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Die biologische Verfiigbarkeit von Calcium, Phosphor und Magnesium aus dem 
Mineralkomplex der Molke in heranwachsenden m~innlichen Ratten 

Summary: The bioavailabilities of Ca, P and Mg from whey mineral complex (WMC) were 
studied from the viewpoint of the mineral balance and bone properties in growing male rats and 
compared with bovine bone ash (BBA) and CaCO3. 

Ca source showed no significant effect on feed intake, body weight gain or feed efficiency 
(p <0.05). When the dietary Ca level was 0.3 %, the dry weight of the femur in rats fedWMC was 
significantly higher than that in rats fed BBA. The femur P content of rats fed 0.3 % Ca asWMC 
was significantly higher than that of rats fed BBA or CaCo3. The breaking energy of the femur 
from rats fedWMC was significantly higher than that from rats fed BBA at a Ca level of 0.2 % or 
0.3 %. There was the same tendency in bone densities as was observed in breaking properties. 
There was no significant difference in quantitative values for Ca balance among three groups of 
rats, whereas those rats fed WMC had a significantly higher P retention than other groups. Ca 
bioavailability from WMC and the effect on the utilization of P and Mg were discussed. 

Zusammenfassung: Die biologischeVerfiigbarkeit von Ca, P und Mg aus dem Mineralkomplex 
der Molke (WMC) wurde in bezug auf die Mineralbilanz und Knochenbeschaffenheit an wach- 
senden m/innlichen Ratten untersucht und mit Rinderknochenasche (BBA) und C a C O  3 v e r -  

glichen. 
Der Einflul3 der Ca-Quelle auf die Futteraufnahme, K6rpergewichtszunahme und Futterver- 

wertung war nicht signifikant (p >0,05). Bei einer Zulage von 0,3 % Ca in Form vonWMC war 
das Trockengewicht der Rattenfemora erheblich h6her als bei den mit BBA gef/itterten. Die Fe- 

Abbreviations 

WMC, whey mineral complex; BBA, bovine bone ash; FER, feed efficiency ratio; ANOVA, 
analysis of varience 
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mora von Ratten, welche 0,3 % Ca in Form vonWMC erhielten, speicherten signifikant mehr P 
als die der mit BBA bzw, CaCO3 gefiitterten, der Energieaufwand bis zum Femurbruch der mit 
WMC gefiitterten Ratten war bedeutend h6her als bei den Ratten, die mit 0,2 bzw. 0,3 % Ca als 
BBA gefattert wurden. Die bezfiglich der Bruchfestigkeit festgestellte Tendenz traf auch auf die 
Knochendichte zu. Unter den drei Rattengruppen wurden keine bedeutenden quantitativen 
Unterschiede in der Ca-Bilanz festgestellt; bei den mit WMC gefiitterten Ratten zeigte sich je- 
doch eine signifikant h6here P-Retention als bei den anderen Gruppen. Die Konsequenzen fiJr 
die biologische Verfiigbarkeit von Ca aus WMC und deren Auswirkungen auf die Nutzung yon P 
und Mg werden besprochen. 

Key words: Whey minerals - Ca availability - P utilization - bone 

SchlfisselwOrter: Molkenminerale - Ca-Verffigbarkeit - P-Nutzung - Knochen 

Introduction 

It is a well-known fact that an adequate intake of  Ca is important,  not only during 
the growing years of childhood and adolescence, but also during adult years. Evi- 
dence is growing in support of the hypothesis that increased Ca intake reduces the 
risk of osteoporosis (16, 30), hypertension (24, 39), and cancer (4, 27, 38). 

The average Ca intake of the Japanese, 550.7 mg/day (26), is below the R D A  
for Japan. There seems to be a risk that the Ca intake of  many individuals is inad- 
equate. The data also indicates that dairy products provided 24 %; fruits and veg- 
etables, 20 %; meats, poultry, eggs and fish, 20 %; grains, legumes and soy, 21% 
of actual Ca intake. Since dairy products are high in Ca and show good bioavail- 
ability in human (31, 32) as well as in experimental animals (7, 41), increased con- 
sumption is recommended for Ca supplementation. However, there are many per- 
sons who do not ingest milk or  milk products due to a milk intolerance, lactase 
deficiency (33), or compliance. As a part of whey utilization, methods have been 
developed to recover the minerals from acid whey for mineral supplementation 
(22). Flynn et al. (15) reported the high bioavailability of Ca and Zn from whey 
mineral complex (Ca, 9.5 %; P, 5.5 %; lactose, 47.0 %; protein, 26.0 %) in rats by 
slope ratio assay. However, the mineral bioavailability from whey mineral com- 
plex (WMC) might vary due to the mineral form and the components derived 
from milk. 

In this study, the relative bioavailability of Ca in WMC, which contained more 
Ca and less protein than that reported by Flynn et al. (15), and the effects on the 
utilization of  P and Mg were studied from the viewpoint of mineral balance and 
bone properties in growing male rats. 

Materials and Methods 

Ca sources and diets 

Whey mineral complex (WMC) was prepared from acid whey The precipitate, 
which was formed by neutralizing acid whey with alkali solution, was directly con- 
centrated by microfiltration, and then spray dried. The composition of  WMC was: 
moisture, 5 .9%;  ash, 50 .2%;  protein, 2 .6%;  fat, 0 . 2%;  Ca, 17.0%; P, 8 .4%;  
Mg, 0.3 % Na, 1.3 % ; K, 1.4 % ; CI, 2.2 %. A lactose content of 41.1% was esti- 
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mated  by subtract ing the  pe rcen tage  of  mois ture ,  asia, pro te in ,  and fat f rom 100. 
Bov ine  bone  ash ( B B A )  was ob ta ined  f rom Naru to  Chemica l s  Co.  Ltd.  (Tokushi-  
ma,  Japan)  as a re fe rence  for  natural  minera l  mix ture  and Ca ca rbona te  was used 
as a s tandard.  The  compos i t ion  of  B B A  was: Ca,  3 8 . 6 % ;  P, 17.4%; Mg,  0 . 6 % ;  
Na,  0 . 9 % ;  K, 0 . 0 1 % .  D i e t  compos i t ion  is shown in Table 1. Die t s  con ta ined  
0 . 1 % ,  0.2 % or  0.3 % Ca a s W M C ,  B B A ,  or  C a C O  3. The  P level  o f  all diets was 
0.4 % as Na2HPO4 a n d W M C  and/or  B B A .  Lac tose  was added  to the  diets to yield 
0.72 % which was con ta ined  in a W M C  diet  of  0.3 % Ca  l e v e l . T h e  con ten t s  of  Ca,  
P, and Mg  in each  diet  were  ana lyzed  (Table 1). W h e y  pro te in  isolate  ( B I P R O ,  Le  
Sueur  Isolates ,  Minneso ta ,  U S A )  was used as a pro te in  source in each experi-  
men ta l  diet .  

Table 1. Composition and analysis of diets 

Diet t 

WMC BBA CaCo 3 

Ca level (%) 
Item 0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3 

Ingredient g/kg 
Whey protein 
isolate z 150 150 150 150 150 150 150 150 150 
Corn starch 3 668 668 668 668 668 668 668 668 668 
Corn oil 4 50 50 50 50 50 50 50 50 50 
CeUulose 5 50 50 50 50 50 50 50 50 50 
Vitamin mix 6 10 10 10 10 10 10 10 10 10 
Choline bitartrate 7 2 2 2 2 2 2 2 2 2 
Mineral mix 8 30 30 30 30 30 30 30 30 30 
Sucrose 9 13.2 12.0 20.7 13.9 13.4 12.8 11.9 9.4 6.9 
Lactose ~ 4.8 2.4 0 7.2 7.2 7.2 7.2 7.2 7.2 
WMC 5.9 11.8 I7.7 
BBA 2.6 5.2 7.8 
CaCO39 2.5 5.0 7.5 
Na2HPO47 16.1 13.8 1.6 16.3 14.2 12.2 18.4 18.4 18.4 
Analyzed mg/100g 
Ca 164 252 366 162 280 369 179 276 372 
P 451 468 469 440 451 440 423 483 411 
Mg 58 59 58 57 6(1 60 59 62 59 

Abbreviations used: WMC, whey mineral complex; BBA, bovine bone ash. 
Le Sueur Isolates, Le Sueur, MN, USA. 

3 Japan Maize Products Co., Ltd.,Tokyo, Japan. 
4 Tokyo Oil and Fats Co., Ltd.,Tokyo, Japan. 
5 Toyo Roshi Co., Ltd.,Tokyo, Japan. 
6 AIN_76TM vitamin mixture (3), Nitchiku Medical Industries, Ltd., Yokohama, Japan. 
7 Nacalai Tesque, Inc., Kyoto, Japan. 

Modified from AIN-76 TM mineral mix for rats (16), supplying (mg/kg diet): sodium chloride, 
2590; potassium citrate monohydrate, 7700; potassium sulfate, 1820; magnesium oxide, 840; 
manganese carbonate, 122.5; ferric citrate, 210; zinc carbonate, 56; cupric carbonate, 10.5; po- 
tassium iodate, 0.35; sodium selenite, 0,35; chromium potassium sulfate, 19.25. 
lCanto Chemical Co., Inc.,Tokyo, Japan. 
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Animals 

Forty-five Sprague Dawley male weanling rats (Japan SLC. Inc., Shizuoka, Ja- 
pan) were housed in individual aluminium cages in a temperature-controlled 
(23 _+ 2°C) room with 50 _+ 10% humidity and a 12-h light-dark cycle. The rats 
were separated into nine groups of five animals, according to similar mean body 
weight, 52g. The nine groups were fed one of the experimental diets and deion- 
ized water ad libitum for 28 days. Body weight and feed intake were recorded 
three times a week. On day 21, the three groups of animals fed diets supple- 
mented with 0.3 % Ca were put into individual metabolic cages. Fecal and urine 
samples were collected from day 22 to day 25, then weighed and frozen for subse- 
quent determination of mineral contents. After a 28-day feeding period, the ani- 
mals were fasted overnight and anesthetized by intraperitoneal injection of so- 
dium pentobarbital (40 mg/kg body weight), and blood samples were taken from 
the aorta ventralis to determine plasma mineral concentrations. 

Breaking properties of  bone and bone densities' 

The right and left femurs were excised and the surrounding flesh was removed. 
The breaking properties of femurs were determined using a stress-strain measur- 
ing apparatus, Dynagraph (Iio Electric, Tokyo) according to the method de- 
scribed by Ezawa et al. (13). The shaft of each femur was mounted on two sup- 
ports 10 mm apart; the plunger which was programmed to move at 100 mm/min 
applied force (50 kg, maximum load) to the femur midway between the two sup- 
ports. The breaking force and breaking energy were recorded. The fractured fe- 
murs were extracted in a Soxhlet apparatus with diethyl ether. The femurs were 
removed from the Soxhlet, dried in an oven at 100 ° C for 2 h and then weighed. 

The left foreleg was excised and the surrounding skin was removed. The bone 
densities of the humerus and ulna were obtained by microphotodensitometry of 
the roentgenographic images. For a quantitative measurement of the change in a 
roentgenographic bone image, the films were exposed in a standardized condi- 
tion. The film-to-target distance was 0.6 m; the settings were 36 kV and 6 mAs. 
The films were processed using an automatic developing processor (Konishiroku, 
New QX1200). The scanning of films was performed with a Konica micro-densi- 
tometer PDS-15 (34). 

Analysis 

The fecal samples were freeze-dried, weighed, and wet-ashed with nitric acid: per- 
chloric acid (4:1) in Uniseal decomposition vessels (Uniseal Decomposition Ves- 
sels Ltd., Haifa, Israel) under high pressure at 130 o C. The dried and defatted fe- 
murs and experimental diets were also wet-ashed as described above. The urine 
samples were ashed overnight in a muffle furnace at 600 o C. The ashed samples 
were then dissolved in 0.1 N of nitric acid and diluted with deionized water for Ca 
and Mg analyses by an atomic absorption spectrophotometer (Shimadzu, AA- 
640-13). The P content was determined by a spectrophotometric method (2). Plas- 
ma Ca, inorganic P, and Mg were determined by an autoanalyzer (Hitachi, 736). 
&&zfe2-1,6 
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Statistics 

All da ta  excep t  for minera l  ba lance  were  analyzed  by two-way analysis of  var iance  
( A N O V A )  to d e t e r m i n e  main effects (Ca source and Ca level)  and in terac t ion  
(Ca source x Ca level) .  W h e n  significant  or  high F ratios were  found ,  individual  
means  were  c o m p a r e d  by adopt ing  the least  s ignif icant  d i f ference  test for  each  
d ie ta ry  Ca level  (p <0 .05) .  

Results 

Feed intake, weight gain and FER 

T h e  type of  Ca  source  did not  affect  feed  in take  or  weight  gain (Table 2), T h e  ef- 
fect of  the  Ca level  on weight  gain and feed  in take  was significant (p <0 .05 ) ;  the 
values  of  those  animals  fed W M C  increased as the Ca level  in the diet  increased 
(Table 2). N e i t h e r  the  level  of  d ie tary  Ca nor  the type of  d ie tary  Ca  source  af- 
fected F E R .  

Table 2. Body weight gain, feed intake and feed efficiency ratio (FER) of rats fed WMC, BBA or 
CaCO3 over a period of 4 weeks ~ 

Ca level (%) Two-way ANOV A 3 

Casource 0.1 0.2 0.3 A B A x B  

Feed intake (g) 
WMC 2 417.4 _+ 10.2 444.7 ± 10.3 461.3 + 16,8 
BBA 436.3 _+ 7.7 452.2 _+. 1 8 . 3  439.6 _+ 12.3 
CaCO3 393.6 _+ 21.9 443.7 _+ 16.8 427.9 _+ 9.6 

Body weight gain (g) 
WMC 161.0 _+ 6.5 172.7 _+ 7.6 188.2 + 6.0 
BBA 168.2 ± 4.0 178.5 _+ 7.2 172.3 _+ 7.0 
CaCO 3 154.2 +_ 8.7 169.4 ± 7.6 170.6 +_ 7.2 

FER4(%) 
WMC 38.5 -+ 0.9 38.8 -+ 1.3 40.8 ± 0.3 
BBA 38,6± 0.6 39.5 ± 0.2 39.1 + 0.7 
CaCO 3 39.3 _+ 0.1 38.2 _+ 0.5 39.8 + 0.1 

NS * NS 

NS * NS 

NS NS NS 

Values are means +_ S.E. 
2 Abbreviations used:WMC, whey mineral complex; BBA, bovine bone ash; NS, not significant. 
3 A indicates Ca source and B indicates Ca level. * indicates a significant effect (p <0.05). 
4 FER = (Body weight gain/feed intake) x 100. 

Mineral balance 

T h e r e  were  no significant d i f ferences  in quan t i t a t ive  values for Ca me tabo l i sm 
among  three  groups of  rats, however ,  the apparen t  digest ibi l i ty and re ten t ion  co- 
eff icient  of  Ca  in rats f e d W M C  were  slightly h igher  than  those  in rats of  the  o the r  
groups (Table 3). T h e r e  were  few di f ferences  in apparen t  digest ibi l i ty of  P a m o n g  
the  groups.  
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Table 3. Balance of Ca, P and Mg in rats fed diets containing 0.3 % Ca 1 

Ca source 

WMC 2 BBA CaCO3 

Ca 
Intake (mg/day) 67.4 + 3.2 63.3 -+_ 2.6 64.9 _+ 2.4 
Fecalexcretion (mg/day) 8.6 + 0.9 12.6 _+ 2.3 10.3 +_ 1.5 
Apparent digestibility 3 (%) 87.3 + 0.9 80.2 +_ 3.6 84.2 _+ 2.4 
Urinary excretion (rag/day) 0.3 + 0.0 0.5 _+ 0.0 0.3 +_ 0.I 
Retention coefficient 4 (%) 99.4 + 0.0 99.1 -+ 0.3 99.4 _+ 0.0 

P 
Intake (mg/day) 86.3 -+ 4.1 a 75.6 _+ 3.1 b 71.7 _+ 2.6 b 
Fecal excretion (rag/day) 9.2 + 1.3 a 7 . 9 _  1.5 ab 5.1 _+ 1.2 b 
Apparent digestibility (%) 89.4 + 1.1 89.5 _+ 2.1 92.9 + 1.8 
Urinary excretion (rag/day) 33.8 _+ 2.0" 47.6 +_ 0.4 b 43.8 _+ 0.5 "b 
Retention coefficient (%) 56.2 + 1.6 ~ 29.5 _+ 6.5 b 33.9 + 7.2 b 

MZ 
Intake (mg/day) 10.6 + 0.5 10.2 _+ 0.4 10.4 _+ 0.4 
Fecalexcretion (rag/day) 2,8 + 0.2 2.8 + 0.4 2.6 + 0,1 
Apparent digestibility (%) 73,3 + 1.1 72.3 _+ 3.5 74.7 -4:- 0.9 
Urinary excretion (mg/day) 0.3 + 0.1 a 0.7 _ 0.1 b 0.4 ± 0.1 ab 
Retention coefficient (%) 95.9 _+ 0.6 ~ 90.8 + 0.9 b 94.2 _+ 0.8 au 

1 Values are means +_ S.E. Means in the same row not sharing a common superscript letter are 
significantly different by the least significant difference test (p <0.05). 

2 Abbreviations used: WMC, whey mineral complex; BBA, bovine bone ash. 
3 Apparent digestibility (%) = (absorption/intake) x 100. 

Absorption = intake-fecal excretion, 
4 Retention coefficient (%) = (retention/absorption) x 100. 

Retention = absorption-urinary excretion. 

H o w e v e r ,  t he  u r i n a r y  exc re t i on  of  P in ra ts  fed  W M C  was s igni f icant ly  lower ;  

t hey  h a d  a s igni f icant ly  h i g h e r  P r e t e n t i o n  coef f ic ien t  t h a n  t h e  o t h e r  g roups .  N o  
s ign i f ican t  d i f f e r ences  in t he  p a r a m e t e r s  of  M g  b a l a n c e  w e r e  f o u n d  a m o n g  t h e  
g r o u p s  e x c e p t  t h a t  u r i n a r y  exc re t i on  in  ra t s  f ed  B B A  was s igni f icant ly  h i g h e r  t h a n  
in t h e W M C  d ie t  g roup .  

Breaking properties o f  bone and bone densities 

T h e  ef fec ts  of  C a  source  a n d  level  o n  t h e  b r e a k i n g  force  a n d  b r e a k i n g  e n e r g y  of  
t he  f e m u r  we re  s ign i f ican t  (Tab le  4).  T h e  b r e a k i n g  e n e r g y  of  f e m u r s  f r o m  ra t s  f ed  
0 .2  o r  0 .3  % Ca  as W M C  was s igni f icant ly  h i g h e r  t h a n  f r o m  ra t s  f ed  B B A ,  a n d  
s l ight ly  h i g h e r  t h a n  t h o s e  fed  CaCO3.  T h e r e  was t h e  s a m e  t e n d e n c y  in b o n e  dens i -  
t ies  as was o b s e r v e d  in b r e a k i n g  p rope r t i e s .  T h e  b o n e  dens i ty  of  t h e  h u m e r u s  f r o m  
ra ts  f ed  W M C  was s igni f icant ly  h i g h e r  t h a n  t h a t  f r o m  ra ts  fed  B B A  w h e n  t h e  
d i e t a ry  Ca  level  was  0.3 % (Table  4). 
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Table 4, Breaking force, breaking energy and density of bone ~ 

Ca level (%) Two-way A N O V A  3 

Casource 0.1 0.2 0.3 A B A x B  

Breaking force of femur (x  10 7 dyn) 
WMC 2 3,2 + 0.2 8.0 _+ 0.4 10.3 _+ 0.3 
BBA 3.2 ± 0.2 6.3 ± 0.4 8.6 + 0.5 
CaCO 3 3.2 ± 0.2 7.7 ± 0.8 9.5 + 0.6 

Breakin[I energy of femur (x 10 5 erg/cm 3) 
WMC 4,1 ± 0.5 10.0 ± 0.8 a 13.8 ± 0,8 a 
BBA 4,1 ± 0.2 5.3 ± 0.9 b 9.6 ± 0.9 b 
CaCO3 3,9 _+ 0.4 7.9 ± 1.4 ab 12.9 ± 1.3 ab 

Bone density of humerus 
WMC 67.4 ± 3.4 71,8 _+ 0.8 85.6 ± 1.5 a 
BBA 70.8 ± 1.5 76.8 _+ 0.7 76.4 _+ 2.@ 
CaCO3 65.0 _+ 3,0 73.2 ± 2,9 84.6 _+ 0.9 a 

Bone density of ulna 
WMC 67.0 ± 2.9 74.4 ± 1.0 85.0 +_ 1,9 
BBA 69.0 -+ 3.2 73.8 ± 0.9 76.2 _+ 2.5 
CaCO3 67,4 +_ 1.2 74.4 ± 2.1 79.6 +_ 3,0 

* * N S  

* * N S  

NS * * 

NS * NS 

Values are means + S.E. Means not sharing a common supersc~pt letter within a column are 
significantly different by the least significant difference test (p <0.05). 

2 Abbreviations used:WMC, whey mineral complex; BBA, bovine bone ash; NS, not significant. 
3 A indicates Ca source and B indicates Ca level. 
* indicates a significant effect (p <0.05). 

Table 5. Femur mineral analyses from rats fed WMC, BBA or CaCO 3 over a period of 4 weeks 1 

Ca level (%) Two-way A N O V A  3 

Casource 0,1 0.2 0.3 A B A XB 

Fat-free dry weight (mg) 
WMC z 394.2 _+ 12.9 497.4 +_ 10.6 599.2 ± 16.9 ~ 
BBA 408.7 _+ 14.9 479.1 ± 26.7 517.3 _+ 11,0 b NS * NS 
CaCO3 385,9 ± 14.2 489.5 ± 30.6 551.9 + 21.3 "b 

Ca (rag) 
WMC 83,3 ± 3,6 126.3 _+ 2.2 150.3 + 5.3 
BBA 83.2 +_ 2.8 111.2 +_ 6.0 131.8 _+ 3.7 NS * NS 
CaCO 3 80.5 _+ 5.3 121.8 +_ 12.8 142.1 _+ 8.8 

P (rag) 
WMC 44.9 _+ 2.2 66.2 _+ 2.0 79.9 + 3.2 ~ 
BBA 42.0 ± 0.6 60.5 ± 3.1 68.3 + 2.5 b * * NS 
CaCO3 39.5 ± 2.4 59.3 _+ 4.2 67.9 ± 2.3 b 

Mg (mg) 
WMC 1.5 _+ 0.1 2.3 _+ 0.2 2.3 + 0.2 
BBA 1.3 ± 0.1 2.1 ± 0.2 2.2 _+ 0.1 NS * NS 
CaCO3 1.3 -+ 0.1 2.2 +_ 0.4 2.2 ± 0.2 

Ca/P ratio 
WMC 1.86 ± 0.03 1.92 .± 0.08 1.88 + 0.02 
BBA 1.98 + 0.07 1.84 ± 0.01 1.93 + 0.03 * NS NS 
CaCO 3 2.04 ± 0.09 2.04 ± 0.09 2.09 ± 0AI 

Values are means + S.E. Means not sharing a common superscript letter within a column are 
significantly different by the least significant difference test (p <0.05). 

2 Abbreviations used:WMC, whey mineral complex; BBA, bovine bone ash; NS, not significant. 
3 A indicates Ca source and B indicates Ca level. 
* indicates a significant effect (p <0.05). 
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Femur mineral analyses 

The  level  of  d ie tary  Ca af fec ted  the dry weight  of  the  f emur  and its minera l  con-  
tent  (Table 5). The  effect  of  the  Ca source on the dry weight  of  the  f emur  was not  
significant.  Howeve r ,  when  the  Ca level  was 0.3 % the value  in rats f e d W M C  was 
significantly h igher  than  that  in rats fed B B A ,  and slightly h igher  than that  in the 
CaCO3 diet  group.  R a t s  f e d W M C  had a significantly h igher  f emur  P con ten t  than 
rats fed  B B A  or  CaCO3 at the die tary  Ca level  of  0.3 %.  Ca/P  ratio d e p e n d e d  on 
the  type of  Ca source;  the va lue  was h igher  in rats fed CaCO3 than in rats fed 
W M C  or  B B A  at each  die tary  Ca level .  

Plasma mineral analyses 

Each  p lasma minera l  concen t ra t ion  was af fec ted  by the level  of  d ie tary  Ca 
(Table 6). The re  were  significant  d i f ferences  in p lasma P concen t ra t ions  a m o n g  
the  animal  groups w h e n  the dietary Ca levels  were  0.2 and 0.3 %.  

Table 6. Plasma mineral analyses from rats fedWMC, BBA o r  CaCO 3 over a period of 4 weeks ~ 

Ca Level (%) Two-way ANOVA 3 

Casource 0.1 0.2 0.3 A B A x B  

Ca (mg/100mL) 
WMC 2 10.72 + 0.07 11.02 _+ 0.11 10.94 + 0.17 
BBA 10.88 _+ 0.20 11.10 + 0.11 11.16 + 0.15 
C a C O  3 10.40 + 0.08 11.06 _+ 0.14 11.02 _+ 0.14 

Pi (mg/100mL) 
WMC 7.90 + 0.13 8.32 + 0.10" 6.84 + 0.04 a 
BBA 7.54 _+ 0.14 7.82 _+ 0.11 b 7.40 +_ 0.14 b 
C a C O  3 7.48 _+ 0.33 8.10 _+ 0.13 ~b 7.58 + 0.16 h 

Mg (mg/100mL) 
WMC 1.76 + 0.07 1.76 _+ 0.07 1.54 + 0.08 
BBA 1.82 + 0.10 1.68 + 0.09 1.60 _+ 0.10 
CaCO 3 1.90 _+ 0.09 1.54 + 0.09 1.66 _+ 0.08 

NS * NS 

NS * * 

NS * NS 

Values are means _+ S.E. Means not sharing a common superscript letter within a column are 
significantly different by the least significant difference test (p <0.05). 

2 Abbreviations used: WMC, whey mineral complex; BBA, bovine bone ash; Pi, inorganic phos- 
phorus; NS, not significant. 

3 A indicates Ca source and B indicates Ca level. 
* indicates a significant effect (p <0.05). 

Discussions 

Ca bioavailability 

M a n y  factors  sur rounding  natural  Ca sources  affect  Ca bioavai!ability. To discuss 
the  inf luence  of  the physical  fo rm of  Ca on bioavailabil i ty,  some  of  these  factors  
were  cont ro l led  in this study. Pro te in  (9, 11), v i tamin  D (1, 28) and lactose (25, 5), 
all of  which affect  Ca absorp t ion ,  were  equal  in all expe r imen ta l  diets. A l t h o u g h  
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WMC and BBA contained small amounts of Mg, there were few differences in Mg 
content among the experimental diets (Table 1). 

In typical milk, about two-thirds of the Ca is colloidal and the rest is diffusible. 
Colloidal Ca is partly incorporated in the micellar Ca phosphate and partly bound 
in a more direct manner to casein (17). Depending on the preparation method of 
WMC, most of the Ca in WMC could be colloidal Ca phosphate. Also, a small 
proportion of colloidal Ca that was bound to the whey protein or freed from ca- 
sein might be contained therein. Ca phosphate inWMC was amorphous, whereas 
that in BBA was crystalline hydroxyapatite as demonstrated by an analysis of x- 
ray diffraction spectrometry (the data are not shown). Thus there seem to be some 
differences in in vitro or in vivo solubility among the Ca sources tested in this 
study. It appears likely that soluble Ca in vivo is needed for absorption, the sig- 
nificance of in vitro solubility has not been established (8, 40). The result for Ca 
balance (Table 3) did not clearly show differences in Ca absorption that could be 
attributed to the form of Ca. However, the availability of Ca fromWMC, as jud- 
ged by bone properties (Tables 4 and 5), was higher than that from the other Ca 
sources, especially BBA when dietary Ca level was 0.2 % or 0.3 %. 

Effect of  WMC on the utilization of P and Mg 

In a mineral balance study, variations of P content in experimental diets partially 
reflected P intake. However, a higher P retention in rats fed WMC was ascribed, 
not to an excessive P intake, but to a lower urinary P excretion. Previous studies 
have shown that increasing dietary P increased urinary and fecal P excretion (18, 
19, 35) and decreased plasma Ca (37) in rats; therefore, P metabolism in rats fed 
WMC could have been affected by other factors contained in WMC. Although 
hormones and hormone-like substances identified in milk (23) or whey (12) could 
have been transferred to WMC, their effects on P metabolism have not, as yet, 
been reported. Recently, Igarashi et al. (21) reported that whey Ca (Ca, 26.4 %; 
P, 14.6 %; lactose, 0.64 %; protein, 8.3 %) increased the strength of the femur in 
ovariectomized rats, and they suggested the possible existence of some bioactive 
substances in whey Ca. 

The high retention of P for rats fed WMC reflected the dry weight and P con- 
tent of the femur (Table 5). Howe and Beecher (20) reported that the dry weight 
of the femur and its P concentration were greater when 0.8 % rather than 0.35 % 
P was fed to young rats, and that high P intakes could be detrimental to the bone 
flexibility of growing rats. Likewise, in young female rats, a low Ca, high P diet 
decreased bone density in all bones investigated (6). However, the present data 
for bone properties from rats fed WMC showed more cause for optimism than 
those from rats fed the other Ca sources, especially BBA. This suggests that a 
relatively higher P retention for rats fedWMC increased bone mineralization (14, 
29) or decreased bone resorption (10). 

No significant differences were found in femur Mg content and Mg balance be- 
tween rats fed WMC and CaCO3. Although Mg could influence bone metabolism 
as reviewed by Schwartz (36), there seems to be no relationship between Mg bal- 
ance and bone properties as a result of this study. 

It is suggested from the results of studies on bone properties and mineral bal- 
ance that WMC is superior as a natural source of minerals. 
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Th i s  s t u d y  was  ca r r i ed  o u t  w i th  an  a d e q u a t e  d i e t a ry  P leve l ,  0 .4  % .  A d d i t i o n a l  

s tud ies  a re  n e e d e d  to  d e t e r m i n e  t h e  e f fec t  of  W M C  o n  P m e t a b o l i s m  a n d  b o n e  
m i n e r a l i z a t i o n  a t  l ower  o r  excess ive  d i e t a ry  P levels .  
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