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1. Introduction

Calcium plays crucial roles in the formation of bones and teeth, cell growth, and
metabolism. However, the rate of absorption of calcium in the small intestine and its
bioavailability is low, because it can easily crystallize, insolubilize, and precipitate at the
physiological pH. Therefore, despite that calcium plays many crucial roles in development
and other process, the bioavailability of this essential mineral tends to be scarce.

Certain food ingredients, such as casein phosphopeptides (CPPs) and nondigestible
oligosaccharides, are known to improve the absorption of calcium by preventing its
crystallization in the small intestine.

Tempe, which is produced by the fermentation of boiled soybean by means of Rhizopus
culture, is a traditional soyfood in Indonesia. Soyfoods are generally considered an
unfavorable source of calcium because soybean is rich in phytate that chelates calcium and
retards its absorption. However, the phytate content in tempe is established to be less than
half of that in soybean. Accordingly, it is expected that the consumption of tempe may in
contrast improve the absorption of calcium from the small intestine.

In this chapter, I first emphasize the importance of dietary calcium and the problems
associated with calcium deficiency. Second, I discuss an animal study that, which our group
conducted to assess the effect of soybean fermentation on calcium absorption in growing
male rats. It was found that the calcium absorption ratio of the rats fed tempe was
significantly higher than that of the rats fed unfermented soybean. The high calcium
absorption ratio of the tempe group may have been caused by both low phytate content and
peptides that were produced during the fermentation of soybean by Rhizopus. This section
also describes other components such as CPPs, which improve the availability of calcium.
Third, I describe the results of my in vitro study; in particular, I discuss the ability of
minerals, such as calcium and nonheme iron, to solublilize in the presence of phytate. It was
determined that the solubilization of nonheme iron was affected by the concentration of
phytate, whereas that of calcium was not. Finally, I present the potential challenges and
future possibilities in this area.

2. The roles of calcium and absorption

Dietary calcium plays crucial roles in the formation of bones and teeth, contraction of
muscles, activation of enzymes, secretion of hormones, and various functions of the cell,
including excitation of nerves and aggregation of blood. Dietary calcium is absorbed by, not
only the upper gastrointestinal tract including the duodenum, but also by the jejunum and
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ileum. However, generally the rate of absorption of calcium from the small intestine and the
bioavailability of calcium have been reported to be low because calcium easily crystallizes,
insolubilizes, and precipitates at the physiological pH (Saito and Lee, 1998; Heuvel et al.,
1999) Accoringly, at present, calcium is the sole mineral that is deficient in the Japanese diet
according to the latest nutrition survey.

3. The ingredients in food that affect calcium absorption

The ingredients in food that affect calcium absorption are shown in Table 1 (Uenishi, 2001).
In this section, I describe CPPs and phytate in more detail.

CPPs, the components made by digestions of milk casein, are suggested to increase the
passive transport of calcium in the small intestine by preventing its crystallization due to the
phosphorylated serine residues in the CPP molecule (Saito and Lee, 1998). However, it has
also been reported that the preferable effect of CPP is affected by its concentration and the
existence of dietary fiber (Hansen et al., 1997; Bennett et al., 2000).

Phytate (inositol-6-phosphate) interacts with calcium strongly and forms the phytate salt of
calcium at a molar ratio from 1:1 to 1:6. Because the salt is water-insoluble at a high molar
ratio and our gastrointestinal tract lacks phytase, which is the enzyme that digests phytate,
we cannot utilize the insoluble calcium salt (Zhou & Erdman, 1995). Soyfoods are generally
considered an unfavorable source of calcium supply because soybean is rich in phytate that
retards the absorption of calcium (Anderson and Wolf, 1995), although, soybean has a
relatively high contents of calcium.

Accelerate Suppress
Casein phosphopeptide (CPP) Phytate
Lactate Oxalate
Qligosaccharide Dietary fiber
Vitamin D Excessive phosphorus
Lysin Saturated fatty acid
Arginin

n-3 Polyunsaturated fatty acids
Materials that accelate gastric acid

Table 1. Food ingredients that affect calcium absorption.

4. Tempe

Tempe, the traditional soy-fermented soyfood prepared by salt-free fermentation with
Rhizopus microsporus, was originally developed in Central Java, Indonesia. Because there are
some kinds of tempe made from ingredients other than whole soybean, both traditional
tempe and a couple other types are shown in Fig. 1. Tempe made from soybeans is rich in
not only soy protein, glycosidized isoflavones, and vitamin B, all of which are originally
present in soybean, but also in free amino acids and isoflavone-aglycones that are produced
during the fermentation process (Karyadi and Lukito, 1996; Ikeda et. al., 1999). Therefore,
tempe intake has been reported to decrease the effects of chronic degenerative diseases,
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including cancer, coronary disease, osteoporosis, and menopausal symptoms, due to its high
antioxidative activity (Watanabe et. al., 2007) and the decreasing effects of plasma low-
density lipoprotein (LDL) levels (Nout and Kiers, 2004).

Moreover, it has also been reported that the phytate content in tempe decreases to less than
half of that present in soybeans, due to phytase during fermentation (Mugula, 1992).
Moreover, in an in vitro experiment, it has been reported that calcium precipitation was
drastically decreased in tempe compared with that in unfermented soybean, mainly due to
the presence of peptides with molecular weight of 10,000 or more in tempe (Japan patent, JP
2004-57204 A.). Therefore, it was expected that an improvement in calcium absorption
would occur by fermentation of soybean during tempe processing.

Fig. 1. Photos of different kinds of tempe made from (a) soybean, (b) okara, and (c) kapok.
Okara is soybean fiber that remain after making tofu. Kapok is a deciduous tree.

5. Dietary tempe and calcium absorption.

In this section, I describe the results of an animal study that examined the effect of dietary
tempe on calcium absorption (Watanabe et. al., 2008).

5.1 Experimental procedure

Three-week-old male Sprague-Dawley rats were purchased from Japan SLC, Inc. (Shizuoka,
Japan). The animals were housed individually in stainless steel cages at room temperature
(20-25 °C) with a 12h light/ dark cycle (light from 8:00 to 20:00). They were fed a commercial,
nonpurified chow diet (F-2; Funabashi Farms, Chiba, Japan) for a week. The animals were
subsequently grouped into 3 dietary groups, consisting of 5 rats per group, and they were
fed the indicated experimental diets for 4 weeks.

The experimental diets were formulated based on the AIN-93G specifications. Soybean,
conventional tempe, and anaerobic-tempe were used as the protein sources of the
experimental diets. Conventional tempe and anaerobic-tempe were prepared as previously
described (Aoki et al., 2003). Briefly, steamed soybeans were incubated aerobically with R.
microsporus IFO 32002 for 20h (to obtain conventional tempe), and then anaerobically
incubated for 5h (to obtain anaerobic-tempe).

The calcium and phosphorus levels were adjusted by addition of CaCOs; and K,HPO,,
respectively. The magnesium level of the diet was not adjusted. The calcium contents of
soybean, tempe, and anaerobic-tempe were 6.1, 5.9, and 6.1 g/kg, respectively. The
magnesium contents were 1.4, 1.1, and 0.9 g/kg, respectively. Furthermore, the phosphorus
contents were 4.5, 4.1, and 4.3 g/kg, respectively.
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All animals received daily-prepared fresh diets ad libitum for 4 weeks. The rats were housed
in metabolic cages for 3 days before the end of this test period, and the feces and urine were
collected from each rat. An HCI solution (1 mol/L) was added to each flask for collecting
urine. The apparent mineral absorption ratio was calculated using the following formula:
apparent absorption ratio = (intake - fecal excretion - urinary excretion) / intake x 100.

At the end of the 4-weeks test period, the rats were sacrificed by decapitation under diethyl
ether anesthesia. Their blood was collected and centrifuged at 1700 x g for 10 min to
separate the plasma.

5.2 Results and discussion

The results of the calcium balance tests for 3 consecutive days are shown in Fig. 2. The
group order based on the calcium absorption ratio for the 3 days tested was as follows:
tempe group > anaerobic-tempe group > soybean group. In particular, the absorption ratio
of the tempe group was higher than those of the other 2 groups, although no significant
difference was observed between the groups on the third day. Furthermore, no significant
differences were found in the calcium contents in the femur and plasma samples among the
dietary groups (data not shown).

90 - b

80 b
ab d
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30 W Anaerohic-tempe

Fig. 2. Calcium absorption ratio of 5 rats (means + SE.) from each of the soybean, tempe, and
anaerobic-tempe groups through the 3 days before the end of the test period. The different
letters on top of the bars indicate significant differences among groups on each day (p <
0.05).

Despite that the occurrence of CPP-like peptides are not expected in fermented soy
products, some peptides that prevent the crystallization of calcium and promote its
absorption, such as peptides rich in acidic amino acids (Muramoto et al.,, 1994), may be
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produced during fermentation. The calcium absorption ratio of the anaerobic-tempe group
was remarkably less than that of the tempe group. Therefore, the effective peptides in the
tempe may be hydrolyzed during anaerobic fermentation because, as previously reported,
the contents of free amino acids and oligopeptides increases considerably during anaerobic
fermentation carried out to produce anaerobic-tempe (Watanabe et al., 2006).

The phytate contents in soybean, tempe, and anaerobic-tempe were 18.4, 13.4, and 1.60
g/ kg, respectively. The particularly low level of phytate in the anaerobic-tempe may be due
to the hydrolysis of phytate during anaerobic fermentation (Sutardi and Buckle, 1988).
However, since a reverse correlation was not observed between calcium absorption and
phytate content, the effect of phytate on calcium absorption was determined to be restricted.
Isoflavones in soyfoods were also reported to enhance calcium absorption in rats (Zafer &
Weaver, 2004). The isoflavone content of unfermented soybean was the highest among the 3
experimental soyfoods in this study; both the tempe and anaerobic-tempe showed identical
isoflavone content (data not shown). Therefore, isoflavones may not be the major factor
responsible for the high calcium absorption ratio of the tempe group observed in this study.

The absorption ratios of magnesium in each of the diet groups are shown in Fig. 3. In
contrast with the calcium absorption results, the magnesium absorption ratio of the tempe
group was lower than those of the other 2 groups, although no significant difference was
observed on the second day.

The absorption ratios of phosphorus for each of the diet groups are shown in Fig. 4. Similar
to the magnesium absorption results, the phosphorus absorption ratio of the tempe group
was lower than those of the other 2 groups, although a significant difference was observed
only on the third day.
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Fig. 3. Magnesium absorption ratio of 5 rats (means * SE) from the soybean, tempe, and
anaerobic tempe groups during the 3 days before the end of the test period. The different
letters above the bars indicate significant differences among the groups on each day (p <
0.05).
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Fig. 4. Phosphorus absorption ratio of 5 rats (means + SE) from the soybean, tempe, and
anaerobic tempe groups during the 3 days before the end of the test period. The different
letters above the bars indicate significant differences among the groups on each day (p <
0.05).

6. Phytate contents and calcium solubility

Because the effect of phytate on calcium absorption was found to be restricted in our animal
study, as described in section 5, I also describe the results of an in vitro calcium solubility
assay using some kinds of soyfoods, including tempe, in this section.

6.1 Experimental procedure

Two kinds of unfermented soybean, 5 kinds of Japanese tempe, and 5 kinds of Indonesian
tempe were used. All of these soyfoods were freeze-dried and then powdered. The powders
were subsequently used as the experimental samples in the calcium solubility assay.

Fifty milligrams of each powdered experimental sample, 100 pL of 20 mM calcium chloride
solution, and 20 mM phosphate buffer (pH 7.0) were mixed and then incubated for 30 min at
37 °C. Each mixture was centrifuged for 10 min at 9100 x g, and then the calcium
concentration of the supernatants was measured using Calcium E-test (Wako Pure Chemical
Industries, Ltd., Osaka, Japan). A mixture using distilled water instead of 20 mM calcium
chloride solution was used as the blank.

6.2 Results and discussion

The correlation between calcium solubility and the phytate contents in some kinds of
soyfoods is shown in Fig. 5. The longitudinal axis shows the ABS of the experimental
solution. A low ABS indicates low solubility of calcium. Because the calculated correlation
coefficient was -0.445, which indicates a weak negative correlation, high phytate contents
may induce low calcium solubility in this condition. However, because the correlation
coefficient was not particular high, other factors other than phytate are likely also important
for solubilizing calcium.
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Furthermore, there are a number of inconsistent studies about the relationship between
calcium absorption and phytate content in diet.

One study reported that a diet that consisted of 20% phytate-free soybean protein increased
the calcium absorption ratio by only 1% in growing male rats, although the magnesium and
zinc absorption ratios were increased by 5-10% compared with a diet of soybean protein and
casein (Fukui et al., 1997). In another study that used mature and immature rats, the phytate
level did not affect the absorption of calcium (Mason et al., 1993). Furthermore, another
study that used infant formulas determined that the phytate level in a diet that contained
soybean protein did not affect mineral bioavailability, such as calcium and phosphorus, in
rats (Churella, 1989).

In contrast, another report indicated that a diet that consist of 20% phytate-free soybean
protein increased both the absorption and retention ratios of calcium, magnesium,
phosphorus, iron, and zinc, compared with a diet of soy protein isolate and casein in rats
(Kamao et al., 2000). With the exception of the aforementioned study, other investigatiors
have reported an unfavorable effect of phytate on calcium availability (Anderson & Wolf,
1995; David & Wolf, 1987).
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Fig. 5. Correlation between calcium solubility and the phytate content in different kinds of
soyfoods. The longitudinal axis shows the ABS of the experimental solutions; A low ABS
indicates a low solubility of calcium.

Moreover, the addition of phytate to diets has been demonstrated to decrease the absorption
ratios of magnesium and phosphorus, but not calcium (Miyazawa et al., 1996).

7. Phytate contents and nonheme iron solubility

In this section, I describe the results of an in vitro nonheme iron solubility assay using some
kinds of soyfoods, such as tempe. Nonheme iron reportedly reduced in the stomach and
absorbed by the duodenum and proximal jejunum. The absorption ratio of nonheme iron is
also low, because the nonheme iron is likely to be crystallized, insolubilized, and
precipitated similarly to calcium. The low availability of nonheme iron, which occupies a
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large proportion of a typical diet, is one of the factors that lead to a lack of iron as a nutrient
(Clydesdale, 1983).

7.1 Experimental procedure

Samples for the nonheme iron solubility assay were prepared by the method described in
section 6.1. Furthermore, 50 mg of each powdered experimental sample, 30 pL of FeCls
solution (1.68 mg/mL HCI), and 500 pL of MOPS buffer (pH 7.5) were mixed, and
subsequently incubated for 30 min at 37 °C. The mixtures were centrifuged at 9100 x g, and
the concentration of the supernatants was measured using Fe C-test (Wako Pure Chemical
Industries, Ltd.). A mixture using distilled water instead of FeCl; solution was used as the
blank.

7.2 Results and discussion

The correlation between nonheme iron solubility and phytate content in some kinds of
soyfoods is shown in Fig. 6. The longitudinal axis shows the ABS of the experimental
solutions. A low ABS indicates low solubility of nonheme iron. Because the calculated
correlation coefficient was 0.807, which indicates a strong positive correlation, a high
phytate content may induce high nonheme iron solubility in this condition, whereas higher
phytate content suggested to induce lower mineral solubility.
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Fig. 6. Correlation between nonheme iron solubility and phytate content in some kinds of
soyfoods. The longitudinal axis shows the ABS of the experimental solution; A low ABS
indicates low solubility of nonheme iron.

Similar to the existing literature on calcium absorption, there are also some inconsistent studies
about the relationship between phytate contents in diets and nonheme iron absorption.

Dietary phytate has been suggested to decrease the bioavailability of iron due to the
formation of iron and phytate in the small intestine (Minihane & Rimbach, 2002). The
absorption ratio of iron from bread containing bran was remarkably lower than that from
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white bread. Moreover, the absorption ratio of iron from the bread with bran with removed
phytate from an HCI treatment increased to the same level as from white bread (Hallberg,
1984).

In contrast, although excessive administration of phytate created complexes of phytate with
iron and calcium, the absorption ratios of iron and calcium were unaffected (Graf & Eaton,
1984).

The formation of phytate-iron complexes are suggested to involve either monoferric phytate
that complexes with 1 iron, or ferric phytate that complexes with 2 or more irons. While
monoferric phytate is contained in wheat, ferric phytate is contained in soybean.
Furthermore, the bioavailability of monoferric phytate is high relatively and that of ferric
phytate is low (House & Welch, 1987; Morris & Ellis, 1976; Ambe et al., 1987).

8. Conclusion

As evidence by the findings presented in this chapter, the relationship between phytate
concentrations and mineral availability has remained unclear. The relationship between the
solubility and both calcium and iron, as determined by the methods in section 5.1 and 6.1,
are shown in Figs. 7 and 8, respectively.
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Fig. 7. The relationship between phytate contents and solubility of calcium based on an in
vitro assay. The longitudinal axis shows the ABS of the experimental solutions. A low ABS
indicates low solubility of calcium. The upper graph panel indicates calcium solubility in a
range of phytate contents from 1.167 mg/mL to 0.033 mg/mL. Furthermore, the left lower
panel indicates calcium solubility in the phytate contents of the concentration range shown
in the solid line circle on the upper panel. Similarly, the right lower panel indicates the
solubility at concentrations in the area shown in the dotted line circle on the upper panel.
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Fig. 8. The relationship between phytate content and solubility of iron based on an in vitro
assay. The longitudinal axis shows the ABS of the experimental solutions. A Low ABS
indicates low solubility of nonheme iron. The left panel show the iron solubility in the
phytate contents ranging from 1.167 mg/mL to 0 mg/mL. The right panel indicates the iron
solubility at concentration shown in the circle on the left panel.

As shown in Fig. 7, calcium solubility is maximized an optimal concentration of phytate. In
this study, the optimal concentration of phytate was determined to be 0.167 mg/mL. At the
higher and lower phytate concentrations, the solubility was not lower than at the optimal
concentration.

As shown in Fig. 8, nonheme iron solubility decreased gradually in the phytate
concentration from 1.167 mg/mL to 0.033 mg/mL. On the other hand, in the concentration
lower than 0.033 mg/mL, the solubility in the 0 mg/mL was the highest.

Despite that I indicated a relationship between phytate concentration and both calcium and
nonheme iron solubility, the physiological concentrations of calcium and nonheme iron in
the small intestine remain unclear. Therefore, further detailed investigations were needed to
elucidate the role of phytate in the solubility, absorption, and bioavailability of minerals
such as calcium and nonheme iron.
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