amount in liquid phase (jimol) 

Amount in solid phase (jimof) 

Fraction in liquid phase (%) 

Concentration in liquid phase 
(mmol/L) 

Magnesium 

Amount in liquid phase (/imol) 

Amount in solid phase (/imol) 

Fraction in liquid phase (%) 

Concentration in liquid phase 
(mmol/L) 

Phosphate 

Amount in liquid phase 0*mol) 

Amount in solid phase (/tmol) 

Fraction in liquid phase (%) 

Concentration in liquid phase 
(mmol/L) 

Control 

0.30±0.02* 

7.5±0.1b 

0.10+0.01 

3.5+0.3' 

90±12 

4.0±0.5* 

12±2 

4.5±0.3b 

9±l b 

35±3 

16±lb 

1.3±0.2 

67±8 

1.7±0.3 

3.9±0.5 

Lactose 

0.36±0.03'b 

7.2±0.Tb 

0.09±0.01 

5.8±0.6b 

88±10 

6.5±0.7*b 

16±1 

4.5+0.3" 

8± l b 

38+3 

13±lb 

1.3+0.2 

69 ±7 

1.5+0.2 

2.6+0.3 

Lactulose 

0.42±0.03b 

7.0+0.1' 

0.10+0.01 

6.0±0.8b 

62+7 

9.0±1.0b 

14+2 

2.9+0.3' 

5 + 1' 

40+4 

7+1* 

1.9+0.2 

55+6 

3.8 + 1.8 

4.5+0.7 

Values are means ± SEM for 12 rats per dietary group. 
Group means within a row not sharing a common superscript are significantly different (Tukey's test, 
P < 0.05). 

Ileal pH and mineral absorption. There was a negative relationship between the pH in 
the ileal lumen and percentage apparent magnesium absorption (Figure 1). Similar 
relationships, although less strong, were calculated for calcium (r=-0.40, n=36) and 
phosphate (r=-0.44, n=36). 

In vitro solubility of minerals. Within the pH range of 6.8 to 7.7, the pH and the 
percentages of magnesium, calcium and phosphate in the supernatant of the incubations 
were negatively associated (Figure 2). The increase in solubility with decreasing pH was 
most pronounced for magnesium. 
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Figure 1. Relationship between pH in the ileal lumen and percentage apparent 
magnesium absorption in rats fed the experimental diets (y = -22x + 229, r = 
-0.69, n = 36). D = control; • = lactose; A = lactulose. 

Discussion 

As would be expected (22, 23), the feeding of either lactose or lactulose produced 
markedly elevated cecum weights. This substantiates the low digestibility of these 
carbohydrates (19, 24) and their suitability as substrates for intestinal bacterial 
fermentation. Lactulose caused an enlargement of intestinal bulk as evidenced by the 
elevated weight of the ileal liquid phase and raised fecal weight due to enrichment with 
moisture. Lactose tended to have similar effects, but those of lactulose were much more 
pronounced. Lactulose also stimulated urine production, which may partly be caused by 
the higher water content of the lactulose diet. 

This study shows that dietary lactose versus glucose significantly enhances the 
apparent absorption of magnesium, which corroborates other reports (1-5). Lactose versus 
glucose caused an increment in group mean calcium absorption, but this effect failed to 
reach statistical significance. Similar results have been published by others (6-9). Lactose 
in the diet did not significantly affect apparent phosphate absorption, which agrees with 
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Figure 2. Magnesium, calcium and phosphate in 
supernatants of incubations with varying pH 
(means ± SD, n=6). Recovery in supernatant is 
expressed as percentage of total amount of 
mineral in the incubation. 

other work (2). In this study, marked effects of lactulose on mineral absorption emerged. 
Lactulose versus glucose significantly stimulated the apparent absorption of magnesium, 
calcium and phosphate. Another poorly digestible carbohydrate which is structurally 
related to lactulose, lactitol (ß-D-galacto-pyranosyl-l,4-D-sorbitol), has also been shown 
to enhance calcium absorption (25). 

The major objective of this study was to find out why lactose stimulates magnesium 
absorption. This can be extended by the question why lactulose enhances the absorption of 
magnesium, calcium and phosphate. We had hypothesized that lactose lowers the pH in 
the intestinal lumen, thereby improving the solubility of magnesium which in turn elevates 
the amount of magnesium that can cross the intestinal epithelium. Indeed, we found that 
lactose versus glucose tended to lower the pH of the intestinal digesta. With the use of in 
vitro incubations, we demonstrated that a lowering of pH from 7.5 to 7.2, which was 
found in vivo when dietary glucose was replaced by lactose, caused an improved 
solubility of magnesium. Similar effects, although much less pronounced, were seen for 
calcium and phosphate. This would explain why lactose stimulated magnesium absorption 
but not that of calcium and phosphate. 
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Dietary lactulose significantly lowered the ileal pH from 7.5 to 7.0. In keeping with the 
effects seen in vitro, dietary lactulose versus glucose caused a significant increment in the 
percentage of calcium in the intestinal liquid phase. Lactulose also raised the fractions of 
soluble magnesium and phosphate. Due to the large within-group variation, these effects 
did not reach statistical significance. Thus, the effect of lactulose on group mean ileal 
solubility of magnesium, calcium and phosphate is consistent with the hypothesis, but the 
evidence is not solid. Although the pH in the ileal lumen was decreased, the stimulatory 
effect of lactulose on mineral absorption cannot be explained by a lactulose-induced 
increment in mineral solubility in the ileal lumen. Nevertheless, for individual rats 
negative relationships between pH in the ileal lumen and intestinal apparent mineral 
absorption could be demonstrated. As would be expected on the basis of in vitro 
observations (Figure 2), the relationship was strongest for magnesium (Figure 1). 

The concentration of minerals in the liquid phase of the ileal contents may determine 
mineral absorption rather than the fraction of minerals in the liquid phase. Within this 
concept, lactulose should elevate the concentration of minerals in the liquid phase. 
However, as mentioned above this was not seen. As to magnesium, the concentration in 
the liquid phase was even significantly lowered after feeding lactulose. This may relate to 
differences in intestinal transit time between rats fed either glucose or lactulose. The 
intestine of rats fed the lactulose diet tended to contain less minerals (Table 4), possibly 
due to a raised flow of chyme. It should also be noted that magnesium (18), calcium (26, 
27) and phosphate (27) can be absorbed in the cecum and/or colon. Given the marked 
influence of lactose and lactulose on cecum weight (Table 2), it is likely that these 
disaccharides alter the milieu of the cecum and/or colon. Whether this influences overall 
mineral absorption is not known. 

In conclusion, under the experimental conditions, the stimulatory effect of lactose on 
magnesium absorption cannot be explained by increased solubility of magnesium in the 
ileal lumen. However, the observed negative relationship between pH in the ileal lumen 
and intestinal magnesium absorption indicates that the decrease in ileal pH after lactose 
feeding is responsible for the improved magnesium absorption. 
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Abstract. We have tested the hypothesis that increased intakes of calcium and 
phosphate lower magnesium solubility in the intestinal lumen, causing a 
decreased magnesium absorption. In in vitro experiments at a constant 
magnesium concentration, increasing calcium concentrations reduced 
magnesium solubility. This effect did not occur in the absence of phosphate. 
Increasing phosphate concentrations decreased the solubility of magnesium in 
the presence, but not in the absence of calcium. These results suggest that the 
formation of an insoluble calcium-magnesium-phosphate complex determines 
magnesium solubility. To extend this concept to in vivo conditions, rats were 
fed purified diets containing a constant concentration of magnesium (16.4 
/imol/g) but different concentrations of calcium (25, 100 or 175 ;tmol/g) and 
phosphate (58, 103 or 161 /tmol/g). Increased intakes of calcium decreased 
magnesium solubility in the ileal lumen and lowered magnesium absorption. 
The latter occured only if the dietary phosphate concentration was at least 103 
jtmol/g. Increasing dietary phosphate concentrations reduced both magnesium 
solubility in the intestine and magnesium absorption, but only if the dietary 
calcium concentration was at least 100 /tmol/g. These results support those 
obtained in vitro. It is concluded that increased intakes of calcium and 
phosphate decrease magnesium absorption by the formation of an insoluble 
calcium-magnesium-phosphate complex in the intestinal lumen. 

Introduction 

Increased intakes of calcium have been reported to impair apparent intestinal absorption of 
magnesium in rats (1-5), but not in humans (6-10). No explanation has been offered for this 
species-dependent effect of dietary calcium (see 11 for review). Because it has been shown 
in vitro that magnesium can form an insoluble complex with calcium and phosphate (12), we 
hypothesize that this also might occur in the intestine. Magnesium absorption likely depends 
on the concentration of soluble magnesium in the intestine (13,14). Therefore the intestinal 
formation of an insoluble calcium-magnesium-phosphate complex may affect magnesium 
absorption. The low calcium concentrations in human diets, as compared with rat diets, 
might result in less supersaturation of the human intestinal lumen, and consequently in less 
formation of insoluble complexes. Furthermore, human diets have a lower molar 
phosphate:magnesium ratio than rat diets, the ratios being about three (10) and six (15), 
respectively. This relatively low phosphate:magnesium ratio in human diets, as compared 
with rat diets, might result in less formation of insoluble complexes in the human intestine 
in the presence of extra calcium. This would explain why addition of calcium to human diets 
does not affect magnesium absorption whereas addition of calcium to rat diets inhibits it. 

In the present studies it was tested whether the inhibitory effect of calcium on 
magnesium absorption observed in rats but not in humans is caused by decreased intestinal 
magnesium solubility due to the formation of an insoluble calcium-magnesium-phosphate 
complex. In in vitro experiments the effects of various calcium concentrations on solubility 
of magnesium were measured at different phosphate, but constant magnesium concentrations. 
Further, in a feeding trial with rats using diets with different phosphate but constant 
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magnesium concentrations, the effects of various dietary calcium concentrations on 
magnesium solubility in the ileal lumen and on apparent magnesium absorption were 
determined. The ileal site is predominant in magnesium absorption (11). 

Materials and Methods 

In vitro experiments. We investigated the effects of calcium on magnesium solubility at 
different phosphate but constant magnesium concentrations. The molar phosphate:magnesium 
ratio in the incubations ranged from 0 to 10. Ratios of 3 and 6 were included, which are 
similar to those in human (10) and rat diets (15), respectively. The incubations in Eppendorf 
tubes (Greiner BV, Alphen a/d Rijn, The Netherlands) had a final volume of 1 mL, and 
contained di-sodium hydrogen phosphate (0-50 mmol/L), calcium chloride (0-30 mmol/L), 
magnesium chloride (5 mmol/L) and N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid 
(HEPES) buffer (50 mmol/L) in distilled water. Various amounts of sodium chloride were 
added to maintain a constant ionic strength of 150 mM. After 15 min at 37CC, the tubes were 
centrifuged for 2 min at 10,000*g. The supernatants were collected and the pH was measured 
at 37°C; it ranged from 6.96 to 7.04, which was comparable to the pH of the ileal contents 
(see below). After acidification with trichloroacetic acid (TCA) to a final concentration of 
50 g/L, magnesium in the supernatant was analyzed by atomic absorption spectrophotometry 
(AAS) (Perkin Elmer 1100, Bodenseewerk Perkin Elmer & Co GmbH, Überlingen, 
Germany). Solubility of magnesium was measured as absolute amount of magnesium in the 
supernatant. 

In vivo experiment. Using rats, we investigated whether the amount of dietary calcium 
affects magnesium solubility in the intestinal lumen and whether this parameter is associated 
with the efficiency of magnesium absorption. Specifically, we addressed the question whether 
the effect of dietary calcium depends on the concentration of phosphate in the diet. The 
experimental protocol was approved by the animal ethical committee of the Agricultural 
University, Wageningen, The Netherlands and its execution supervised by the animal welfare 
officer. 

We used 56 male Wistar rats (Cpb:WU) from a local breeding colony (Laboratory 
Animals Center, Agricultural University, Wageningen, The Netherlands). They were 10 wk 
of age and had a mean body weight of 293 g. The rats were housed individually in metabolic 
cages in a room with controlled temperature (20-22°C), relative humidity (50-60%) and 
lighting (light, 06.00-18.00 h). They were randomly divided into 7 dietary groups of 8 
animals each and were fed experimental diets containing different calculated concentrations 
of calcium (25, 100 or 175 /xmol/g) and phosphate (58, 103 or 161 /trnol/g) and a constant 
magnesium concentration (16.4 /imol/g) for 28 d. The duration of the experimental period 
is identical to that used in our other rat studies on magnesium absorption (16, 17). The 
composition of the diets is shown in Table 1 ; calculated mineral concentrations agreed well 
with those analyzed (Table 1). The phosphate concentrations were chosen in such a way that 
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Table 1. Composition of the experimental diets. 

Ingredient 

Constant components2 

CaC03 

NaH2PO„.H20 

NajCO, 

Dextrose 

Total 

Chemical analysis 

Calcium 

Magnesium 

Phosphorus 

Sodium 

LCaLP 

604.4 

2.1 

1.6 

5.5 

386.4 

1000 

25 

16.3 

58 

119 

MCaLP 

604.4 

9.6 

1.6 

5.5 

378.9 

1000 

103 

16.5 

59 

113 

HCaLP 

604.4 

17.1 

1.6 

5.5 

371.4 

1000 

175 

16.4 

58 

116 

Dietary treatment' 

LCaMP 

g/kg 

604.4 

2.1 

7.9 

3.1 

382.5 

1000 

mmol/kg 

25 

16.4 

106 

116 

MCaMP 

604.4 

9.6 

7.9 

3.1 

375.0 

1000 

103 

16.3 

112 

120 

HCaMP 

604.4 

17.1 

7.9 

3.1 

367.5 

1000 

180 

16.4 

106 

119 

HCaHP 

604.4 

17.1 

15.9 

0.0 

362.6 

1000 

178 

16.4 

165 

116 

LCaLP = low calcium, low phosphate, phosphate:magnesium 3.5; MCaLP = moderate calcium, low phosphate, 
phosphate:magnesium 3.5; HCaLP = high calcium, low phosphate, phosphatermagnesium 3.5; LCaMP = low 
calcium, moderate phosphate, phosphatermagnesium 6.3; MCaMP = moderate calcium, moderate phosphate, 
phosphate:magnesium 6.3; HCaMP = high calcium, moderate phosphate, phosphatermagnesium 6.3; HCaHP = 
high calcium, high phosphate, phosphatermagnesium 9.8. 
The constant components consisted of (g/kg); casein, 200; DL-methionine, 3; palm oil, 150; wheat starch, 150; 
cellulose, 50; magnesium sulphate, 3.9; mineral premix, 35; vitamin premix, 10; cholecalciferol, 0.25 (1000IU); 
retinyl-acetate, 0.25 (4000 IU); choline chloride, 2. The mineral premix consisted of the following (mg): KHCOj, 
3240; KCl, 4410; sodium citrate (C6H5Na,07.2H20), 4320; FeS04.7H20, 175; MnS04.H20, 238; ZnSO,.7H20, 
483; CuS04.5H20, 112; KI03, 0.4; Na^SeOj.S^O, 0.4; CrK(SO„)2.12H20, 19; dextrose, 22002.2. The vitamin 
premix consisted of the following (mg): thiamin, 6; riboflavin, 6; pyridoxine, 7; nicotinamide, 30; 
DL-calciumpantothenate, 16; folic acid, 2; D-biotin, 0.2; cyanocobalamine, 0.01; DL-a-tocopherylacetate, 100; 
menadione, 0.05; dextrose, 9832.74. 

the phosphate: magnesium ratios were comparable with those used in the in vitro experiments. 
At the phosphatermagnesium ratios of 3.5 and 6.3, three different calcium concentrations 
were introduced. At the phosphatermagnesium ratio of 9.8, one calcium concentration 
(175 /imol/g) was used. 

The diets were in powdered form and were stored at 4°C until feeding. Diets and 
demineralized water were freely available. Feed consumption was recorded daily and body 
weights were measured weekly. During the last four days of the experimental period (d 25-
28), feces and urine of each animal were collected separately and measured quantitatively. 
At the end of the experimental period (d 28), between 08.30 and 10.30 h, the animals were 
killed by decapitation. Total ileal contents were collected in Eppendorf tubes by gently 
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squeezing the contents of the distal one-third of the intestine (ileum) between finger and 
thumb. The ileum was chosen for the in vivo solubility studies because this intestinal segment 
is most prominent in magnesium absorption (11). The ileal contents were centrifuged for 10 
min at 10,000xg and the pellet and supernatant were separated. The pH of the supernatant 
was measured. After acidification with TCA to a final concentration of 50 g/L and the 
magnesium concentration in the supernatant was analyzed by AAS. 

Diet samples, feces and pellets of ileal contents were freeze-dried, homogenized and 
wet ashed with nitric acid (14 mol/L) and perchloric acid (12 mol/L). After appropriate 
dilution, magnesium was analyzed in ashed samples as described above. Diet samples were 
also analyzed for sodium by atomic emission spectrophotometry (Perkin Elmer 1100, 
Bodenseewerk Perkin Elmer & Co GmbH, Überlingen, Germany), for calcium by AAS and 
for phosphate by the Fiske Subbarow method (18). 

Solubility of magnesium was estimated as magnesium present in the liquid phase of the 
ileal contents and expressed as percentage of the sum of magnesium in the supernatant and 
pellet. Weight of the liquid phase was calculated as the sum of weights of supernatant and 
liquid phase in the pellet (=total pellet weight minus weight of pellet after freeze-drying). 
Apparent intestinal absorption of magnesium was calculated as magnesium intake minus fecal 
excretion, and was expressed as percentage of intake. 

Statistics. Analysis of variance was applied to test the significance of main and interaction 
effects. Tukey's test (19) was used to compare group means. The level of significance was 
preset at P < 0.05. 

Results 

In vitro experiments. 

Effect of calcium on solubility of magnesium. Figure 1 shows the amount of soluble 
magnesium, that is magnesium in the supernatant, as function of varying calcium and 
phosphate concentrations in incubations with a constant concentration of magnesium (5 
mmol/L). When phosphate was absent (phosphate:magnesium ratio = 0), calcium did not 
affect the solubility of magnesium. At phosphate:magnesium ratios of either 6 or 10, the 
decrease of magnesium solubility with increasing calcium concentration was more 
pronounced than at the phosphate: magnesium ratio of 3. Figure 1 also illustrates that at every 
calcium concentration an increase in phosphate: magnesium ratio decreased soluble 
magnesium. Analogous effects were found at a lower (2.5 mmol/L) or higher (10 mmol/L) 
constant magnesium concentration (results not shown). 

Effect of phosphate on solubility of magnesium. Figure 2 shows that in the absence of 
calcium increasing the phosphate concentration in the incubation did not affect the amount 
of soluble magnesium. However, in the presence of 30 mmol/L calcium, there was a drastic 
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soluble magnesium (mmol/L) soluble magnesium (mmol/L) 

calcium (rmol/L) 

Figure 1. In vitro effects of calcium on solubility of 
magnesium at different phosphate:magnesium ratios 
(means ± SEM, n=6). The magnesium concentra
tion was maintained at 5 mmol/L. The molar phos-
phate:magnesium ratios used were: 0 (A), 3 (D), 
6 ( • ) and 10 (A). Analysis of variance: calcium 
effect, P < 0.001; phosphate effect, P < 0.001; 
interaction (calcium x phosphate), P < 0.001. 

Figure 2. In vitro effects of phosphate on solubility 
of magnesium at two different concentrations of 
calcium (means ± SEM, n=6). The magnesium 
concentration was kept constant at 5 mmol/L. 
Calcium concentrations were 0 (D) and 30 ( • ) 
mmol/L. Analysis of variance: phosphate effect, 
P < 0.001; calcium effect, P < 0.001; interaction 
(calcium x phosphate), P < 0.001. 

reduction of the amount of magnesium in the supernatant with increasing phosphate 
concentration. 

In vivo experiment. 

Body weight and feed intake. Body weight gain and feed consumption did not differ 
significantly between the dietary groups (results not shown); final body weight was on 
average 363 +_ 5 g and feed consumption 18.6 +. 0.3 g/d (mean +. SEM, n = 56). 

Dietary calcium and solubility of magnesium in the ileal lumen. There were no significant 
differences in pH of the ileal contents between the dietary groups (Table 2). The amounts of 
magnesium in total ileal contents (Table 2) and the volumes of liquid phases of the ileal 
contents (results not shown) did not differ significantly between the dietary groups. 
Therefore, ileal solubility of magnesium was expressed as percentage of the total amount of 
magnesium in the ileal contents (Figures 3 and 4). Increasing dietary calcium concentrations 
caused a decrease in the amount of soluble magnesium in the ileal lumen (Figure 3A). This 
effect was greater at a dietary phosphate:magnesium ratio of 6.3 than of 3.5. 

Dietary calcium and magnesium balance. Because magnesium intake was almost identical 
in rats fed the experimental diets (Table 2), apparent magnesium absorption is expressed as 
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100 150 200 

dietary calciun (umol/g) 

Figure 3. In vivo effects of calcium concentration 
and phosphate:magnesium ratio in the diet on solu
ble magnesium in the ileal lumen (panel A) and on 
apparent magnesium absorption in rats (panel B). 
Results are expressed as means ± SEM (n=8). The 
dietary magnesium concentration was kept constant 
at 16.4 /tmol/g. Molar phosphate:magnesium ratios 
were 3.5 (D) and 6.3 ( • ) . Analysis of variance: 
panel A, calcium effect, P < 0.001; phosphate ef
fect, P < 0.01; interaction (calcium x phosphate), 
not significant; panel B, calcium effect, P < 0.001; 
phosphate effect, P < 0.001; interaction (calcium x 
phosphate), P < 0.05. 

150 200 

dietary phosphate (umoi/g) 

Figure 4. In vivo effects of dietary phosphate con
centration, at constant calcium (175 /tmol/g) and 
magnesium (16.4 /tmol/g) concentrations, on soluble 
magnesium in the ileal lumen (panel A) and on ap
parent magnesium absorption in rats (panel B). 
Results are expressed as means ± SEM (n=8). 
Within each panel, group means were significantly 
different (P < 0.05; Tukey's test). 

percentage of intake (Figures 3 and 4). Increasing dietary calcium concentrations did not 
affect apparent magnesium absorption at the low phosphate:magnesium ratio of 3.5 (Figure 
3B). At the phosphate:magnesium ratio of 6.3, increasing the dietary calcium concentration 
from 100 to 175 jwmol/g significantly (P < 0.05) decreased apparent magnesium absorption. 
This effect of calcium on magnesium absorption was associated with decreased urinary 
magnesium excretion (Table 2). Magnesium concentration in plasma was not significantly 
affected by dietary calcium concentration (Table 2). 

Dietary phosphate and solubility of magnesium in the ileal lumen. Increasing the amount 
of dietary phosphate at the highest dietary calcium concentration (175 /*mol/g) significantly 
decreased the ileal solubility of magnesium (Figure 4A). 
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Table 2. Effect of dietary calcium and phosphate on magnesium metabolism'. 

Mg intake 
(/tmol/d) 

Urinary Mg 
Ounol/d) 

Plasma Mg 
(mmol/L) 

Ileal Mg 
Ounol/g)3 

Ileal pH 

LCaLP 

280±13 

123 ±8° 

0.99 ±0.04 

21 + 1 

7.0+0.1 

MCaLP 

272±14 

144±25c 

0.99+0.07 

21 + 1 

7.1+0.2 

HCaLP 

288 + 15 

128+8' 

0.91+0.03 

20+1 

7.0+0.3 

Dietary treatment2 

LCaMP 

273+9 

119+5' 

0.95+0.04 

22+1 

6.9+0.1 

MCaMP 

285 + 12 

120+5' 

0.93+0.04 

21 + 1 

7.0+0.3 

HCaMP 

296+14 

90+3" 

1.00+0.07 

20+1 

7.1+0.2 

HCaHP 

283 + 19 

62+2* 

0.82+0.03 

20+1 

7.1+0.2 

1 Values are means ± SEM for eight rats per dietary group. Means within a row not sharing the same superscript are 
significantly different (P < 0.05, Tukey's test). 

2 See Table 1. 
3 uraoX magnesium per g wet total ileal contents. 

Dietary phosphate and magnesium balance. Increasing the phosphate concentration in the 
diet at the highest dietary calcium concentration (175 ixmoVg) significantly decreased 
magnesium absorption (Figure 4B). The decreased magnesium absorption was associated with 
decreased urinary magnesium excretion (Table 2). Magnesium concentration in plasma was 
not significantly influenced by dietary phosphate concentration. 

Solubility of magnesium in the ileal lumen and magnesium absorption. The relationship for 
group means of magnesium concentrations in liquid phase of ileal contents and apparent mag
nesium absorption is illustrated in Figure 5. Whereas a positive, pseudo-linear relationship 
was observed for soluble ileal magnesium concentrations between 10 and 18 mmol/L, it 
should be noted that absorption became saturated at higher soluble magnesium concentrations. 

3 iw 

-

• 

V 

^ U r -

iL 

• i i 

20 25 

soluble ileal magnesium (mmol/L) 

Figure 5. Relationship between soluble 
magnesium in the ileal lumen and intestinal 
magnesium absorption in rats (means ± 
SEM, n=8), at a constant dietary magne
sium concentration (16.4 jtmol/g). Symbols: 
D, dietary phosphate = 58 /imol/g and 
dietary calcium = 25, 100 or 175 /imol/g; 
• , dietary phosphate = 103 /jmol/g and 
dietary calcium = 25, 100 or 175 /tmol/g; 
A, dietary phosphate = 161 /tmol/g and 
dietary calcium is 175 /tmol/g. 
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Discussion 

The present study shows that the inhibiting effect of dietary calcium on magnesium 
absorption depended on the dietary concentration of phosphate. Likewise, the effect of dietary 
phosphate on magnesium absorption was determined by the dietary concentration of calcium. 
Separate inhibitory effects of calcium (1-5) and phosphate (20-24) on apparent magnesium 
absorption have been reported before, but adequate explanations for these effects have not 
been given (11). 

The observed relationship between soluble magnesium in intestinal lumen and apparent 
magnesium absorption (Figure 5) suggests that magnesium solubility is an important 
determinant of magnesium absorption. In this light, the in vitro and in vivo experiments 
might explain why there is an interaction of dietary calcium and phosphate concentrations 
with regard to the effects of these minerals on magnesium absorption. In in vitro incubations, 
increasing the calcium concentration reduced magnesium solubility. This effect did not occur 
in absence of phosphate but became greater with increasing amounts of phosphate (Figure 
1). Phosphate-induced lowering of magnesium solubility was seen only if sufficient calcium 
was present in the incubation (Figure 2). This indicates that precipitation of a calcium-
magnesium-phosphate complex determines magnesium solubility. Variation of dietary calcium 
and phosphate concentrations had similar effects on soluble magnesium in the intestinal lumen 
of rats as did variation of calcium and phosphate concentrations on magnesium solubility 
under in vitro conditions. This suggests that formation of a calcium-magnesium-phosphate 
complex in the intestine determines magnesium solubility which in turn determines the 
amount of magnesium absorbed. The efficiency of magnesium absorption and the 
concentration of soluble magnesium in the ileal lumen differed between the dietary groups, 
but the total amount of magnesium in the ileum was almost identical for all seven dietary 
groups. This suggests that at the time and site of sampling the amount of magnesium 
absorbed was very small compared to that present in the intestinal lumen. 

The reported lack of effect of dietary calcium on magnesium absorption in humans (6-
10) is probably caused by both the relatively low calcium concentration and low 
phosphate:magnesium ratio in human diets. This low calcium concentration in human diets, 
as compared with rat diets, might result in limited supersaturation of the human intestinal 
lumen, and consequently lead to sparse formation of insoluble calcium-magnesium-phosphate 
complexes. Based on the observation that formation of insoluble calcium-magnesium-
phosphate complexes is critically dependent on the concentration of calcium as well as on the 
phosphorus:magnesium ratio (Figure 1), it is anticipated that only small amounts of these 
complexes will be formed in the human intestine. At the low dietary phosphate: magnesium 
ratio of 3.5, which occurs in human diets (10), increasing dietary calcium concentration from 
100 to 175 /tmol/g had a negligible effect on magnesium solubility in the intestinal lumen 
(Figure 3A) and did not affect magnesium absorption at all (Figure 3B). At the dietary 
phosphate: magnesium ratio of 6, which generally occurs in rat diets (15), it is likely that 
abundant amounts of calcium-magnesium-phosphate complexes can be formed in the intestine 
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after increasing dietary calcium concentrations from 100 to 175 /tmol/g. As a result, the 
amount of soluble magnesium in the intestinal lumen and apparent intestinal magnesium 
absorption should be decreased, as was indeed observed (Figure 3). 

As to the impact of the present results on magnesium absorption from cow's milk 
versus human milk we can only speculate. The molar phosphorus:magnesium ratios in cow's 
milk and human milk are 6 and 3, respectively (25). The calcium concentration in cow's milk 
is almost fourfold higher than in human milk, the concentrations being 31 and 8 mmol/L 
(25). According to the results of this study, magnesium absorption would be significantly 
lower in infants fed cow's milk as sole source of food than in infants fed human milk. In 
practice, however, cow's milk as such is not used; special formulas based on cow's milk may 
rather be used. The composition of the whole formula will determine magnesium absorption. 

It is generally assumed that magnesium is absorbed by two mechanisms: a non
saturable, linear transport and a saturable, carrier-mediated process involving facilitated 
diffusion (11, 26). In vitro studies (13, 14) indicated that there is a non-saturable, 
paracellular component of magnesium absorption, implying that absorption of magnesium is 
linearly dependent on its luminal concentration. However, the observed relationship between 
the concentration of soluble magnesium in ileal lumen and apparent absorption of magnesium 
(Figure 5) suggests that magnesium absorption in vivo is determined by a saturable, carrier-
mediated process. There may be a direct competition between magnesium and calcium for 
a common carrier system in the ileum (13, 27, 28) but this could not be demonstrated for the 
duodenum (29) or colon (30). However, in a recent study (31) competition between 
magnesium and calcium for ileal uptake could not be confirmed. It has been suggested that 
competition for carrier mediated transport is responsible for the reduction of magnesium 
absorption by increased calcium intakes in rats (26, 32). This mechanism does not explain 
the lack of effect of dietary calcium on magnesium absorption in humans. Our observation 
that increased intakes of calcium did not reduce magnesium absorption at a relatively low 
dietary phosphate concentration (Figure 3B) suggests that there is no common mechanism for 
transport of magnesium and calcium across the intestinal mucosa. Our results indicate that 
the inhibitory effect of dietary calcium on magnesium absorption depends on the 
phosphate: magnesium ratio of the diet which determines whether or not an insoluble calcium-
magnesium-phosphate complex is formed in the intestine. 
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biotechnical assistance. 
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Chapter 7 

Inhibitory effect of soybean protein versus casein on 
apparent absorption of magnesium in rats is due to 

raised fecal excretion of endogenous magnesium 
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Pieter R. Dekker and Anton C. Beynen 



Abstract. Apparent magnesium absorption, that is magnesium intake minus 
fecal excretion, is depressed in rats fed diets containing soybean protein 
instead of casein or fed diets enriched with sodium phytate. However, it 
cannot be excluded that changes in apparent absorption are caused by changes 
in fecal excretion of endogenous magnesium. In this study, we measured true 
magnesium absorption with the use of oral and intraperitoneal administration 
of tracer doses of 28Mg. Fecal excretion of endogenous magnesium was 
calculated from magnesium intake and true absorption. True magnesium 
absorption was not affected by either substitution of soybean protein for casein 
or by the addition of sodium phytate to a diet containing casein. Endogenous 
magnesium excretion in feces was significantly increased by soybean protein 
and sodium phytate. Thus, the observed impairment of apparent magnesium 
absorption in rats fed soybean protein or sodium phytate is due to enhanced 
fecal excretion of endogenous magnesium. With other dietary treatments, 
enhanced fecal excretion of endogenous magnesium was not associated with 
a discrepancy between apparent and true magnesium absorption. Dietary 
lactose versus dextrose and supplemental phosphate both stimulated fecal 
excretion of endogenous magnesium, but lactose raised both true and apparent 
magnesium absorption and phosphate depressed both true and apparent 
magnesium absorption. 

Introduction 

Soybean protein in comparison with casein in the diet lowers apparent magnesium absorption 
in rats (1). This effect is most likely caused by phytate (1), which is present in significant 
amounts in soybean protein (2). Apparent absorption of magnesium is calculated as intake 
minus fecal excretion and thus includes fecal excretion of endogenous magnesium. It has 
been shown using various animal species (3-6) including man (7-9), that a significant portion 
of magnesium in feces is of endogenous origin. The amount of endogenous magnesium can 
be affected by diet composition. Guenther and Sell (10) showed in chickens that apparent 
magnesium absorption was consistently lower than true absorption, and that the difference, 
which is caused by fecal output of endogenous magnesium, differed between diets containing 
different foodstuffs. 

In this study, we re-examined the influence of dietary soybean protein versus casein and 
sodium phytate supplementation of the diet on apparent magnesium absorption in rats, and 
compared it with that on true magnesium absorption. The latter was determined with the use 
of the radiotracer 28Mg which was administered orally or intraperitoneally. From the two 
retention curves of the administered isotope, true magnesium absorption was calculated with 
the method of Heth and Hoekstra (11). Fecal excretion of endogenous magnesium was 
calculated from the difference between true and apparent absorption. For comparison, we 
also determined the effects of dietary lactose versus dextrose and supplemental phosphate. 
Replacement of dextrose in the diet by lactose stimulates apparent magnesium absorption (1, 
12-15), while addition of phosphate to the diet inhibits it (16-19). 
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Materials and Methods 

The experimental protocol was approved by the animal welfare officer of the Agricultural 
University, Wageningen, The Netherlands. 

Animals and housing. Outbred, male Wistar rats (Hsd/Cpb:WU, Harlan, Zeist, The Nether
lands) aged 10 wk, and with mean body weight of about 300 g were used. The rats were 
housed individually in metabolic cages in a room with controlled temperature (20-22 °C), 
relative humidity (50-60 %) and light cycle (light, 06.00-18.00 h). They were randomly 
divided into 5 dietary groups of 8 animals each and were fed different experimental diets for 
30 d. 

Experimental diets. The composition of the diets is shown in Table 1. The control diet 
contained casein (acid casein, DMV, Veghel, The Netherlands) as protein source and the 
composition was essentially according to that of the AIN"76 diet (20). To formulate the 
soybean-protein diet, casein in the control diet was replaced by soybean protein (soy isolate, 
Purina protein, Hofhuis Pentacon, Bunschoten, The Netherlands). Sodium phytate was added 
to the control diet to a concentration of 4 mmol/kg to simulate the amount in the diet con
taining soybean protein which was 3.78 mmol/kg (Table 1). Lactose was added to the control 
diet to a concentration of 100 g/kg at the expense of dextrose. The analyzed concentration 
of lactose in the lactose diet was 283 mmol/kg. Phosphate was added to the control diet to 
a final analyzed concentration of 190 mmol/kg diet in the form of sodium, calcium and 
potassium dihydrogen. The phosphate concentration of the control diet was 105 mmol/kg 
diet. All diets were balanced for magnesium, calcium, sodium and potassium. Phosphate 
concentration was also equal for all diets, except for the high-phosphate diet. 

The diets were stored in powdered form at 4 CC until feeding. Diets and demineralized 
water were freely available. Feed consumption was recorded daily and body weights were 
measured weekly. 

Experimental design. A period of 13 d was used to accustom the animals to their diets. 28Mg 
administrations were performed on d 14 and d 21. On d 14, after overnight fasting, four 
animals of each dietary group received 28MgCl2 (Interfaculty Reactor Institute, University of 
Technology, Delft, The Netherlands) with an extrinsically labeled meal. The remaining four 
animals of each group were injected with the radiotracer intraperitoneally. To equalize 
handling and treatment of each rat, the rats receiving the radiotracer orally were injected 
intraperitoneally with distilled water and the rats that were injected with 28Mg were given a 
meal without the radiotracer. On d 21, the route of administration of radiotracer for each 
animal was alternated. On the days of radiotracer administration, treatment order of the rats 
was randomized. 

The radioactive meals were prepared by adding 100 pi of 97.6 mmol/L 28MgCl2 

(1.3 GBq/mol) in distilled water to 3 g of experimental diet. The added solution was dried, 
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Table 1. Composition of the experimental diets. 

Ingredient 

Casein 

Soybean protein 

Dextrose 

Lactose 

Sodium phytate 

MgCl2.6H20 

Na2HP04.2H20 

NaH2PCvH20 

NajCO, 

CaCOj 

CaH2PO, 

KH2P04 

K2CO, 

Constant components' 

Total 

Chemical analysis 

Nitrogen 

Lactose 

Phytate 

Magnesium 

Calcium 

Phosphorus 

Sodium 

Potassium 

Control 

ISO 

-
404.51 

-
-
3.95 

6.30 

-
0.53 

2.25 

-
-
1.96 

400.5 

1000 

1838 

0 

0.00 

18.1 

141.8 

104.5 

106.5 

104.9 

Soybean 
protein 

-
200 

389.30 

-
-
3.27 

-
4.89 

-
1.30 

-
-
0.74 

400.5 

1000 

1955 

0 

3.78 

17.7 

142.5 

108.1 

105.2 

104.4 

Phytate 

g/kg 

180 

-
405.12 

-
4.2 

3.95 

-
-
1.84 

2.12 

-
1.50 

0.77 

400.5 

1000 

mmol/kg 

1843 

0 

4.01 

17.3 

142.3 

103.5 

102.2 

103.8 

Lactose 

180 

-
305.73 

100 

-
3.95 

5.88 

-
0.78 

1.69 

-
-
1.47 

400.5 

1000 

1868 

283 

0.00 

18.1 

141.0 

107.7 

106.1 

105.6 

High 
phosphate 

180 

-
397.53 

-
-
3.95 

-
10.98 

-
-
3.03 

4.01 

-
400.5 

1000 

1846 

0 

0.00 

18.1 

140.5 

189.7 

104.0 

106.9 

The constant components consisted of (g/kg diet): DL-methionine, 3; wheat starch, 150; cellulose, 50; palm oil, 
150; mineral premix, 35; vitamin premix, 10; retinyl acetate, 0.25 (4000 IU); cholecalciferol, 0.25 (1000 IU); 
choline chloride, 2. The mineral premix consisted of the following (g): CaCO,, 11.94; KH2P04, 3.54; KCl, 4.90; 
FeS04.7H20, 0.18; MnS04.H20, 0.24; ZnS04.7H20, 0.48; CuS04.5H20, 0.11; KI03, 0.0004; Na2Se03.5H20, 
0.0004; CrK(SO„)2.12H20, 0.02; dextrose, 13.60. The vitamin premix consisted of the following (mg): thiamin, 
6; riboflavin, 6; pyridoxin, 7; nicotinamide, 30; DL-calcium pantothenate, 16; folic acid, 2; D-biotin, 0.2; 
cyanocobalamine, 0.01; DL-a-tocopherylacetate, 100; menadione, 0.05; dextrose, 9833. 

and then mixed with the diet. For intraperitoneal administration, the 100 /il of radiotracer 
solution was injected. The oral or intraperitoneal administration of MgCl2 instead of 28MgCl2 
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was carried out in a comparable manner. The meals with or without radiotracer were 
presented to the rats after a 16-h fast. The meals were consumed within 15 min. 
Subsequently, the intraperitoneal injection was given. Radioactivity in individual rats was 
counted in a specially designed whole-animal gamma scintillation detector (21) within 4.5 h 
after administration of 28Mg. Thereafter, all rats received their normal diets. For another 4 
d, the animals were counted at regular intervals. All animals were also measured on d 20, 
one d before the second administration of the radiotracer; whole-body activity was found not 
to differ from background measurements. The efficiency of the whole-body counter for 
detection of 28Mg was 65%, and its stability was monitored by counting a 65Zn source. 

From d 14 to d 17 and d 21 to d 24 of the experiment, feces and urine of each animal 
were collected separately and quantitatively. 

Analyses. Diet samples and feces were freeze-dried, homogenized and wet ashed with nitric 
acid (14 mol/L) plus perchloric acid (12 mol/L). After appropriate dilution, magnesium was 
analyzed in ashed samples by atomic absorption spectrophotometry (AAS)(Perkin Elmer 
1100, Perkin Elmer & Co GmbH, Überlingen, Germany). Diet samples were also analyzed 
for calcium by AAS, for sodium and potassium by atomic emission spectrophotometry 
(Perkin Elmer 1100) and for phosphate by the Fiske-Subbarow method (22). Nitrogen was 
determined by the macro-Kjeldahl method (23) and lactose by high performance liquid 
chromatography (24). The phytate content of the diets was analyzed as described by Slump 
et al. (25). Urinary creatinine concentrations were determined with the use of a commercial 
test combination (Creatinine, MA-KIT 10 ROCHE, Roche Diagnostics, Basel, Switzerland) 
and a COBAS-BIO autoanalyzer (Hoffmann - La Roche BV, Mijdrecht, The Netherlands). 

Calculations. True magnesium absorption was calculated according to Heth & Hoekstra (11). 
Counting measurements were corrected for background and radioisotope decay, and then 
expressed as percentage of administered dose. Plots of the logarithm of percentage radio
activity retention after intraperitoneal and oral 28Mg administration versus time were con
structed. The zero-time intercepts were determined by extrapolating the linear parts of the 
curves. Percentage true absorption was calculated by dividing the intercept of the retention 
curve for oral 28Mg by that of the retention curve for intraperitoneal 28Mg and multiplying 
by 100. This calculation was executed for each animal. Absolute true magnesium absorption 
was calculated by multiplying magnesium intake and percentage true magnesium absorption. 

Apparent intestinal absorption of magnesium was calculated as magnesium intake minus 
fecal magnesium excretion, and was expressed as such and as percentage of intake. 

Fecal excretion of endogenous magnesium (in jumol/d) was calculated as absolute true 
absorption minus absolute apparent absorption of magnesium. 

Statistics. Within dietary groups, the results of radiotracer administration on d 14 versus 
d 21, including the slopes of the retention curves for the same administration route, were 
compared using Student's t test with the level of significance preset at P < 0.05. There were 
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no significant differences between the radiotracer administration intervals, and thus the data 
were pooled. The same held for the results of the two balance periods. Dietary treatments 
were evaluated using Bonferroni's test for multiple comparisons (26) with a priori defined 
contrasts. The level of statistical significance adjusted for multiple comparisons was preset 
at P < 0.05. The following contrasts were tested: soybean-protein diet versus control diet; 
control diet with added sodium phytate versus control diet; control diet with lactose versus 
control diet; control diet with added phosphate versus control diet; control diet with added 
phytate versus soybean-protein diet. Only those contrasts that reached statistical significance 
are indicated in Table 2. 

Results 

Body weight gain and feed intake. Body weight gain and feed intake did not differ signifi
cantly between the dietary groups (results not shown). Final body weight for pooled rats was 
on average 351 ± 3 g and feed consumption was 19.7 ± 0.2 g/d (means ± SEM, n = 40). 
Magnesium intake did not differ significantly between the experimental groups (Table 2). 

Retention curves for28Mg. For each dietary treatment, the semi-logarithmic retention curves 
for oral and intraperitoneal 28Mg were found to be linear between 35 and 90 h post-
administration (Figure 1). The slopes of the linear portions of the two retention curves were 
not significantly different within each dietary treatment. 

Magnesium absorption. True magnesium absorption was not affected by soybean protein 
versus casein, whereas rats fed the soybean-protein diet had a significantly lower efficiency 

Table 2. Influence of the differential experimental diets on apparent and true absorption of magnesium'. 

Magnesium intake (/rniol/d) 

Apparent absorption 
(jtmol/d) 

Apparent absorption (%) 

True absorption (%) 

Endogenous Mg in feces 
(jtmol/d) 

Urinary excretion 
(jixaol Mg//tmol creatinine) 

Control 

391 + 13 

207 + 11 

52+2 

54±3 

8±4 

1.03 ±0.05 

Soybean 
protein 

366 ±13 

16^10* 

46+2A 

55 ±5 

33±7A 

0.66±0.08A 

Phytate 

373 ±10 

170±11B 

46+2" 

53 ±3 

25±4B 

0.90±0.09 

Lactose 

371±8 

248 ±8C 

68± l c 

77±4C 

31±10c 

1.64±0.10c 

High 
phosphate 

376±15 

154±14D 

40±2D 

48±0.4D 

28±8D 

0.83±0.03D 

1 Values are means + SEM for eight rats per dietary group. Superscripts refer to significantly different contrasts 
(Bonferroni's test, P < 0.05): A = soybean protein versus control; B = sodium phytate versus control; 
C = lactose versus control; D = phosphate versus control. 
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Figure 1. Retention curves for 2BMg after oral 
( • ) and i.p. (D) administration. Values are 
means ± SEM for 8 rats per group. Linear re
gression equations for each curve were establish
ed for the 7 timepoints beyond 30 h post-admini
stration. Casein (control) diet; injected 2'Mg: log 
y = -0.0019X + 1.95, r = -0.99; oral 28Mg, log 
y = -0.0022X + 1.68, r = -0.99. Soybean-
protein diet; injected 28Mg: log y = -0.0019x + 
1.96, r = -0.99; oral 28Mg: log y = -0.0020x + 
1.70, r = -0.99. Sodium phytate diet; injected 
28Mg: log y = -0.0018X + 1.96, r = -0.99; oral 
28Mg: log y = -0.0020X + 1.68, r = -0.99. 
Lactose diet; injected 28Mg: log y = -0.0022x + 
1.93, r = -0.99; oral28Mg: logy = -0.0026x + 
1.81, r = -0.99. High phosphate diet; injected 
28Mg: log y = -0.0019X + 1.96, r = -0.99; oral 
28Mg: log y = -0.0025X + 1.65, r = -0.98. 
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of apparent magnesium absorption and depressed urinary excretion of magnesium (Table 2). 
Addition of sodium phytate to the control diet did not affect true magnesium absorption, but 
significantly lowered apparent magnesium absorption. Sodium phytate had no significant 
impact on urinary magnesium excretion. Lactose, when compared with dextrose, raised both 
true and apparent magnesium absorption, and stimulated magnesium excretion in urine. 
Supplemental phosphate lowered true and apparent magnesium absorption, as well as urinary 
magnesium excretion (Table 2). 

Excretion of endogenous magnesium. In rats fed the experimental diets, fecal excretion of 
endogenous magnesium was significantly higher than in rats fed the control diet (Table 2). 

Discussion 

Three assumptions underly the use of 28Mg to determine the intestinal absorption of 
magnesium. The first is that 28Mg given either orally or intraperitoneally behaves similarly 
once it has entered the circulation. While such an effect has been demonstrated for zinc (11) 
no literature data are available to validate or repudiate this assumption for magnesium. 
However, for each dietary treatment the linear portion of the two semi-logarithmic retention 
curves had similar slopes (Figure 1). This indicates that 28Mg once inside the body is handled 
independent of the route of administration. Secondly, it was assumed that the radiotracer 
given orally reflects the behavior of nonradioactive magnesium in food. Schwartz et al. (27, 
28) have demonstrated that the absorptive efficiency from an oral test dose of 28Mg is similar 
to that of 26Mg intrinsically incorporated into vegetables. Likewise, Liu et al. (29) did not 
show any difference in true magnesium absorption after feeding intrinsically or extrinsically 
labeled milk products. Thus, our method of oral administration of 28Mg may be considered 
valid to determine magnesium absorption. Thirdly, it was assumed that 28Mg rapidly 
equilibrates with nonradioactive magnesium in the body. Orally and intravenously 
administered 28Mg rapidly disappears from the circulation (8, 9, 30) and initially accumulates 
in soft tissues (31, 32). Rogers and Mahan (33) reported that most of the 28Mg administered 
intravenously to rats equilibrated among the tissues and plasma within 25 h. Thus, the 
intercept determined by extrapolation of the retention curves between 35 and 90 h post-
administration (Figure 1) most likely holds for equilibrium. 

The rapid initial loss of total body activity after oral administration of 28Mg is caused 
by passage of the radiotracer through the intestine and its excretion in feces. Compared with 
the control diet, neither the soybean-protein diet nor the sodium-phytate diet affected the 
initial loss of label (Figure 1). This indicates, as was indeed found after calculation, that true 
magnesium absorption was not altered by these dietary treatments. In keeping with earlier 
work (1), the supplementation of the control diet with sodium phytate, to a concentration 
identical to that in the diet containing soybean protein, significantly lowered apparent 
absorption of magnesium to a level seen after feeding soybean protein (Table 2). Thus, 
phytate in soybean protein appears responsible for the reduction in apparent magnesium 
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absorption as induced by soybean protein when compared with casein. A significant rise in 
fecal excretion of endogenous magnesium was observed in rats fed either soybean protein or 
sodium phytate (Table 2). It would seem that the inhibitory influence of soybean protein and 
sodium phytate on apparent magnesium absorption does not represent the inhibition of 
intestinal magnesium absorption, but rather stimulation of fecal excretion of endogenous 
magnesium. The extra loss of endogenous magnesium is compensated for by a depressed 
urinary excretion of magnesium (Table 2). 

In rats fed the lactose diet, the early loss of total body radioactivity after oral 
administration of 28Mg was reduced. Indeed, calculated true magnesium absorption was 
significantly raised by lactose. Both fecal excretion of endogenous magnesium and apparent 
magnesium absorption were significantly elevated by lactose. Lactose has been frequently 
reported to raise apparent absorption of magnesium in rats (1, 12-14), but until now, data 
on true magnesium absorption were not available. The lactose-induced stimulation of 
magnesium absorption is reflected by enhanced urinary excretion of magnesium. Evidently, 
the extra amount of magnesium absorbed was larger than that of endogenous magnesium 
excreted in feces. 

Increasing intakes of phosphate have been reported to depress apparent magnesium 
absorption in rats (16-19), but the influence on true absorption was unknown. Phosphate 
loading significantly reduced true magnesium absorption and stimulated fecal output of 
endogenous magnesium. The diminished absorption of dietary magnesium and the enhanced 
loss of endogenous magnesium in the feces was compensated for by a fall of magnesium 
output in urine. 

We conclude that the earlier observed reduction of apparent magnesium absorption and 
lowered urinary magnesium excretion in rats fed diets containing soybean protein and/or 
sodium phytate (1) is not associated with impairment of true magnesium absorption. This 
may be caused by enhanced loss of endogenous magnesium in feces as induced by dietary 
soybean protein and phytate. However, enhanced fecal excretion of endogenous magnesium 
is not invariably related with depressed apparent magnesium absorption and unaltered true 
absorption. Fecal excretion of endogenous magnesium was raised in rats fed either the lactose 
or high-phosphate diet, whereas true magnesium absorption was stimulated and depressed, 
respectively. It is not known why all four dietary treatments produced a rise of fecal 
excretion of endogenous magnesium. It might be caused by increased turnover of epithelial 
cells, but the basis of this effect may just as well differ between treatments. 
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Chapter 8 

Lactose intake does not affect the apparent absorption of 
magnesium and calcium in healthy adults 

Elizabeth J. Brink, Pieter R. Dekker, Emerentia C.H. van Beresteijn and Anton C. Beynen 



Abstract. The effect of lactose on the absorption of magnesium and calcium 
was studied in a double-blind, cross-over study, covering three periods of one 
wk. Twenty-four healthy, lactose-tolerant, adult volunteers maintained their 
habitual diets with the exception that all lactose-containing dairy products in 
the diet were replaced by 600 g/d of three specially prepared dairy products. 
These products were based on either lactose-enriched cow's milk or lactose-
enriched, lactase-treated cow's milk with or without added magnesium and 
were given in turn during one wk. Lactose intake was increased by 127 
mmol/d (46 g/d) while taking the lactose-enriched products. While taking the 
magnesium-enriched products, magnesium intake was increased by 2.8 
mmol/d (69 mg/d), which was equivalent to 17% of the habitual magnesium 
intake. Apart from the lactose and magnesium intake, nutrient intake was 
comparable during the three dietary periods. Urinary excretions of magnesium 
and calcium were used as indicators for their absorption. Magnesium 
supplementation significantly increased urinary magnesium excretion by 0.97 
mmol/d (equivalent to an increase of 18%, P < 0.001), indicating that 
urinary magnesium excretion is a valid indicator for intestinal magnesium 
absorption. Hydrolysis of lactose did not affect urinary excretion of 
magnesium and calcium, which implies that lactose intake does not affect the 
absorption of magnesium and calcium in healthy adults. 

Introduction 

Marginal intakes and impaired intestinal absorption of magnesium and calcium may 
contribute to the pathogenesis of osteoporosis, coronary heart disease and cancer (1,2). Thus 
it is of interest to identify nutrients that either reduce or improve absorption of these 
minerals. The milk sugar, lactose, enhances intestinal absorption of magnesium in rats (3-9). 
Such an effect also occurs in infants (10-12) but it is not known whether lactose influences 
magnesium absorption in adults. The effect of lactose on calcium absorption in rats and 
lactose-tolerant humans is controversial with stimulation (4, 7, 8, 13-21) and no effect 
(22-25) being reported. 

The lack of conclusive information about the effect of lactose on the absorption of 
magnesium and calcium in lactose-tolerant, adult humans prompted us to perform the present 
study. We determined urinary excretion of magnesium and calcium in adults given in a cross
over design lactose-enriched cow's milk and cow's milk with hydrolyzed lactose either 
without or with added magnesium. The latter treatment served as a positive control for the 
detection of an increased urinary excretion of magnesium. Under steady state conditions and 
at normal intakes of magnesium and calcium, urinary excretion of these minerals is a valid 
indicator for their absorption (26, 27). 

Subjects and methods 

Subjects. Twenty-four healthy subjects (14 men and 10 women), all employees of The 
Netherlands Institute for Dairy Research, participated in this study. They were 21 - 43 y of 
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age, 5 4 - 91 kg in body weight, did not take any medication and were apparently lactose-
tolerant. All participants gave their informed consent, and the study protocol was approved 
by the Medical Ethical Committee of the Wageningen Agricultural University. All 
participants finished the study. 

Experimental protocol. The subjects were asked to maintain their usual lifestyle habits for 
the duration of the study. They were instructed to comply with their habitual diet with the 
exception that all lactose-containing dairy products were replaced by specially prepared (see 
below) chocolate milk (400 g/d) and vanilla custard (200 g/d). These products were based 
on either lactose-enriched cow's milk or lactose-enriched, lactase-treated cow's milk with or 
without added magnesium. The chocolate milk was consumed with breakfast (200 g/d) and 
lunch (200 g/d) and the vanilla custard with dinner (200 g/d). The calculated daily lactose 
intake from the lactase-treated products was 8.6 (products without added magnesium) or 9.2 
mmol/d (products with added magnesium) and 135.6 mmol/d from the lactose-enriched 
products. The calculated extra intake of magnesium from the magnesium-enriched products 
was 3.1 mmol/d. 

To eliminate any bias due to subjects' and investigators' attitudes and to control for 
time trends and carry-over effects, a double-blind cross-over design was used in which each 
treatment followed each other the same number of times. The subjects were divided into six 
groups of four individuals each. Each group underwent one of the six treatment orders. The 
groups were stratified for body weight, age and male-to-female ratio. Each dietary treatment 
was given for one wk and the entire study was conducted over a period of three wk. During 
each one-wk period, the subjects recorded their actual intake of nutrients on three arbitrary 
d (two working-d and one weekend-d) in specially designed diaries. Two samples of 24-h 
urine were collected: on d 5 and d 7 of each wk. Body weight was measured once a wk. 

Experimental products. The experimental dairy products were manufactured by the 
Technology Department of The Netherlands Institute for Dairy Research. Sterilized, semi-
skimmed cow's milk was supplemented with 116 mmol/L lactose (Pharmatose, DMV, 
Veghel, The Netherlands). Milk with hydrolyzed lactose was prepared by adding 400 mg 
(2000 NLU) lactase (Maxilact LX 5000, Gist-Brocades, Delft, The Netherlands) to one L of 
this product. After incubation for 24 h at 10 °C, about 92% of the lactose was found to be 
hydrolyzed. Part of the lactase-treated milk was supplemented with magnesium carbonate 
(Fluka, Buchs, Switzerland). In order to ensure a double-blind study design, chocolate milk 
and vanilla custard were prepared from the lactose-enriched milk, the lactose-enriched, 
lactase-treated milk and the lactose-enriched, lactase-treated, magnesium-enriched milk using 
standard recipies. The analyzed lactose and mineral concentrations in the experimental dairy 
products are given in Table 1. 

Analyses. Nutrient intakes were calculated from the computerized Dutch food composition 
table with adjustments for the experimental dairy products. The experimental products and 
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Table 1. Analyzed concentrations of nitrogen, fat, lactose and minerals in the experimental dairy products per J 00 g 
product. 

Nitrogen (g) 

Fat(g) 

Lactose (mmol) 

Calcium (mmol) 

Magnesium (mmol) 

Phosphorus (mmol) 

Water (g) 

Control' 

0.55 

1.7 

1.4 

2.63 

0.72 

2.96 

84 

Chocolate milk 

Lactose-
enriched 

0.55 

1.7 

22.9 

2.65 

0.72 

2.97 

84 

Mg-«nriched2 

0.54 

1.6 

1.5 

2.61 

1.20 

2.95 

84 

Control' 

0.50 

1.5 

1.5 

2.50 

0.40 

2.54 

80 

Vanilla custan 

Lactose-
enriched 

0.51 

1.4 

22.0 

2.52 

0.40 

2.55 

79 

Mg-enriched2 

0.50 

1.5 

1.6 

2.53 

0.97 

2.56 

80 

Control = lactose-enriched, lactase-treated. 
Mg-enriched = lactose-enriched, lactase-treated and supplemented with magnesium. 

urine samples were analyzed for magnesium and calcium by atomic absorption 
spectrophotometry (Perkin Elmer 1100, Bodenseewerk Perkin Elmer, Überlingen, Germany) 
and for phosphorus by the Fiske Subbarow method (28). Lactose in the experimental dairy 
products was analyzed by high performance liquid chromatography (29) and nitrogen by the 
macro-Kjeldahl method (30). Urine was analyzed for sodium by atomic emission 
spectrophotometry (Perkin Elmer 1100). Urine samples were also analyzed for creatinine and 
urea by a colorimetric method (31, 32) with the Ektachem 700 XR (Kodak, Rochester, 
USA). The urinary excretion of minerals was expressed relative to that of creatinine. 

Statistics. Changes in body weight, dietary and urinary variables were evaluated for 
statistically significant differences between males and females and between time intervals by 
analysis of variance; no such differences (P > 0.99) were found. There were no significant 
differences in urinary mineral excretion between d 5 and d 7 of urine collection (P > 0.67, 
Student's paired t test) within dietary periods. The effects of lactose and magnesium were 
then evaluated for pooled subjects and time intervals with the use of Student's paired t-test. 
In case of urinary variables, average values of d 5 and d 7 of each dietary period were used. 
The level of significance was preset at P < 0.05. 

Results 

Body weight. Body weight was not influenced by dietary treatments and remained stable 
throughout the experiment. Initial and final mean body weight was 71.8 + 1.9 kg and 71.7 
± 1.9 kg (mean + SEM, n = 24), respectively. 
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Table 2. Nutrient intake of subjects when taking the lactose-enriched, lactose-treated products (control treatment), 
the lactose-enriched, or the lactose-enriched, lactose-treated, magnesium-enriched products'. 

Dietary treatment 

Energy (MJ/d) 

Protein (energy %) 

Fat (energy %) 

Carbohydrates (energy %) 

Lactose (mmol/d) 

Ethanol (energy %) 

Fiber (g/d) 

Magnesium (mmol/d) 

Calcium (mmol/d) 

Phosphate (mmol/d) 

Potassium (mmol/d) 

Sodium (mmol/d) 

Control2 

11.9±0.4 

13.9±0.4 

34.1 ±0.9 

49.7+.0.9 

8.6±0 

2.3±0.6 

35.8±1.6 

16.8±0.7 

37.0±1.6 

62.7+2.3 

114±3 

167+10 

Lactose-enriched 

11.5±0.5 

14.0±0.4 

32.9±0.9 

51.3±1.2 

135.6+0" 

2.7±0.8 

36.0±2.0 

17.5+0.8 

36.4+1.7 

62.7+2.5 

117±4 

155±8 

Magnesium-enriched3 

11.5±0.5 

14.2+0.3 

32.6±1.3 

50.4+1.4 

9.2+0 

2.8±0.8 

35.2+2.2 

19.7+0.6* 

36.8 + 1.9 

62.6±2.5 

112±3 

174±12 

1 Values are expressed as means ± SEM (n = 24). 
2 Control = lactose-enriched, lactase-treated. 
3 Mg-enriched = lactose-enriched, lactase-treated and supplemented with magnesium. 
* Significant difference (P < 0.001, one-sided one-sample t test). 

Nutrient intake (Table 2). Table 2 shows that the actual lactose intake was increased by 127 
mmol/d after consumption of the lactose-enriched products. The actual magnesium intake was 
significantly increased by 2.8 mmol/d during the period that the lactose-enriched, lactase-
treated, magnesium-enriched products were consumed. This was associated with a negligible 
increase in lactose intake when compared with the lactose-enriched, lactase-treated period 
(control treatment). Otherwise, there were no significant differences in nutrient intake 
between the dietary periods. 

Urinary parameters (Table 3). Urinary excretions of creatinine, urea, phosphate and sodium 
were not significantly affected by increased lactose or increased magnesium intake. Likewise, 
extra lactose did not significantly influence the urinary excretion of magnesium and calcium. 
However, urinary magnesium excretion was significantly increased when the lactose-
enriched, lactase-treated, magnesium-enriched products were consumed. 
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Table 3. Urinary excretion of subjects when taking the lactose-enriched, lactose-treated products (control treatment), 
the lactose-enriched, or the lactose-enriched, lactose-treated, magnesium-enriched products1' 

Dietary treatment 

Volume (L/d) 

Creatinine (mmol/d) 

Urea (mmol/d) 

Magnesium/creatinine 
(mmol/mmol) 

Calcium/creatinine 
(mmol/mmol) 

Phosphate/creatinine 
(mmol/mmol) 

Sodium/creatinine 
(mmol/mmol) 

Control2 

1.39 ±0.09 

14.1±0.5 

402 ±14 

0.38±0.02 

0.32±0.03 

2.20±0.07 

11.2±0.5 

Lactose-enriched 

1.40±0.11 

14.0±0.5 

400±16 

0.37±0.01 

0.31±0.03 

2.22±0.08 

11.1±0.7 

Magnesium-enriched' 

1.41±0.08 

13.8±0.6 

403±18 

0.46 ±0.02" 

0.32±0.02 

2.19±0.08 

11.8±0.9 

1 Values are expressed as means ± SEM (n = 24). 
2 Control = lactose-enriched, lactase-treated. 
3 Mg-enriched = lactose-enriched, lactase-treated and supplemented with magnesium. 
" Significant difference (P < 0.001, one-sided one-sample t test). 

Discussion 

On the assumption that subjects are in steady state, differences in urinary magnesium 
excretion should reflect magnesium absorption. Indeed, a positive relationship between 
absorption and urinary excretion of magnesium has been demonstrated (26). As would be 
anticipated, the moderately increased magnesium intake while consuming the lactose-
enriched, lactase-treated, magnesium-enriched products caused an increase in urinary 
magnesium excretion (Table 3). This indicates that our study design can be considered valid, 
which strengthens our observation that lactose consumption did not affect urinary magnesium 
excretion (Table 3). The increase in magnesium intake by 2.8 mmol/d (Table 2) produced 
an increase in urinary magnesium excretion by 0.97 mmol/d (cf. Table 3), indicating that 
magnesium absorption from the magnesium-enriched experimental dairy products was 35 %. 
In our study, an increase in urinary magnesium excretion of only 0.3 mmol/d would have 
reached statistical significance at the P < 0.05 level. In other words, we would have been 
able to detect a lactose-induced increase in percentage apparent magnesium absorption from 
the complete diet by as low as 1.8 %. 

Our study with humans is in contradiction with studies using rats and showing that 
lactose increases intestinal absorption of magnesium (3-9). Rats become lactase-deficient after 
weaning (33), and thus are not capable to hydrolyze lactose in the intestine. Possibly, 
microbial fermentation of lactose in the intestine lowers luminal pH. This would result in 
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increased solubility of intestinal magnesium (34), leading to enhanced magnesium absorption 
(35). Our subjects were lactose-tolerant and thus such a mechanism for lactose to stimulate 
magnesium absorption could not occur. 

The lack of effect of lactose on magnesium absorption in our study is at variance with 
studies in infants (10-12). Kobayashi et al. (12) reported that lactase-treated lactose increased 
magnesium absorption compared with intact lactose. This is an unexpected finding. However, 
magnesium intake was not reported and differences in magnesium intake between 
experimental groups cannot be excluded. Wirth et al. (11) reported that lactose increases 
magnesium absorption, but lactose ingestion was associated with an increased magnesium 
intake. As shown in our study and in others (36, 37), a higher magnesium intake by itself 
results in increased absolute magnesium absorption so that an independent effect of lactose 
cannot be determined. 

There is controversy about the influence of lactose on calcium absorption in humans 
(17-21, 24, 25). In our lactose-tolerant subjects, intact lactose versus hydrolyzed lactose did 
not affect calcium absorption as assessed by urinary calcium excretion, whereas an increase 
of urinary calcium excretion of 0.5 mmol/d would have reached statistical significance at the 
P < 0.05 level. Thus, in our study a lactose-induced increase in percentage apparent calcium 
absorption from the complete diet by as low as 1.3 % would have been detected. Some 
investigators (18-20) showed that lactose increases calcium absorption in lactose-tolerant 
subjects whereas it causes a decrease in lactose-intolerant subjects. Other investigators (12, 
22) demonstrated that hydrolyzed lactose produces higher rates of calcium absorption than 
intact lactose. These results indicate that hydrolysis of lactose in the intestine is a prerequisite 
for increased calcium absorption. In keeping with this, Birlouez-Aragon (38) showed that 
after milk consumption lactose-intolerant subjects absorb less calcium than lactose-tolerant 
subjects. Furthermore, lactase-treated milk compared with normal milk enhanced calcium 
absorption in lactose-intolerant subjects, but had no effect in lactose-tolerant subjects (38). 
The present study supports the latter observation. In lactose-tolerant young adults with a high 
calcium intake, intact lactose had no specific effect on calcium absorption when compared 
with its galactose and glucose components. 

Apparent magnesium and calcium absorption from the whole diet was on average 30 
and 12%. Reported percentages of magnesium absorption range from 30 to 40 % (39, 40) 
and those of calcium from 20 to 30 % (39) at common intakes of these minerals (10-20 
mmol/d for magnesium and 20-25 mmol/d for calcium). The relatively low calcium 
absorption observed in our experiment might be explained by the high calcium intake of 37 
mmol/d. Heaney et al. (41) showed that an increase in calcium intake markedly decreased 
the absorption efficiency for calcium. Calcium intake was equal for each dietary period 
(Table 2) and thus the low calcium absorption may not have affected the treatment 
comparisons. 

From our results, we conclude that intact lactose versus hydrolyzed lactose does not 
affect the apparent absorption of magnesium and calcium in healthy, lactose-tolerant adults. 
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Chapter 9 

General discussion 



General discussion 

There is an increasing use of soybean products as substitute for animal protein in human 
nutrition (1), whereas the impact of this dietary change on magnesium absorption is not clear. 
Earlier studies in rats indicate that feeding of soybean protein instead of casein does not 
affect magnesium concentrations in serum, femur, kidney and liver (2, 3), which could imply 
that magnesium absorption is not affected by the type of dietary protein. However, Chapter 
3 demonstrates that soybean protein versus casein decreased apparent magnesium absorption 
and that this effect is caused by the phytate component of soybean protein; the addition of 
sodium phytate to a casein diet, to a concentration identical to that in the soybean protein 
diet, reduced apparent magnesium absorption to the same extent as did the diet containing 
soybean protein. Therefore, it is suggested that soybean protein lowers apparent absorption 
of magnesium through its phytate component. At neutral pH, as it occurs in the intestine, 
phytate can form an insoluble calcium-magnesium-phytate complex (4) or a protein-
magnesium-phytate complex (5). Formation of such complexes might decrease intestinal 
magnesium solubility. Because magnesium absorption is directly correlated with the 
concentration of soluble magnesium in the intestine, at least at lower concentrations (Chapter 
6), the formation of insoluble magnesium complexes could decrease magnesium absorption 
(6). Indeed, Shinoda and Yoshida (7) showed that dietary phytate lowered magnesium 
solubility in the gut. However, in view of our results it is unlikely that the observed soybean 
protein-induced decrease in apparent magnesium absorption is caused by the formation of an 
insoluble complex in the intestine. In Chapter 7, it is shown that true magnesium absorption 
in rats was not altered by soybean protein versus casein. Likewise, the addition of sodium 
phytate to the diet did not affect true magnesium absorption. On the other hand, a significant 
rise in fecal excretion of endogenous magnesium was observed in rats fed either soybean 
protein or sodium phytate. It seems that the inhibitory influence of soybean protein and 
sodium phytate on apparent magnesium absorption reflects stimulation of fecal excretion of 
endogenous magnesium. However, this was compensated for by a reduction in urinary 
excretion of magnesium. 

Lactose has frequently been reported to increase apparent magnesium absorption in rats 
(Chapter 2). The studies described in this thesis are confirmatory (Chapters 3, 5 and 7). 
Chapter 7 shows that true magnesium absorption was significantly raised by lactose. 
Although fecal excretion of endogenous magnesium was enhanced by lactose, apparent 
magnesium absorption was also significantly higher in rats fed lactose versus dextrose. The 
lactose-induced stimulation of magnesium absorption is reflected by enhanced urinary 
magnesium excretion. Evidently, the extra amount of magnesium absorbed was higher than 
that of endogenous magnesium excreted in feces. The lactose-induced increase of magnesium 
absorption in rats may be related to the lactase-deficiency of these animals. Rats become 
lactase-deficient after weaning (8) and thus are not capable to hydrolyze lactose in the 
intestine. Possibly microbial fermentation of lactose in the intestine lowers luminal pH. This 
could increase solubility of magnesium in the intestine, leading to enhanced magnesium 
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absorption. Chapter 5 documents that feeding of lactose to rats decreased intestinal pH from 
7.5 to 7.2. Such a decrease would clearly increase magnesium solubility in vitro (Chapter 
5). In vivo, an increase in magnesium solubility in the intestinal lumen could not be 
demonstrated. This might be due to differences in transit time between rats fed either lactose 
or glucose. However, the lactose-induced decrease in intestinal pH was associated with an 
increase in apparent magnesium absorption from 52 % to 70 %, suggesting that intestinal pH 
is an important determinant in magnesium absorption. 

Based on above reasoning, it could be hypothesized that lactose has no effect on 
magnesium absorption in lactose-tolerant humans. Data from literature cannot prove or 
disprove this hypothesis. Experiments with lactose-tolerant infants have indicated that lactose 
stimulates apparent magnesium absorption (9-11). However, in one study magnesium intake 
was not reported and thus differences in magnesium intake cannot be excluded (11), while 
in another study lactose ingestion was associated with increased magnesium intake (10). As 
shown in Chapter 8, a higher magnesium intake by itself results in increased absolute 
magnesium absorption so that in the study of Wirth et al. (10) an independent effect of 
lactose could not be determined. In Chapter 8 evidence is presented that in lactose-tolerant 
humans with constant magnesium intake lactose may not affect apparent magnesium 
absorption. 

From the effects of lactose present in cow's milk products versus that of the phytate 
component of soybean products, it can be predicted that substitution of soybean beverage for 
cow's milk lowers apparent magnesium absorption in rats. However, it is possible that 
lactose and phytate do not exhibit the anticipated effects when present in the matrix of the 
intact products. In Chapter 4 it is shown that these compounds as present in cow's milk or 
soybean beverage still exert their influence on magnesium absorption in rats. Soybean 
beverage versus cow's milk reduced apparent magnesium absorption. As to the impact of 
substitution of soybean beverage for cow's milk on apparent magnesium absorption in 
humans only speculation is opportune. The lactose component of milk does probably not 
affect apparent magnesium absorption (Chapter 8). Literature data (Chapter 2) indicate that 
pure sodium phytate as well as naturally occurring phytate decrease apparent magnesium 
absorption in humans. 

The relationship between the intestinal absorption of magnesium and calcium has been 
subject of considerable controversy. Studies in rats have demonstrated that apparent 
absorption of magnesium is depressed by high calcium intake (Chapter 2). This has often 
been explained by competition between magnesium and calcium for a common carrier system 
in the ileum (12-14). However, in a recent study in rats (15), competition between 
magnesium and calcium for ileal uptake could not be confirmed. The observation described 
in Chapter 6 that increased intake of calcium does not reduce magnesium absorption at a 
relatively low dietary phosphate concentration, suggests that there is no common mechanism 
for transport of magnesium and calcium across the intestinal mucosa. Results from human 
studies are contradictory (Chapter 2). Some studies show a decreased apparent magnesium 
absorption at high calcium intakes, but most studies with healthy adult subjects indicate that 
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high calcium intake does not affect intestinal magnesium absorption. An explanation for the 
controversy between rat and most human experiments is offered in Chapter 6. The inhibitory 
effect of dietary calcium on apparent magnesium absorption appears to depend on the 
phosphate: magnesium ratio of the diet which determines whether or not an insoluble 
magnesium-calcium-phosphate complex is formed in the intestine. The relatively low 
phosphate: magnesium ratio and low calcium concentration in human diets, as compared with 
rat diets might result in less formation of insoluble complexes in the human intestine after 
ingestion of extra calcium. This would explain why addition of calcium to human diets does 
not affect apparent magnesium absorption, whereas addition of calcium to rat diets inhibits 
it. This explanation is confirmed by the study of Giles 'et al. (16). In infants consuming diets 
with a high phosphate: magnesium ratio similar to that of rat diets, an increase in calcium 
intake decreased apparent magnesium absorption. 
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Summary 

The influence of various nutrients present in dairy products and soybean-based products on 
absorption of magnesium has been investigated. The studies demonstrate that soybean protein 
versus casein lowers apparent magnesium absorption in rats through its phytate component. 
However, true magnesium absorption was neither affected by soybean protein in the diet nor 
by supplemental phytate. The inhibitory influence of soybean protein and phytate on apparent 
magnesium absorption was found to be caused by stimulation of fecal excretion of 
endogenous magnesium. The loss of magnesium was compensated for by depressed urinary 
magnesium excretion so that whole-body magnesium retention was left unchanged. Lactose 
in the diet raised both apparent and true magnesium absorption in rats. Phytate and lactose, 
as intrinsic component of milk and soybean beverage still exerted their influence on apparent 
magnesium absorption in rats. The stimulatory effect of lactose is most likely due to the 
lactase-deficiency of these animals. Microbial fermentation of lactose in the intestine may 
have caused the observed decrease in intestinal pH. This might result in increased magnesium 
solubility in the ileal lumen, which in turn stimulates magnesium absorption. The 
concentration of soluble magnesium in the intestinal lumen, at least at low concentrations, 
is the major determinant of the amount of magnesium absorbed. In lactose-tolerant humans 
possessing lactase in the intestine, lactose did not affect magnesium absorption. Increasing 
intakes of calcium may reduce apparent magnesium absorption, depending on the 
phosphate: magnesium ratio in the diet. High ratios favor the formation of an insoluble 
magnesium-calcium-phosphate complex in the intestine after consumption of extra calcium, 
so that magnesium absorption is impaired. This mechanism speaks against a common 
mechanism for transport of magnesium and calcium across the intestinal mucosa. 
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Samenvatting 

In dit proefschrift is de invloed van verschillende nutriënten, die voorkomen in melk- en 
sojaprodukten, op de absorptie van magnesium bestudeerd. De experimenten laten zien dat 
sojaeiwit in vergelijking met caséine de schijnbare magnesiumabsorptie bij ratten verlaagt 
door de aanwezigheid van fytaat in dit eiwit. Noch sojaeiwit in de voeding, noch suppletie 
van fytaat hadden invloed op de 'werkelijke' absorptie van magnesium. Er werd aangetoond 
dat de vermindering van de schijnbare magnesiumabsorptie door sojaeiwit en fytaat werd 
veroorzaakt door een verhoogde uitscheiding van endogeen magnesium in de faeces. Dit 
verlies van magnesium werd gecompenseerd door een verlaging van de magnesium 
uitscheiding in de urine, waardoor de magnesium retentie in het lichaam niet werd beinvloed. 
Lactose in de voeding verhoogde zowel de schijnbare als de 'werkelijke' absorptie van 
magnesium in ratten. Fytaat en lactose, indien aanwezig in de complete produkten sojadrank 
en melk, behielden hun effect op de schijnbare magnesiumabsorptie in ratten. Er zijn 
aanwijzingen dat het stimulerende effect van lactose wordt veroorzaakt door het feit dat de 
rat lactase-deficiënt is. De waargenomen pH daling in de darm wordt mogelijk veroorzaakt 
door microbiële fermentatie van lactose. Deze pH daling zou kunnen resulteren in een 
verhoogde oplosbaarheid van magnesium in het darmlumen waardoor de magnesiumabsorptie 
wordt gestimuleerd. De concentratie oplosbaar magnesium is, in ieder geval bij lage 
concentraties, de belangrijkste determinant voor de hoeveelheid magnesium die wordt 
opgenomen. Bij lactose-tolerante volwassenen, die in bezit zijn van het enzym lactase in de 
darm, had lactose geen effect op de schijnbare magnesiumabsorptie. Een verhoging van de 
calciuminneming kan, afhankelijk van de fosfaat:magnesium verhouding in de voeding, de 
schijnbare absorptie van magnesium verminderen. Hoge fosfaat:magnesium verhoudingen 
bevorderen de vorming van een onoplosbaar calcium-magnesium-fosfaat complex in de darm 
na consumptie van extra calcium, waardoor de absorptie van magnesium wordt verlaagd. In 
dit onderzoek zijn geen aanwijzingen gevonden voor een gemeenschappelijk transport-
mechanisme van calcium en magnesium over de darmmucosa. 
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