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Abstract: Phytate-removed and deamidated soybean β-conglycinin (PrDS) prepared  

by ion-exchange resins was supplemented to be 4% in the diet administered to ovariectomized 

rats to investigate its preventive effect on osteoporosis. The apparent calcium absorption 

rate decreased following ovariectomy and was not replenished by oral administration  

of phytate-removed soybean β-conglycinin (PrS) or casein. On the other hand, administration  

of PrDS restored the calcium absorption rate to the same level as the sham group. Markers  

of bone resorption, such as serum parathyroid hormone (PTH) and urinary deoxypyridinoline 

(DPD), increased, and the bone mineral density and breaking stress decreased following 

ovariectomy. However, PrDS supplementation suppressed the changes caused by the decrease 

in calcium absorption from the small intestine. Therefore, PrDS supplementation shows 

promise for the prevention of postmenopausal osteoporosis. 
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1. Introduction 

Bone is a supporting tissue that maintains its structural integrity and morphology through repetitive 

resorption and formation. It also acts as a calcium reservoir in the human body and helps to regulate 

the serum calcium level [1]. However, with age, bone resorption predominates bone formation, 

eventually leading to osteoporosis [2]. Currently, there are more than 10 million individuals with 

osteoporosis in Japan, and this number will continue to grow as the population ages. Osteoporosis that 

develops with age is called involutional osteoporosis and is categorized into two types. Type 1  

is postmenopausal osteoporosis, which occurs in women with a depressed estrogen level after 

menopause. Type 2 is senile osteoporosis, which occurs in both men and women over the age  

of 70 with a depressed vitamin D level [3]. A lowered estrogen level enhances bone resorption, which 

causes calcium loss in bones, whereas a lowered vitamin D level reduces the biosynthesis of calcium-binding 

protein and suppresses calcium absorption in the small intestine. Therefore, in both cases, adequate 

calcium intake is essential to prevent osteoporosis. 

The bioavailability of calcium ranges from 10% to 40%, varying depending on the other substances 

ingested at the same time. Therefore, it is important to consider not only how much calcium to take,  

but also what to take with it to enhance its bioavailability. Phytate and oxalate are known to interfere 

with calcium bioavailability by binding strongly with calcium, thereby making it insoluble [4,5]. Other 

compounds, such as casein phosphopeptide (CPP), calcium citrate malate (CCM) and poly-γ-glutamate,  

are known to enhance calcium bioavailability via weak binding, which solubilizes it [6–9]. Acidic 

functional groups, such as carboxyl and phosphate groups in their structure, play an important role  

in enhancing calcium absorption. CPP, CCM and poly-γ-glutamate have been included in foods  

for specified health uses authorized by the Consumer Affairs Agency of Japan to enhance calcium 

absorption. However, their applicability is limited because of their characteristic flavor and poor 

processing properties. 

Soybeans have traditionally been used in the Japanese diet and are known to have excellent 

processing properties. However, soybean proteins contain a high level of phytate, which decreases 

calcium bioavailability [4,5]. On the other hand, because soybean proteins are rich in glutamine  

and asparagine residues, the number of carboxyl groups can be increased if the acid amides  

can be deamidated to produce glutamic acid and aspartic acid residues. 

In previous studies, we have shown that a carboxylate-type cation-exchange resin is effective  

at the conversion of glutamine into glutamic acid and asparagine into aspartic acid [10–12] and that 

soybean proteins deamidated after removal of phytate, a calcium absorption inhibitor, enhanced 

calcium absorption from the intestine [13]. Moreover, administration of phytate-removed and 

deamidated soybean proteins (PrDS) has been shown to promote bone formation in young male  

rats [14,15]. However, the effect of PrDS on involutional osteoporosis has not yet been examined. 

Therefore, the purpose of the present study was to examine if the oral administration of PrDS  

is effective at preventing osteoporosis caused by ovariectomy. 
  



Int. J. Mol. Sci. 2015, 16 2119 

 

 

2. Results and Discussion 

2.1. Properties of Samples 

The degree of deamidation of the PrDS was approximately 20%. The calcium, magnesium and zinc 

contents of the egg albumin were 0.306 ± 0.046, 0.943 ± 0.010 and 0.002 ± 0.000 mg/g protein;  

those of phytate-removed soybean β-conglycinin (PrS) were 0.879 ± 0.219, 0.598 ± 0.004  

and 0.007 ± 0.000 mg/g protein; those of PrDS were 0.125 ± 0.002, 0.405 ± 0.106 and  

0.012 ± 0.001 mg/g protein; and those of casein were 0.418 ± 0.008, 0.044 ± 0.001 and  

0.034 ± 0.001 mg/g protein, respectively. The contents of these minerals in each sample protein were 

negligible in the animal diet compared to their contents in the AIN-76 mineral mix. 

2.2. Mineral Absorption Rate 

At the beginning of the mineral balance study, no individual differences were observed among  

the sample groups (data not shown). After one week of feeding of each experimental diet, the calcium 

absorption rate was reduced in the ovariectomized groups, but a similar reduction was not observed  

in the group fed PrDS. The calcium absorption rate of the PrDS group was significantly higher than 

that of the PrS and casein groups and was almost equal to that of the sham group (Figure 1; sham:  

63.73% ± 6.96%; control: 38.46% ± 3.01%; PrS: 39.48% ± 7.27%; PrDS: 61.80% ± 2.08%; casein:  

39.53% ± 2.77%). These results indicate that the increase in carboxyl groups by deamidation  

of glutamine and asparagine residues was effective enough to enhance calcium bioavailability via their 

weak binding with calcium ions in the gut. Numerous studies have reported that estrogen deficiency 

brought on by ovariectomy causes a reduction in intestinal calcium absorption [16–19]. The same 

phenomenon was observed in this study. The absorption rates of magnesium (Figure 1; sham:  

73.06% ± 3.80%; control: 72.56% ± 3.38%; PrS: 67.14% ± 4.66%; PrDS: 84.63% ± 0.72%; casein, 

75.86% ± 2.01%) and zinc (Figure 1; sham: 53.72% ± 8.86%; control: 44.68% ± 6.46%; PrS:  

26.75% ± 9.03%; PrDS: 57.52% ± 2.05%; casein: 49.89% ± 2.86%) were not decreased  

by ovariectomy, but in comparison to the non-ovariectomized sham group, the PrS group showed 

significantly lower and the PrDS group showed higher values. Approximately two-thirds  

of all magnesium in bone is in the form of hydroxyapatite crystals, and the magnesium content  

is associated with the qualitative changes in hydroxyapatite [20]. Moreover, magnesium 

supplementation has been reported to increase bone strength in ovariectomized rats [21]. Therefore,  

the increased magnesium absorption rate caused by PrDS intake may also strengthen bone. According 

to our previous in situ study, which examined the calcium absorption rate from the small intestine [15], 

PrDS enhanced the calcium absorption rate more strongly than casein, whereas PrS did not have  

an enhancing effect. A similar trend was observed in the present work: PrDS was more effective than 

casein, and PrS was ineffective. Although CPP is known to enhance calcium absorption from the small 

intestine, the amount of CPP produced from casein in the gut would not have been sufficient to have  

an effect. From these findings, daily intake of a diet containing 4% PrDS was expected to increase 

bone mineral density and strength. As an intake of 4% PrDS is almost equivalent to that of 4 g 

PrDS/kg body weight, daily intake of 200–250 g of PrDS per person would be necessary to have  

the same effect. 
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Figure 1. Apparent mineral absorption rate in sham-treated and ovariectomized rats fed 

each experimental diet for a week. Sham, non-ovariectomized and 20% egg albumin 

intake; control, ovariectomized and 20% egg albumin intake; phytate-removed soybean  

β-conglycinin (PrS), ovariectomized and 4% PrS + 16% egg albumin intake; Phytate-removed 

and deamidated soybean β-conglycinin (PrDS), ovariectomized and 4% PrDS + 16% egg 

albumin intake; casein, ovariectomized and 4% casein + 16% egg albumin intake.  

Each value shows the mean for six rats with the standard error (SE). Absorption values  

for the same mineral indicated by different letters are significantly different at p < 0.05. 

2.3. Levels of Bone Resorption Markers 

The serum parathyroid hormone (PTH) level is shown in Figure 2 (sham: 60.49 ± 14.57 pg/mL; 

control: 159.89 ± 38.05 pg/mL; PrS: 75.14 ± 14.90 pg/mL; PrDS: 59.18 ± 11.68 pg/mL; casein:  

119.3 ± 17.23 pg/mL). When the calcium concentration in the blood decreases, PTH is secreted from 

the parathyroid gland to increase bone resorption [22]. As the level of secreted estrogen decreases  

due to the onset of menopause, bone resorption is accelerated by increasing the PTH level [23]; 

estrogen deficiency brought on by ovariectomy also causes an increase in the PTH level [24]. A similar 

pattern was observed in the present study: the PTH level was significantly higher in the control group 

than in the sham group. On the other hand, the PTH level of the PrDS group was almost identical  

to that of the sham group, suggesting sufficient calcium absorption from the small intestine. 

Suppression of PTH secretion due to the enhancement of calcium absorption from the small intestine 

was also observed for young male rats administered PrDS, which led to the promotion of bone 

formation [25]. Although no enhancing effect of calcium absorption was observed for PrS after one 

week of feeding (Figure 1), the PTH level of the PrS group was almost comparable to that of the sham 

group. The calcium bioavailability might have been improved during the intake of PrS for eight weeks. 

The level of deoxypyridinoline (DPD) is shown in Figure 3 (sham group: 83.31 ± 5.24 nmol/mmol 

creatinine; control: 142.34 ± 26.7 nmol/mmol creatinine; PrS: 140.82 ± 12.0 nmol/mmol creatinine; 

PrDS: 91.2 ± 4.04 nmol/mmol creatinine; casein: 118.05 ± 9.64 nmol/mmol creatinine). Type 1 

collagen accounts for approximately 90% of the organic matrix of bone and is cross-linked  

by pyridinoline and DPD, which are released and excreted in the urine during bone resorption  

and collagen breakdown. Therefore, the presence of DPD in the urine is considered to be a marker  
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of bone resorption [26]. The control, PrS and casein groups showed significantly higher DPD levels 

than the sham group. However, the DPD level of the PrDS group was almost identical to that of the 

sham group. 

 

Figure 2. Serum parathyroid hormone (PTH) level in sham-treated and ovariectomized rats 

fed each experimental diet for eight weeks. Sham, non-ovariectomized and 20% egg 

albumin intake; control, ovariectomized and 20% egg albumin intake; PrS, ovariectomized 

and 4% PrS + 16% egg albumin intake; PrDS, ovariectomized and 4% PrDS + 16% egg 

albumin intake; casein, ovariectomized and 4% casein + 16% egg albumin intake. Values 

show the means for six rats with the SE. Values indicated by different letters are significantly 

different at p < 0.05. 

 

Figure 3. The urinary deoxypyridinoline (DPD) level in sham-treated and ovariectomized 

rats fed each experimental diet for eight weeks. Urinary DPD was standardized with 

urinary creatinine. Sham, non-ovariectomized and 20% egg albumin intake; control, 

ovariectomized and 20% egg albumin intake; PrS, ovariectomized and 4% PrS + 16% egg 

albumin intake; PrDS, ovariectomized and 4% PrDS + 16% egg albumin intake; casein, 

ovariectomized and 4% casein + 16% egg albumin intake. Values represent the means for six 

rats with the SE. Values indicated by different letters are significantly different at p < 0.05. 



Int. J. Mol. Sci. 2015, 16 2122 

 

 

These results suggest that daily intake of 4% PrDS suppresses bone resorption following 

ovariectomy and may promote the storage of calcium in bone, which can lead to increased bone 

mineral density and strength. The suppressing effect of casein on bone resorption was lower than that 

of PrDS, probably because of its lower calcium absorption rate. 

2.4. Bone Mineral Density 

Femur bone mineral density (BMD) is shown in Figure 4. Cortical BMD (sham: 915.04 ± 1.79 mg/cm3; 

control: 901.17 ± 3.01 mg/cm3; PrS: 903.68 ± 1.85 mg/cm3; PrDS: 911.01 ± 2.11 mg/cm3; casein:  

899.99 ± 1.98 mg/cm3) and trabecular BMD (sham: 557.63 ± 3.52 mg/cm3; control: 421.37 ± 3.65 mg/cm3; 

PrS: 432.28 ± 2.86 mg/cm3; PrDS: 432.17 ± 4.52 mg/cm3; casein: 431.2 ± 3.47 mg/cm3) were 

individually evaluated by peripheral quantitative computed tomography (pQCT) [27,28] along with 

total BMD (sham: 685.52 ± 6.42 mg/cm3; control: 500.19 ± 4.40 mg/cm3; PrS: 512.47 ± 3.96 mg/cm3;  

PrDS: 516.88 ± 4.87 mg/cm3; casein: 518.81 ± 4.03 mg/cm3). Since trabecular bone has a greater 

surface area than cortical bone, the remodeling rate of trabecular bone is thought to be faster than  

that of cortical bone [29,30], and approximately 10% of cortical bone is remodeled annually [31].  

In addition, the effects of estrogen deficiency are expected to be seen first in trabecular bone [32]. 

Therefore, femur BMD was measured at 4 mm from the endplate where longitudinal growth  

occurs and trabecular bone is dominant. As expected, trabecular BMD decreased to 75.6%  

(=(421.37 mg/cm3)/(557.63 mg/cm3) × 100) following ovariectomy, while cortical BMD decreased only  

to 98.5% (=(901.17 mg/cm3)/(915.04 mg/cm3) × 100). However, a noticeable difference was observed 

between groups, even in cortical BMD. The cortical BMD of the PrDS group was significantly  

higher than that of any other ovariectomized groups and almost identical to that of the sham group 

(Figure 4A). The reduction occurring in trabecular BMD following ovariectomy was slightly restored 

in the PrS, PrDS and casein groups (Figure 4B). Because the remodeling rate of cortical bone is slow, 

the BMD of the PrDS group may have been retained by the suppression of bone resorption rather  

than by enhancement of bone formation. The cortical bone constitutes the hard outer layer and is 

composed of compact tissues, which account for 80% of the total bone mass. Therefore, cortical BMD 

affects bone strength, and the PrDS group was expected to have greater bone strength than the other 

ovariectomized groups. 

 

Figure 4. Cont. 
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Figure 4. Bone mineral density (BMD) at 4 mm from the endpoint of femurs  

in sham-treated and ovariectomized rats fed each experimental diet for eight weeks.  

(A) Cortical, (B) trabecular and (C) total BMD. Sham, non-ovariectomized and 20% egg 

albumin intake; control, ovariectomized and 20% egg albumin intake; PrS, ovariectomized 

and 4% PrS + 16% egg albumin intake; PrDS, ovariectomized and 4% PrDS + 16% egg 

albumin intake; casein, ovariectomized and 4% casein + 16% egg albumin intake. Values 

represent the means for six rats with the SE. Values indicated by different letters  

for the same BMD are significantly different at p < 0.05. 

2.5. Bone Bending Stress 

The bending stress of femurs measured using the three-point bending test is shown in Figure 5 

(sham: 59.71 ± 3.38 MPa; control: 48.57 ± 1.51 MPa; PrS: 54.34 ± 2.98 MPa; PrDS: 64.01 ± 3.00 MPa; 

casein: 55.52 ± 3.08 MPa). Ovariectomy reduced the amount of stress required to break the bone,  

but it was restored in the PrDS group, which showed a significantly higher bending stress tolerance 

than any other ovariectomized groups. These results are concordant with those for mineral absorption 

rate, bone-resorption markers and BMD. Thus, PrDS supplementation shows promise for preventing 

osteoporosis by enhancing mineral absorption from the small intestine, suppressing bone resorption 

and enhancing BMD. 

 

Figure 5. Bending stress of femurs in sham-treated and ovariectomized rats fed each 

experimental diet for eight weeks. Sham, non-ovariectomized and 20% egg albumin intake; 

control, ovariectomized and 20% egg albumin intake; PrS, ovariectomized and 4% PrS  

+ 16% egg albumin intake; PrDS, ovariectomized and 4% PrDS + 16% egg albumin 

intake; casein, ovariectomized and 4% casein + 16% egg albumin intake. Values represent  

the means for six rats with the SE. Values indicated by different letters are significantly 

different at p < 0.05. 
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3. Experimental Section 

3.1. Materials 

Phytase-treated soybean β-conglycinin (Lipoff-700™, Fuji Oil Co., Ltd., Osaka, Japan) was used  

in this study, because phytate interferes with calcium absorption from the small intestine.  

The phytate content in this was confirmed to be negligible through the measurement as phosphorus  

by inductively-coupled plasma atomic emission spectroscopy (ICP). Ammonium sulfate, 2-mercaptoethanol, 

potassium carbonate, sodium hypochlorite and phenol were purchased from Nacalai Tesque, Inc. 

(Tokyo, Japan). Casein was obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan),  

and the cation-exchange resin used was Amberlite IRC 76 obtained from Organo Co., Tokyo, Japan.  

All other chemicals were of reagent grade. 

3.2. Removal of Isoflavone 

Isoflavone was removed from phytase-treated soybean β-conglycinin in order to eliminate its effect 

on bone resorption. It was washed with a 10-times volume of 70% ethanol and centrifuged at 1100× g 

for 10 min to obtain a precipitate. This procedure was repeated 4 times. The isoflavone was effectively 

removed from phytase-treated soybean β-conglycinin, which was confirmed through the measurement 

by the Folin–Ciocalteu method. The isoflavone and phytate-free β-conglycinin was used as PrS. 

3.3. Deamidation of Phytate-Removed Soybean β-Conglycinin (PrS) 

PrS was deamidated by using a carboxylate type cation-exchange resin, as described previously [13], 

with some modifications. A glass column was packed with 600 mL of the cation-exchange resins, 

successively washed with 1 N NaOH, deionized water, 1 N HCl, deionized water, 0.1 N NaOH, 

deionized water and equilibrated with 0.01 N NaOH prior to use. Then, 20 mL of 6% PrS were applied 

to the column and eluted with 0.01 N NaOH at a flow rate of 3 mL/min. The PrDS was obtained  

in the eluent, followed by dialysis against water and lyophilization. 

The degree of deamidation was determined as the ratio of the amount of acid amide removed  

by treatment with the cation-exchange resin to the total acid amide in PrS [13]. Briefly, the acid amides 

in PrS and PrDS were both completely deamidated by heating in an HCl solution, and the amount  

of ammonia produced was measured by Conway’s micro-diffusion method [33] and the indophenol 

method [34]. Then, the amount of acid amide deamidated was calculated by subtracting the amount  

of ammonia produced from the PrDS from that produced from the PrS. 

3.4. Breeding Conditions 

For acclimation to the animal house environment, 6-week-old female Wistar rats (Clea Japan, Inc., 

Tokyo, Japan) were kept at 23 °C with a 12-h light/12-h dark cycle and fed a standard diet based  

on the AIN-76 formulation (Oriental Yeast Co., Ltd., Tokyo, Japan) containing 20% egg albumin for  

7 days. Then, the rats were divided into 5 groups; 1, sham-operated (sham group); 2, ovariectomized 

(control group); 3, ovariectomized + PrS (PrS group); 4, ovariectomized + PrDS (PrDS group);  

5, ovariectomized + casein (casein group); all were fed a restricted diet of 20 g/day for 8 weeks.  
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The control/sham groups were fed the standard diet containing 20% egg albumin, while the other 

groups (PrS, PrDS and casein groups) were fed a diet containing 16% of the egg albumin and 4%  

of each experimental protein (PrS, PrDS or casein). The composition of each diet is summarized in Table 1. 

After 8 weeks of the experimental period, the rats were fasted for 18 hours, and blood samples were 

collected from the jugular vein. Sera were obtained by centrifugation of the blood at 3000× g  

and 20 °C for 15 min. The femurs were excised from the rats and stored in 70% ethanol after removal 

of muscles and connective tissues. The animal experiments were performed in accordance with  

the Guidelines for Animal Experiments of the College of Bioresource Sciences, Nihon University. 

Table 1. Composition of the experimental diet. 

Ingredient 
Experimental Group (g/kg Diet) 

Control and Sham PrS PrDS Casein 

Egg albumin 200 160 160 160 
PrS  40   

PrDS   40  
Casein    40 

DL-methionine 3 3 3 3 
Corn starch 150 150 150 150 

Sucrose 500 500 500 500 
Cellulose powder 50 50 50 50 

Corn oil 50 50 50 50 
AIN-76 mineral mix 35 35 35 35 
AIN-76 vitamin mix 10 10 10 10 

Choline bitartrate 2 2 2 2 

3.5. Apparent Mineral Absorption Rate 

Feces were collected using metabolic cages for 24 h on the first and 7th days of the experimental 

period, and their weights were measured after being dried under vacuum. Minerals (calcium, 

magnesium and zinc) were extracted from 100 mg of dried feces by wet-ashing. The calcium, 

magnesium and zinc concentrations of the feces were measured by inductively-coupled plasma atomic 

emission spectroscopy (ICP, SPS1700R, Seiko Instruments Inc., Tokyo, Japan). The apparent rate of 

mineral absorption, A (%), was calculated using the equation below. 

A (%) = (I − E)/I × 100 (1)

where I (mg/day) is the mineral intake from the experimental diet and E (mg/day) is the mineral 

excretion in feces. 

3.6. Assays of Serum Parathyroid Hormone and Urinary Deoxypyridinoline 

The serum PTH level was measured as an indicator of the calcium absorption level from the small 

intestine using a PTH rat enzyme-linked immunosorbent assay (ELISA) system (GE Healthcare  

Bio-Sciences K.K., Tokyo, Japan). 
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The urinary DPD level was measured as an indicator of bone resorption using a DPD ELISA kit  

(DS Pharma Biomedical Co., Ltd., Osaka, Japan). DPD was standardized with urinary creatinine, 

which was measured using a creatinine test kit (Wako Pure Chemical Industries, Ltd., Osaka, Japan). 

3.7. Measurement of Bone Mineral Density 

Femur bone mineral density (BMD) was measured based on loop analysis using peripheral 

quantitative computed tomography (pQCT, XCT Research SA, Stratec Medizintechnik GmbH, 

Pforzheim, Germany). Femurs were fixed in a tube and scanned at a slice thickness of 0.75 mm  

and a voxel size of 0.1 mm with a scan speed of 10 mm/s. The scan line was adjusted to 4 mm from  

the distal end of the femur using scout view. Trabecular and cortical bones were defined and analyzed 

using contour Mode 1 (threshold: 267 mg/cm3), peel Mode 2 (threshold: 690 mg/cm3) and separation 

Mode 1 (threshold: 750 mg/cm3). It was assumed that a density of 267–690 mg/cm3 indicated 

trabecular bone and a density greater than 750 mg/cm3 indicated cortical bone. 

3.8. Measurement of Mechanical Bone Strength 

Mechanical bone strength was evaluated by the three-point bending test, using a mechanical testing 

machine (INSTRON 5567, Instron Corp., Norwood, MA, USA). The bones were positioned 

horizontally and rested on two support plates that were 10 mm apart. The pressing force was directed 

vertically to the midpoint of the bone with a plunger speed of 2 mm/min. The breaking force was 

defined as the bending load at failure. The cross-section of the femur was approximated as an oval.  

The maximum bending stress, σ (Pa), was calculated using the equation below. 

σ = F L/π ra
2 rb (2)

where F (N) is the maximum load at failure, L (m) is the distance between the support and ra (m)  

and rb (m) are the cross-sectional radii at the midpoint of the femur. 

4. Conclusions 

PrDS prepared by deamidation of PrS contained high quantities of aspartic and glutamic acid 

residues, which can bind to cations, such as calcium, magnesium and zinc. PrDS would interact with 

these minerals and help with solubilizing them in the gut, leading to the enhancement of their 

absorption from the small intestine. The enhanced mineral absorption reduced bone resorption  

by suppressing the secretion of PTH from the parathyroid gland and the breakdown of collagen  

in bone, as shown by the reduction in the DPD level. The reduction in bone resorption enhanced BMD 

and strengthened bone. Therefore, deamidation of soybean protein after removal of phytate, a calcium 

absorption inhibitor, is effective at preventing osteoporosis caused by estrogen deficiency. 

Acknowledgments 

The authors are grateful to Masahiko Samoto and Mitsutaka Kohno of Fuji Oil Co., Ltd. for their 

supply of phytase-treated soybean β-conglycinin. Our special thanks are extended to Akira Fujii,  

Gui-Zhen Jiang and Hiroko Matsumoto of the Nihon University School of Dentistry at Matsudo for their 



Int. J. Mol. Sci. 2015, 16 2127 

 

 

kind assistance in the use of pQCT. We express our gratitude to Hisaji Kikuchi and Masahiro Kaketani  

of the Nihon University School of Dentistry for allowing us the use of a mechanical testing machine. 

Author Contributions 

Makoto Akao and Ryusuke Abe wrote the paper, Noriko Sato performed the experiments,  

Atsuko Hasegawa-Tanigome and Hitoshi Kumagai analyzed the data, and Hitomi Kumagai designed 

the research work and performed the experiments. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Gueguen, L.; Pointillart, A. The bioavailability of dietary calcium. J. Am. Coll. Nutr. 2000, 19, 119–136. 

2. Raisz, L.G. Maintaining the life-long vitality and integrity of skeletal tissue. Bone 2007, 40, 1–4. 

3. Bischoff-Ferrari, H.A. How to select the doses of vitamin D in the management of osteoporosis. 

Osteoporos. Int. 2007, 18, 401–407. 

4. Boland, A.R.D.; Garner, G.B.; O’Dell, B.L. Identification and properties of phytate in cereal-grains 

and oil seed products. J. Agric. Food Chem. 1975, 23, 1186–1189. 

5. Thompson, D.B.; Erdman, J.W. Phytic acid determination in soybeans. J. Food Sci. 1982, 47, 

513–517. 

6. Lee, Y.S.; Noguchi, T.; Naito, H. Phosphopeptides and soluble calcium in the small intestine of 

rats given a casein diet. Br. J. Nutr. 1980, 43, 457–467. 

7. Lee, Y.S.; Noguchi, T.; Naito, H. Intestinal absorption of calcium in rats given diets containing 

casein or amino acid mixture: The role of casein phosphopeptides. Br. J. Nutr. 1983, 49, 67–76. 

8. Yamamoto, K.; Kumagai, H.; Suzaki, A.; Arai, S. Inhibitory activity of oligo- and poly-L-glutamic 

acids against calcium phosphate insolubilization and calcium binding with special relevance to 

their molecular weight dependence. Biosci. Biotechnol. Biochem. 1994, 58, 1662–1665. 

9. Yamamoto, K.; Kumagai, H.; Suzaki, A.; Arai, S. Physicochemical study of calcium-binding 

properties of chemical substances as inhibitors against calcium phosphate insolubilizatiion.  

Biosci. Biotechnol. Biochem. 1994, 58, 2207–2211. 

10. Kumagai, H.; Ishida, S.; Koizumi, A.; Sakurai, H.; Kumagai, H. Preparation of phytate-removed, 

deamidated soybean globulin by ion exchangers and characterization of its calcium-binding 

ability. J. Agric. Food Chem. 2002, 50, 172–176. 

11. Kumagai, H.; Suda, A.; Sakurai, H.; Kumagai, H.; Arai, S.; Inomata, N.; Ikezawa, Z. 

Improvement of digestibility, reduction in allergenicity, and induction of oral tolerance of wheat 

gliadin by deamidation. Biosci. Biotechnol. Biochem. 2007, 71, 977–985. 

12. Abe, R.; Shimizu, S.; Yasuda, K.; Sugai, M.; Okada, Y.; Chiba, K.; Akao, M.; Kumagai, H.; 

Kumagai, H. Evaluation of reduced allergenicity of deamidated gliadin in a mouse model  

of wheat-gliadin allergy using an antibody prepared by a peptide containing three epitopes.  

J. Agric. Food Chem. 2014, 62, 2845–2852. 



Int. J. Mol. Sci. 2015, 16 2128 

 

 

13. Kumagai, H.; Koizumi, A.; Suda, A.; Sato, N.; Sakurai, H.; Kumagai, H. Enhanced calcium 

absorption in the small intestine by a phytate-removed deamidated soybean globulin preparation. 

Biosci. Biotechnol. Biochem. 2004, 68, 1598–1600. 

14. Kumagai, H.; Koizumi, A.; Sato, N.; Ishikawa, Y.; Suda, A.; Sakurai, H.; Kumagai, H. Effect  

of phytate-removal and deamidation of soybean proteins on calcium absorption in the in situ rats. 

Biofactors 2004, 22, 21–24. 

15. Kumagai, H.; Sato, N.; Ikeda, M.; Sakurai, H.; Kumagai, H. Increase in solubility and function  

to promote calcium absorption of soybean β-conglycinin by deamidation. J. Clin. Biochem. Nutr. 

2008, 43, 240–242. 

16. Watanabe, O.; Hara, H.; Aoyama, Y.; Kasai, T. Improving effect of feeding with a phosphorylated guar 

gum hydrolysate on calcium absorption impaired by ovariectomy in rats. Biosci. Biotechnol. Biochem. 

2001, 65, 613–618. 

17. Kalu, D.N.; Orhii, P.B. Calcium absorption and bone loss in ovariectomized rats fed varying 

levels of dietary calcium. Calcif. Tissue Int. 1999, 65, 73–77. 

18. Gennari, C.; Agnusdei, D.; Nardi, P.; Civitelli, R. Estrogen preserves a normal intestinal 

responsiveness to 1,25-dihydroxyvitamin-D3 in oophorectomized women. J. Clin. Endocrinol. Metab. 

1990, 71, 1288–1293. 

19. O’loughlin, P.D.; Morris, H.A. Oophorectomy in young rats impairs calcium balance  

by increasing intestinal calcium secretion. J. Nutr. 1994, 124, 726–731. 

20. Bigi, A.; Foresti, E.; Gregorini, R.; Ripamonti, A.; Roveri, N.; Shah, J.S. The role of magnesium 

on the structure of biological apatites. Calcif. Tissue Int. 1992, 50, 439–444. 

21. Toba, Y.; Kajita, Y.; Masuyama, R.; Takada, Y.; Suzuki, K.; Aoe, S. Dietary magnesium 

supplementation affects bone metabolism and dynamic strength of bone in ovariectomized rats.  

J. Nutr. 2000, 130, 216–220. 

22. Bauer, D.C.; Garnero, P.; Bilezikian, J.P.; Greenspan, S.L.; Ensrud, K.E.; Rosen, C.J.; Palemo, L.; 

Black, D.M. Short-term changes in bone turnover markers and bone mineral density response  

to parathyroid hormone in postmenopausal women with osteoporosis. J. Clin. Endocrinol. Metab. 

2006, 91, 1370–1375. 

23. Mitamura, R.; Hara, H.; Aoyama, Y.; Chiji, H. Supplemental feeding of difructose anhydride III 

restores calcium absorption impaired by ovariectomy in rats. J. Nutr. 2002, 132, 3387–3393. 

24. Wronski, T.J.; Yen, C.F. Anabolic effects of parathyroid-hormone on cortical bone in ovariectomized 

rats. Bone. 1994, 15, 51–58. 

25. Kumagai, H.; Koizumi, A.; Kumagai, H. Promotion of bone formation by phytate-removed 

deamidated soybean glycinin. In Functional Foods and Health, ACS Symposium Series, 993; 

Shibamoto, T., Kanazawa, K., Shahidi, F., Ho, C.-T., Eds.; ACS Publications: Washington, DC, 

USA, 2008; pp. 419–428. 

26. McKane, W.R.; Khosla, S.; Egan, K.S.; Robins, S.P.; Burritt, M.F.; Riggs, B.L. Role of calcium 

intake in modulating age-related increases in parathyroid function and bone resorption. J. Clin. 

Endocrinol. Metab. 1996, 81, 1699–1703. 

27. Jamsa, T.; Jalovaara, P.; Peng, Z.; Vaananen, H.K.; Tuukkanen, J. Comparison of three-point 

bending test and peripheral quantitative computed tomography analysis in the evaluation  

of the strength of mouse femur and tibia. Bone 1998, 23, 155–161. 



Int. J. Mol. Sci. 2015, 16 2129 

 

 

28. Kokoroghiannis, C.; Charopoulos, I.; Lyritis, G.; Raptou, P.; Karachalios, T.; Papaioannou, N. 

Correlation of pQCT bone strength index with mechanical testing in distraction osteogenesis. 

Bone 2009, 45, 512–516. 

29. Omi, N.; Aoi, S.; Murata, K.; Ezawa, I. Evaluation of the effect of soybean milk and soybean milk 

peptide on bone metabolism in the rat model with ovariectomized osteoporosis. J. Nutr. Sci. Vitaminol. 

1994, 40, 201–211. 

30. Omi, N.; Ezawa, I. The effect of ovariectomy on bone metabolism in rats. Bone 1995, 17, 163–168. 

31. Martin, T.J.; Seeman, E. Bone remodelling: Its local regulation and the emergence of bone 

fragility. Best Pract. Res. Clin. Endocrinol. Metab. 2008, 22, 701–722. 

32. Riggs, B.L.; Khosla, S.; Melton, L.J. A unitary model for involutional osteoporosis: Estrogen 

deficiency causes both type I and type II osteoporosis in postmenopausal women and contributes 

to bone loss in aging men. J. Bone Miner. Res. 1998, 13, 763–773. 

33. Conway, E.J.; Byrne, A. An absorption apparatus for the micro-determination of certin volatile 

substances. I. The micro-determination of ammonia. Biochem. J. 1993, 27, 419–429. 

34. Akanatsu, S. Some micromethods for enzyme studies. J. Biochem. 1952, 39, 203–210. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


