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Effect of dietary calcium intake and
protein source on calcium utilization
and bone biomechanics in the
spontaneously hypertensive rat

Yvonne V. Yuan and David D. Kitts

Department of Food Science, Faculty of Agricultural Sciences, University of British
Columbia, Vancouver, B.C. Canada

The effects of dietary calcium level and protein source on in situ paracellular Ca absorption, and sub-
sequent Ca utilization for bone mineralization and biomechanical strength were examined in sponta-
neously hypertensive (SHR) and normotensive Wistar Kyoto (WKY) rats fed 20% casein and soy protein
isolate diets containing different levels of calcium (2.0, 0.5 and 0.05% wt/wt). Rats were meal fed for 10
weeks after which calcium absorption was measured by the disappearance of #Ca from the ligated ileal
loop. Femoral deposition of *Ca, and femur and tibia mineral composition were also examined. Calcium
utilization was estimated from femur and tibia biomechanical measurements. The greater (P < 0.05) bone
mineralization observed in SHR compared to WKY in animals fed high and adequate Ca-containing diets
was not attributable to the relative efficiencies of paracellular calcium absorption and had little effect on
femur biomechanical force parameters. In both Ca replete SHR and WKY, the greater bone mineralization
observed in casein-fed compared with soy-fed counterparts was reversed when animals were fed calcium
deficient diets. Calcium absorption in situ was affected equally in both SHR and WKY (P < 0.05) by
differences in dietary calcium intake as well as protein source. Similarly, in both animal strains, bone
biomechanical strength parameters were correlated with bone mineralization, which in turn was influenced

more by dietary calcium than protein source.
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Introduction

Dietary calcium intake is often considered to be a
primary factor in bone mineralization and metabo-
lism.’-* Epidemiological studies have indicated that
bone density is positively correlated with past calcium
and milk consumption patterns.?? Other studies have
shown a potential for increased calcium intake and
calcium supplementation in the treatment of osteopo-
rosis. 4=
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Another dietary factor to be considered in relation
to overall dietary calcium intake is the bioavailability
of calcium. Calcium absorption is characterized by
carrier-mediated (transcellular) and passive (paracel-
lular) mechanisms, which are affected differently by
dietary and physiological factors.”® Earlier studies have
established that calcium absorption occurs mainly in
the distal segment of the small intestine, or ileum, by
a paracellular pathway involving passive transport at
normal intake levels.®'* This is particularly true in the
non-lactating rat, which does not have a detectable
active Ca transport system in the jejunum or ileum,
regardless of the level of Ca intake.® Dietary factors
that influence paracellular calcium absorption include
the level of intake!' and its solubility in the intestinal
chyme.'?!® The latter factor is the basis of calcium
bioavailability that can be influenced by food constit-
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uents. The absorption of calcium from plant protein
sources, such as soy, is noted to be inferior to that of
animal derived proteins, namely casein, due to the
presence of potential inhibitors such as fiber and phy-
tate.!* Alternatively, a positive effect of casein on cal-
cium bioavailability has been attributed to the
production of post-digestion casein phosphopeptides
(CPP).** CPP have been reported to increase the pro-
portion of soluble ionized calcium available for ab-
sorption from the distal small intestine.'

Despite these findings, few studies have attempted
to relate intestinal calcium bioavailability to utilization.
Using a slope-ratio test, Forbes et al. did not show a
difference in bone calcification with normal rats fed
soy, as compared to casein diets that were either de-
ficient or adequate in calcium level.!® In a previous
study from this laboratory with rats fed a normal level
of calcium, differences in paracellular calcium absorp-
tion measured in situ were not correlated with bone
mineralization and biomechanical parameters.!> A ma-
jor limitation of these studies in concluding an asso-
ciation between calcium bioavailability and bone
utilization is the small amount of bone remodelling in
the skeleton of the normal rat. In the spontaneously
hypertensive rat (SHR), Izawa et al. reported a de-
creased femoral density and mineralization similar to
that of osteoporosis.!” This observation coincides with
the disturbed intestinal calcium absorption and metab-
olism in the SHR, not seen in the normotensive Wistar-
Kyoto (WKY) rat.18-22

The objectives in the present study were to examine
the effect of varying levels of dietary calcium and
sources of dietary protein on in situ paracellular cal-
cium absorption. Additional measurements of bone
mineralization and biomechanical properties were taken
to evaluate the significance of diet-related changes in
calcium bioavailability from the ileum with subsequent
skeletal utilization. These results were compared in
the osteoporosis-prone SHR and its genetically related
normotensive WKY counterpart.

Materials and methods
Animals and diets

Four-week-old male SHR and normotensive WKY rats
(Charles River, Montreal, Canada) were each divided into
six experimental groups (six animals per group). Animals
were individually housed in stainless-steel cages with con-
trolled temperature (25° C) and lighting (14:10 hr light:dark
cycle). Dietary groups included 20% casein or soy protein
isolate (ICN Biochemicals, Cleveland, OH, USA) containing
a high level of dietary calcium (2.0% wt/wt); a medium level
of calcium (0.5% wt/wt); and a low level of calcium (0.05%
wt/wt), respectively. Dietary phosphorus contents by analysis
were 0.54% (wt/wt) for all casein diets and 0.50% (wt/wt)
for all soy protein diets. Diets contained (g/100 g): casein or
soy protein isolate, 20.0; D.L. methionine, 0.3; cornstarch,
15.0; fiber, 5.0; vegetable oil, 5.0; Ca-free mineral mix, 3.5;
vitamin mixture, 1.0; choline bitartrate, 0.2; calcium carbon-
ate, 4.98, 1.23, or 0.11 for respective diets; and sucrose to
100 g.

Animals were fed ad libitum until they reached 100 g

body weight, after which meal feeding was initiated. Over a
2 week period, animals were trained to consume the diets
within a 6-hour period daily (9 a.m. to 3 p.m.). Deionized
water was made available to animals ad libitum. Daily feed
intakes and weekly body weight gains were recorded
throughout the experiment. Animals were cared for in ac-
cordance with the principles of the Canadian Council on
Animal Care.

In situ paracellular calcium
absorption measurements

Calcium absorption was measured from an in situ ligated
ileal loop in animals that were 14 weeks of age, as previously
reported.”** On the morning of the experiment, rats were
allowed access to their respective diets for a 1.5-hour period.
Rats were anesthetized with an intraperitoneal injection of
pentobarbital (50 mg/kg body weight), and the ileum was
ligated 1.5 hours following removal of the diets. Following
exposure of the small intestine, an ileal loop was made
between two ligations at points 8 cm and 20 cm from the
ileocecal junction.” In an attempt to standardize the injected
dose of “Ca with the intestinal calcium contents, and thus
yield similar intestinal *Ca specific activities, 15 pnCi total
dose was chosen for animals fed the high calcium diets; 5.4
pCi for animals fed the medium calcium diets; and 0.375
rCi *Ca (+CaCl,, 18.2 mCi/mg Ca, ICN Biomedical Inc.,
Irvine, CA, USA) for animals fed the low calcium diets. The
injection volume was kept constant (300 wL, 37° C), and the
loop carefully massaged to ensure uniform distribution of
the radioactivity in the contents of the ligated ileal loop. The
absorption of “Ca was determined by calculating the per-
centage of dose absorbed. The amount absorbed was the
amount of original dose less the amount remaining in the
ligated loop after 1 hour.”” “Ca was measured with an LKB-
1215 Liquid Scintillation Counter (Wallac Oy, Turku, Fin-
land). In separate experiments it was determined that 92 +
3% of total radioactivity present in the intestinal loop was
recovered. The measurement of *Ca in the ileal contents
was performed by atomic absorption (Perkin Elmer-306 atomic
absorption spectrophotometer; Perkin Elmer, Norwalk, CT,
USA) following wet ashing with HCI/HNQO, > and dilution
with 0.5% LaCl,.

Plasma minerals

Plasma minerals were measured from blood samples ob-
tained by cardiac puncture. Plasma calcium and magnesium
were determined by atomic absorption spectrophotometry in
the presence of 0.5% LaCl,. Plasma phosphorus was meas-
ured by the colorimetric method of Itaya and Ui.*

Bone biomechanics

After sacrifice, femur and tibia bone samples were excised,
cleansed of adhering soft tissue, and epiphyses removed. The
left femora, and tibiae were subjected to biomechanical three-
point bending analysis using an Instron Universal Testing
Machine (Model 1122, Instron Corp., Canton, MA, USA).
Femora and tibiae were bent until failure occurred, by low-
ering a centrally placed point at a constant crosshead speed
(1.0 mm/min).

The time-force deformation data from testing the femora
and tibiae in three-point bending were monitored using the
JCL 6000 Chromatography Data System (Jones Chromatog-
raphy Ltd., Littleton, CO, USA), which was interfaced with
the Instron through an IBM AT-compatible personal com-
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puter. Sample run time was 3 minutes, at a sampling rate of
five signals per second. Calibration of the Instron signal was
performed using known weights of 1.0 and 2.0 kg. Data were
analyzed by transforming the millivolt signal output into kg
force.

Biomechanical three-point bending allows a number of
whole bone properties to be determined for both femora
and tibiae. These parameters included bioyield, the force at
which there occurs the first damage to the bone tissue,
expressed in Newtons (N); and peak force, the maximum
force applied during the bending procedure (N), in the fe-
mora; and maximum bending stress (g), a normalized, force
value that takes into consideration bone size (N/mm?3)* in
tibiae. This latter parameter was calculated using the formula
described by Ortoff and Oxlund:*

8 x Maximum Bending Load (L — 1) D
a (D — d%)
where L is the distance between the supporting points (13

mm), and D and d are the outer and inner diameters of the
bone (mm).

o8

Bone mineralization

The deposition of “Ca in the femur, an endpoint index of
“Ca intestinal absorption,”” was determined from the right
femur immediately after sacrificing the rat. The mineral
content of femora and tibiae were determined using the right
femur and tibia. Femur and tibia bone samples were dried
(100° C, 72 hr), and then ashed (550° C, 24 hr). The bone
ash was then solubilized in 3 mL, 4 mol/L HCI and aliquots
taken for radioactivity and mineral content analyses. Femora
were analyzed for *Ca radioactivity, “Ca and P, whereas
tibiae were analyzed for Ca and Mg content. Aliquots of
solubilized bone ash were diluted with 0.5% LaCl, for cal-
cium and magnesium analyses by atomic absorption spectro-
photometry. Solubilized bone ash, diluted with deionized
water, was used for phosphorus determination by the col-
orimetric method of Chen et al.*

Statistical analyses

All data are expressed as mean = SEM. The significance of
all treatment differences was determined by one-way analysis

of variance (ANOVA; SPSS Inc., Chicago, IL, USA). Where
differences did exist, the Student-Newman-Keuls multiple
range test was used to identify the sources of the differences
at a P < 0.05 level of significance. Two-way ANOVA was
used to detect interactions between animal strain, dietary
calcium intake, and protein source (MANOVA, SPSS). Lin-
ear regression and correlation coefficients were calculated
by the method of least squares (SPSS).

Results

There were no significant differences in final body
weight, feed intake, or feed efficiency ratio (FER)
between SHR and WKY rats fed the same diet (Table
I). Both SHR and WKY rats fed the 0.05% Ca diets
exhibited a lower final body weight (P < 0.05), feed
intake (P = 0.05), and FER (P < 0.01) compared to
animals fed the 0.5% and 2.0% Ca diets. Dietary
protein was observed to affect animal growth charac-
teristics at the 2.0% dietary Ca level only; soy fed
animals exhibited a lower (P < 0.05) feed intake and
FER, which corresponded to a lower body weight gain
than observed in those fed casein. This observation
was common for both SHR and WKY animals.
Plasma minerals are presented in Table 2. For both
SHR and WKY rats, dietary protein source was not
observed to have an effect on plasma minerals in an-
imals fed the high and medium calcium levels. Plasma
total Ca was decreased (P < 0.01) in animals fed the
0.05% Ca casein diet only; conversely, plasma P was
increased (P < 0.05) in these animals, compared with
counterparts fed the 0.05% Ca soy diet. Plasma Mg
was not affected by dietary treatment. These obser-
vations were common to both SHR and WKY animals.
Intestinal ¥Ca content was not different between
SHR and WKY animals fed similar diets (Figure la).
Ileal *'Ca content was not affected by dietary protein
source, but was positively correlated with dietary cal-
cium intake (r = 0.845, P < 0.01). Intestinal *Ca
specific activities were similar within the respective

Table 1 Body weight gain and food intake of experimental animals*

initial body wt. T Final body wt.t Feed intake§

(@) Q@) (@) Feed efficiency ratio¥

Diet SHR WKY SHR WKY SHR WKY SHR WKY
2.0% Ca
Casein 116 + 22 125 = 42 284 + 6a 309 =+ 112 863 = 38a 838 + 102 0132 = 0.015%  0.157 + 0.019a
Soy 110 = 42 118 + 23 262 + 7ab 257 + 8ab 793 = 253 750 = 140 0146 = 0.0152  0.102 = 0.0130q|
0.5% Ca
Casein 116 = 42 119 = 5a 307 = 9a 259 = 8= 982 = 15a 844 = 192 0173 = 0.0152 0.180 + 0.008a
Soy 108 + 32 108 = 62 282 = 52 252 + 14> 888 + 192 850 = 272 0.177 = 0.007= 0.184 = 0.0162
0.05% Ca
Casein 119 = 62 1256 =+ 42 239 = 13b 249 + Qv 730 = 11p 693 = 13*  0.104 = 0.014p 0.092 = 0.016¢
Soy 118 + 62 122 + ba 260 = 9b 253 = 9v 800 = 22v 718 = 15> 0120 = 0.0108> 0111 + 0.012bc

*Data are expressed as mean = SEM; SHR, Spontaneously hypertensive rats (n = 36); WKY, Wistar Kyoto rats (n = 36).

15 weeks of age.

114 weeks of age.

§Cumulative intake from 5-14 weeks of age.

Feed efficiency ratio = feed intake (g)/body weight gained (g).

abcMeans sharing the same letter within a column are not significantly different at (P < 0.05).
lISignificant (P < 0.05) difference between animal strains for individual treatment.
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Table 2 Effect of dietary protein source on plasma minerals of rats fed different levels of calcium*

Ca Mg P
Diet SHR WKY SHR WKY SHR WKY
{mg/dL)

2.0% Ca

Casein + 0.32 10.4 + 142 20 + 0.2a 21 + 042 8.8 + 0.3v 89 + 0.3v
Soy + 1.1a 10.3 = 0.52 22 + 052 21 = 0.1a 9.6 + 0.8° 8.6 = 0.4p
0.5% Ca

Casein 9.7 + 0.42 94 = 072 19 = 0.1 20 = Q2= 9.3 = 0.5° 9.0 = 0.4b
Soy 106 = 062 9.9 + 042 21 %032 25 + 052 8.7 + 0.7° 8.4 = 050
0.05% Ca

Casein 59 + 0.7° 6.6 + 0.6° 18 = 0.22 24 = 022 11.8 = 0.72 125 + 1.32
Soy 10.3 + 0.52 9.8 + 062 24 + (028 24 + 012 8.6 + 0.8° 8.6 + 0.9°

“Data are expressed as mean + SEM: SHR, Spontaneously hypertensive rats (n = 36); WKY, Wistar Kyoto rats (n = 36) at 14 weeks of
age.

abMeans sharing the same letter within a column are not significantly different at (P < 0.05). There were no animal strain differences between
treatment means in rows.
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Protein and Animal Type

Figure 1 Effect of dietary calcium intake and protein source on calcium content and absorption from the ligated ileal loop of spontaneously
hypertensive (SHR) and control Wistar-Kyoto (WKY) rats fed casein (C) and soy protein isolate (S) diets containing 0.05%
HE 05% W, 2.0% ] calcium. (a) 49Ca content of ligated ileal loop, actual values for 0.05% Ca fed animals were C-SHR = 0.08 =
0.01, S-SHR = 0.14 + 0.02, C-WKY = 0.07 = 0.01 and S-WKY = 0.11 = 0.01 (mg/loop); (b) 45Ca specific activity of the ligated ileal ioop;
(c) #5Ca absorbed from the ligated iieal loop.

abSignificant (P < 0.05) difference between protein treatment means.

J. Nutr. Biochem., 1992, vol. 3, September 455



Research Communications

dietary calcium treatment levels, thus indicating that
differences in ileal calcium absorption could not be
attributed to different isotopic dosage levels (Figure
1b). There was no difference in the in situ paracellular
4Ca absorption between SHR and WKY rats fed the
same diet (Figure Ic). Intestinal +*Ca absorption was,
however, lower (P < 0.05) in soy-fed animals than
casein-fed counterparts at both the medium and low
dietary calcium levels. Animals fed the 0.05% calcium
level exhibited a greater absorption efficiency of the
4Ca dose when compared with counterparts fed the
0.5% and 2.0% calcium levels. This result corre-
sponded to a greater (P < 0.05) **Ca specific activity
of femora in the 0.05% Ca-fed animals compared with
counterparts fed the 0.5% and 2.0% calcium diets
(Figure 2). The lower (P < 0.05) amount of *Ca
deposited to the bone in animals fed the 2.0% calcium
diets may have indicated a lower efficiency in depo-
sition of the absorbed calcium to bone by these animals.
Femur mineralization is summarized in Table 3. Fe-
mur ash weight and calcium content were decreased
(P < 0.05) in both SHR and WKY animals fed 0.05%
calcium compared with counterparts fed 0.5% and
2.0% calcium levels. SHR animals had a greater
(P < 0.05) femur ash weight and calcium content than
WKY counterparts at both the 2.0% and 0.5% dietary
calcium levels. Soy fed animals exhibited a lower (P
< 0.05) femur calcium content than those fed casein
at the 2.0% and 0.5% calcium levels. Femoral calcium
content was correlated with dietary calcium intake (r
= (.771, P < 0.001). Thus, significant interactions
were found to exist between calcium intake and animal
strain (F(2,61) = 7.33, P < 0.001) and protein source
(F(2,61) = 9.43 P < 0.001), respectively, for femur
calcification. The femur Ca:P ratio was decreased (P
< 0.05) in animals fed the 0.05% calcium diet when
compared with those fed the 2.0% and 0.5% calcium
diets. There were no animal strain or protein source
effects on femur Ca:P ratio. These differences were
confirmed in the tibiae of respective animals. In par-
ticular, the greater (P < 0.05) amount of Ca observed

Table 3 Femur mineral composition of rats fed experimental diets*

(% dose/g *‘Ca)

Bone S.A.

C-WKY

S-WKY
Protein and Animal Type

C-SHR $-8SHR

Figure 2 Femur 4°Ca specific activities in spontaneously hyper-
tensive (SHR) and control Wistar-Kyoto (WKY) rats fed casein (C)
and soy protein isolate (S) diets containing 0.05% Il 0.5%
B 2.0% [ calcium. Actual values for 2.0% Ca fed animals were
C-SHR = 129 + 0.10, S-SHR = 1.32 = 0.08, C-WKY = 0.41 +
0.04 and S-WKY = 0.58 = 0.03 (% dose/g “°Ca).

abeSignificant (P < 0.05) difference between treatment means.
xySignificant (P < 0.05) difference between animal strains.

in the femora of soy-fed Ca-deficient animals com-
pared with casein-fed counterparts was also seen in
the tibiae (soy range = 27-30 mg/bone; casein range
= 19-23 mg/bone) of these animals, thereby indicating
that the effect was common to other bone tissue.

Femur bone length and bone dry weight were not
different in SHR and WKY animals fed the same diet
(Table 4). Bone length was decreased (P < 0.05) in
only those animals fed the 0.05% calcium casein diet.
Bone dry weight was decreased (P < 0.05) in animals
fed the 0.05% calcium diets compared with those fed
the 0.5% and 2.0% calcium diets.

Femoral bioyield and peak force values were de-

Ash wt. Ca

(g/bone) (mg/bone) Ca/P ratio
Diet SHR WKY SHR WKY SHR WKY
2.0% Ca
Casein 0.247 + 0.0062 0.219 = 0.009at 99.60 + 2.982 86.25 + 4.02at 222 = 0.06a 200 = 0.202
Soy 0.226 + 0.0082 0.196 = 0.007at 88.10 = 4.70a0 7155 = 501bt 2.06 = 0.192 1.91 + 0.062
0.5% Ca
Casein 0.251 = 0.0112 0.184 + 0.0062t 93.09 = 439 64.50 = 2.71p 2.17 = 0.072 211 = 0.032
Soy 0.218 = 0.0082 0.173 = 0.011a0% 79.72 = 0.83v 68.62 + 2.36b 2.15 = 0.032 219 + 0.042
0.05% Ca
Casein 0.067 = 0.015¢ 0.056 = 0.006d 27.75 + 3.184 27.98 = 2.31d 1.36 = 0.05b + 0.04>
Soy 0.095 + 0.009° 0.108 = 0.005¢ 39.00 + 3.68¢ 4311 = 3.01¢ 1.39 = 0.04v + 0.05°

*Data are expressed as mean
age.

SEM; SHR, Spontaneously hypertensive rats (n =

36); WKY, Wistar Kyoto rats (n = 36) at 14 weeks of

abedMeans sharing the same letter within a column are not significantly different at (P < 0.05).
tSignificant (P < 0.05) difference between animal strains for individual treatment
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Table 4 Femur physical parameters of rats fed experimental diets*

Bone length (mm) Bone dry wt. (g)

Diet SHR WKY SHR WKY

2.0% Ca

Casein 30.39 + 0.442 30.10 = 0.252 0.400 = 0.0112 0.360 = 0.014a
Soy 2998 = 0.492 29.54 + 0.54a 0.365 + 0.0132 0.331 + 0.012ab
0.5% Ca

Casein 32.00 x 0.582 30.78 + 0.662 0.383 = 0.016a 0.296 + 0.0100t
Soy 31.84 + 0.042 29.56 + 0.592 0.342 = 0.0112 0.270 = 0.014bct
0.05% Ca

Casein 26.96 = 1.36° 2424 + 1.820% 0.167 = 0.026¢ 0.144 + 0.008¢
Soy 29.20 + 0.252 2961 = 0.352 0211 = 0.010° 0.235 + 0.007¢

*Data are expressed as mean = SEM; SHR, Spontaneously hypertensive rats (n = 36); WKY, Wistar Kyoto rats (n = 36) at 14 weeks of
age.

abcdMeans sharing the same letter within a column are not significantly different at (P < 0.05).

1Significant (P < 0.05) difference between animal strains for individual treatment.

creased (P < 0.05) in SHR and WKY fed the 0.05% 75 —
Ca diets compared with counterparts fed 0.5% and
2.0% Ca (Figure 3). These parameters were strongly
correlated with the decreased bone mineralization ob-
served in both SHR and WKY rats (r = 0.915, P <
0.001 and r = 0.923, P < 0.001, respectively). An
analysis of pooled data from all rats indicated that
significant interactions between calcium intake and
protein source existed with femur bioyield (F(2,49) =
8.13, P < 0.01) and peak force (F(2,49) = 17.47, P
< 0.01).

Varying Ca intake was also shown to influence tibia
Mg content and maximum bending stress (o). SHR
fed 2.0% Ca diets had lower (P < 0.05) tibia Mg
content (range = 1.52-1.56 mg/bone), compared with
WKY (2.3-2.4 mg/bone) counterparts, as well as the
SHR (2.10-2.17 mg/bone) and WKY (2.16-2.24 mg/
bone) animals fed the 0.5% Ca diets. Ca-deficient SHR
and WKY similarly exhibited low tibia Mg contents 125
(range = 1.42-1.58 mg/bone). A significant interac-
tion between Ca intake and animal strain (F(2,54) =
13.17, P < 0.01) existed for tibia Mg content. The 1007
susceptibility to tibia fracture injury was shown to be
greater in Ca-deficient animals (o range = 10-34 N/
mm?) compared with Ca replete counterparts (56.2—
79.2 N/mm?) regardless of animal strain or dietary
protein source. Of further interest was the greater
susceptibility of Ca-deficient SHR to tibia fracture (o
range = 10.7-20.2 N/mm?) than WKY (16.6-34.4 N/
mm?) counterparts, and the fact that both soy-fed SHR
and WKY Ca-deficient animals exhibited a greater 25 -
resistance to tibia injury (SHR o 20.2 = 2.9 N/mm?;
WKY o 16.6 = 1.2 N/mm?).

Bioyield Force (N)

S§-8SHR C~-WKY  S-WKY

75

501

Peak Force (N)

S=-WKY

C-SHR §-SHR C-WKY

Discussion

The lower plasma calcium and elevated levels of plasma
phosphorus observed in casein-fed animals on a low
calcium diet, but not in soy fed counterparts, suggests
impaired parathyroid gland function in the mediation
of bone resorption and renal phosphate excretion.?
Hypocalcemia normally stimulates parathyroid hor-

Protein and Animal Type

Figure3 Femur biomechanical force parameters in spontaneously
hypertensive (8HR) and control Wistar-Kyoto (WKY) rats fed casein
(C) and soy protein isolate (S) diets containing 0.05% I, 0.5%
. 2 0% g5 calcium. (a) femoral bioyield force; (b) femoral peak
force.

abedGignificant (P < 0.05) difference between treatment means.
xySignificant (P < 0.05) difference between animal strains.
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mone (PTH) mediated bone resorption and vitamin D
synthesis for increased intestinal calcium transport.*®-
Because other investigators have cautioned against
suggesting that diet-related bone loss can be solely
attributable to changes in PTH levels,* further studies
are required to characterize endocrine involvement as
a possible mechanism for the variable protein effect
on plasma calcium: phosphorus homeostasis.

Intestinal calcium absorption by SHR animals has
been reported to be lower, not significantly differ-
ent,® as well as greater,”??? than in age-matched
WKY controls. Adding to the controversy are the
variety of techniques, namely in vitro tissue prepara-
tions,® in situ methodologies,” and balance stud-
ies!*-21:3 used to measure Ca absorption from the prox-
imal intestine or the entire digestive tract in the SHR
animals. In contrast, there is a paucity of information
on Ca absorption from the distal small intestine in the
SHR animals. In the present study, the disappearance
of #Ca from the ligated ileal loop was not different
between SHR and WKY animals with similar calcium
intakes, thereby indicating that the difference in cal-
cium metabolism between the genetically hypertensive
SHR and normotensive WKY rats noted by others”
was not due to a dissimilarity in ileal paracellular
calcium absorption.

In animals fed low calcium diets, the low calcium
content of the ileal loop combined with the high effi-
ciency of “Ca disappearance are indicative of the in-
creased net calcium flux, previously noted from in vitro
and in vivo studies with the ileum of calcium-deficient
rats.!’* These investigators also demonstrated that an-
imals fed high calcium diets exhibited a decreased
intestinal permeability in calcium flux from the mucosa
to serosa as lumenal calcium concentration increased.
Thus, the “Ca disappearance data obtained from the
in situ ligated ileal loop technique used here, confirms
that net ileal calcium flux in calcium replete animals
is lower than that of calcium deficient counterparts,
and independent of apparent sensitivities in overall
calcium homeostasis. This observation is particularly
important in calcium-deficient animals, because the
distal small intestine has added physiological signifi-
cance in regulating calcium homeostasis.*

Soy protein sources have been reported to result in
a lower calcium bioavailability than animal proteins,
namely casein, due to the activity of potential inhibi-
tors such as fiber and phytates.!'* Differences in protein
digestibility between casein and relatively structured
soy proteins have been previously reported not to
influence dietary calcium utilization in normal rats fed
an adequate calcium level.'* Alternatively, casein and
casein phosphopeptides may promote and enhance cal-
cium absorption from the lower small intestine by
increasing the relative amount of bioavailable cal-
cium.'” Naito et al. consistently demonstrated a greater
proportion of soluble calcium in the digesta of casein-
fed rats compared with counterparts fed other dietary
proteins or amino acid mixtures.'>!>#3¢* In the pres-
ent study, the greater disappearance of **Ca dose from
the ligated ileal loop of casein-fed animals at the me-
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dium and low dietary calcium levels suggests an en-
hanced calcium bioavailability from the distal small
intestine, which was not apparent when calcium was
fed in excess of requirements.

Potential differences in the distribution of extracel-
lular calcium by SHR animals reported by others?!-%-3
may also have been observed in the present study. The
overall greater “Ca activities in the bone of SHR,
compared with WKY animals, supports the observa-
tions of other workers who suggested that SHR animals
have an altered distribution of calcium between extra-
cellular and intracellular compartments.’®* Although
the acute bone *Ca specific activities paralleled the
intestinal disappearance of #Ca, it should be noted
that unlike the results of Sato et al.,!s an associated
increase in “Ca deposition to bone in casein fed ani-
mals was not observed. It is important to recognize
that acute deposition of Ca radiolabel to bone may
not accurately reflect the true effects of increased bioa-
vailability on calcium utilization in bone metabolism,
due to confounding effects of the exchange of “Ca for
“Ca on the surface of bone, rather than deposition
into osteoid tissue.*

Significant interactions between Ca intake with an-
imal strain and with protein source for femur calcium
content were found in this study. The enhanced femur
ash weight and calcium content of SHR animals fed
the 2.0% and 0.5% calcium diets are contrary to the
suggestions of Izawa et al.,’” who found that SHR are
prone to the development of reduced bone density,
similar to that seen in osteoporosis. The discrepancy
in these observations may be due to the much greater
age of the animals in the former study (26 weeks) as
compared with our study (14 weeks). Signs of age-
related osteoporosis would not be expected in growing
animals whose skeleton shows very little bone remod-
elling. An interesting finding in the present study was
the difference between the effects of casein and soy
protein on relative bone calcification in animals fed
medium and high calcium diets. The observed effect
of protein source on bone mineralization was reversed
in animals fed calcium-deficient diets, which coincided
with the relative differences in plasma calcium and
phosphorus noted in these animals. These results
strongly suggest that casein and soy protein have dif-
fering effects on the mechanisms regulating calcium
homeostasis in calcium-deficient rats. The fact that we
could not differentiate a significant effect of dietary
protein source on bone calcification in the WKY rat
agrees with previous studies in normal rats.'*'* Hence,
significant interactions between calcium intake and
protein source with bone mineralization were mani-
fested only in the SHR model, pointing to an important
affiliation between dietary'>’* and physiological
factors'”*! in the overall regulation of Ca absorption
and utilization in bones.

In this study bone biomechanical measurements were
also used as indices of dietary calcium utilization from
diets varying in calcium level and protein source in
SHR and WKY rats. All three biomechanical tests
were successful in showing an increased susceptibility
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to bone injury in calcium-deficient animals. The peak
force parameter, characterizing the maximum force
required to break femora, was particularly sensitive in
identifying a potential reduced susceptibility to injury
in casein-fed animals. However, it is clear that the
biomechanical parameters could not identify any dif-
ferences associated with either animal strain or dietary
protein source when calcium intake was adequate. That
both femur and tibia calcium content were associated
with dietary calcium intake, and furthermore, that spe-
cific bone biomechanical force parameters were cor-
related with the calcium content of these bones,
corroborate previous findings that bone strength is
dependent on dietary calcium intake**? and bone min-
eral content.* The significant interactions obtained
between dietary calcium intake and protein source,
with femoral and tibia biomechanical force parameters,
is a further indication that the bioavailability of dietary
mineral salts may have a role in regulating the hardness
and rigidity characteristics of bones. This observation
however, does not appear to hold true in calcium-
deficient animals, whereby soy-fed animals consistently
exhibited a decreased susceptibility to femoral and
tibial injury. This effect was particularly noticeable in
the SHR group of animals, which, together with the
relative differences noted in both plasma and bone
mineralization parameters, strengthens the conclusion
that a difference exists in the calcium metabolism be-
tween SHR and WKY calcium-deficient rats fed soy
protein.

Antagonistic mineral interactions occur with a di-
etary excess or deficiency of one particular mineral,
such as in the high or low calcium diets used in the
present study.* In particular, when calcium and mag-
nesium are not balanced in a diet, respective bioa-
vailabilities and utilization can be affected.*-* Indeed,
a significant interaction between dietary calcium intake
and animal strain was found to exist for tibia Mg
content in the present study. This can be explained on
the basis that Mg absorption declines with age in the
SHR, but not in age-matched WKY counterparts.*’
Also, an increased Mg requirement has been indicated
when high levels of calcium are fed.** The decreased
bone Mg content observed in the SHR fed high calcium
diets for a long period of time is likely the result of
decreased intestinal Mg absorption in these animals.

Our results with animals fed diets deficient in cal-
cium support previous findings that showed that ad-
aptation to a low calcium diet does not necessarily
prevent disturbed bone mineralization and metabo-
lism.* Similarly, the fact that bone calcification and
biomechanical strength were not increased in animals
fed the high calcium diets is additional evidence of
homeostatic mechanisms controlling calcium and bone
metabolism.? These same mechanisms may be at work
in calcium supplemented osteoporotic patients whereby
dietary calcium supplementation results in suppressed
PTH secretion and bone remodelling, improved Ca
balance, and protection of bone mass.>

In summary, the use of the SHR model demon-
strated a potentially important interaction between the

level of calcium intake and dietary protein source with
bone mineralization and biomechanical strength pa-
rameters, which was not seen in WKY counterparts.
This observation was made despite the fact that ileal
paracellular calcium absorption was equivalent in both
rat stains. The interaction between dietary calcium
intake and protein source in SHR only, suggests that
the SHR may have some value in evaluating the im-
portance of specific dietary components to bone bio-
mechanical and mineral composition parameters.
Histological studies describing the contribution of un-
mineralized osteoid tissue are required to confirm the
suggestion that biomechanical differences in bone are
explained by differences in calcium intake. This work
demonstrates that varying dietary calcium intake has
a more pronounced effect on calcium utilization and
may dominate potential differences due to animal strain
or dietary protein sources.

References

1 Black Sandler, R., Slemenda, C.W., LaPorte, R.E, Cauley,
J.A., Schramm, M.M., Barresi, M.L., and Kriska, A.M. (1985).
Postmenopausal bone density and milk consumption in child-
hood and adolescence. Am. J. Clin. Nutr. 42, 270-274

2 Lee, C.J., Lawler, G.S., and Johnson, G.H. (1981). Effects
of supplementation of the diets with calcium and calcium-rich
foods on bone density of elderly females with osteoporosis.
Am. J. Clin. Nutr. 34, 819-823

3 Odland, L.M., Mason, R.L., and Alexeff, A.I. (1972). Bone
density and dietary findings of 409 Tennessee subjects. I. Bone
density considerations. Am. J. Clin. Nutr. 25, 905-907

4  Horowitz, M., Need, A.G., Morris, H.A., Wishart, J., and
Nordin, B.E.C. (1988). Biochemical effects of calcium supple-
mentation in post-menopausal osteoporosis. Euro. J. Clin. Nutr.
42, 775-778

S5 Shih, M.S., Dixon, J., and Anderson, C. (1988). The effects
of chronic dietary calcium supplementation on bone mineral
density in ovariectomized beagles. Calcif. Tissue Int. 43, 122—
124

6  Sinha, R., Smith, J.C., and Soares, J.H. (1988). The effect of
dietary calcium on bone metabolism in young and aged female
rats using a short-term in vivo model. J. Nutr. 118, 1217-1222

7  Favus, M.J. (1985). Factors that influence absorption and se-
cretion of calcium in the small intestine and colon. Am. J.
Physiol. 248, G147-G157

8 Bruns, M.E., Boass, A., and Toverud, S.V. (1987). Regulation
by dietary calcium of vitamin D-dependent calcium binding
protein and active calcium transport in the small intestine of
lactating rats. Endocrinol. 121, 278-283

9 Marcus, C.S. and Lengemann, F.W. (1962). Absorption of
“Ca and ¥Sr from solid food at various levels of the alimentary
tract. J. Nuer. 77, 155-160

10 Wasserman, R.H. and Taylor, A.N. (1976). Gastrointestinal
absorption of calcium and phosphorus. In Handbook of Phys-
iology Vol. 7, (R.O. Greep and E.B. Astwood, eds.), p. 137-
155, American Physiological Society, Washington, DC, USA

11  Nellans, H.N. and Kimberg, D.V. (1979). Anomalous calcium
secretion in rat ileum: role of paracellular pathway. Am. J.
Physiol. 236, E473-E481

12 Lee, Y.S., Noguchi, T., and Naito, H. (1980). Phosphopep-
tides and soluble calcium in the small intestine of rats given a
casein diet. Br. J. Nutr. 43, 457-467

13 Yuan, Y.V., Kitts, D.D., Nagasawa, T., and Nakai, S. (1991).
Paracellular calcium absorption, femur mineralization and bio-
mechanics in rats fed selected dietary proteins. Food Chem.
39, 125-137

14  Liebman, M. and Landis, W. (1989). Calcium and zinc balances
of premenopausal women consuming tofu- compared to cheese-
containing diets. Nutr. Res. 9, 5-14

J. Nutr. Biochem., 1992, vol. 3, September 459



Research Communications

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Sato, R., Noguchi, T., and Naito, H. (1986). Casein phospho-
peptide (CPP) enhances calcium absorption from the ligated
segment of rat small intestine. J. Nutr. Sci. Vitaminol. 32, 67—
76

Forbes, R.M., Weingartner, K.E., Parker, H.M., Bell, R.R.,
and Erdman, J.W. Jr. (1979). Bioavailability to rats of zinc,
magnesium and calcium in casein, egg and soy protein-con-
taining diets. J. Nutr. 109, 1652-1660

Izawa, Y., Sagara, K., Kadota, T., and Makita, T. (1985).
Bone disorders in spontaneously hypertensive rat. Calcif. Tis-
sue Int. 37, 605-607

Gafter, U., Kathpalia, S., Zikos, D., and Lau, K. (1986).
Calctum fluxes across duodenum and colon of spontaneously
hypertensive rats: effect of 1,25(OH),D;. Am. J. Physiol. 251,
F278-F282

Lau, K., Zikos, D., Spirnak, J., and Eby, B. (1984). Evidence
for an intestinal mechanism in hypercalciuria of spontaneously
hypertensive rats. Am. J. Physiol. 247, E625-E633

Lau, K., Langman, C.B., Gafter, U., Dudeja, P.K., and Bras-
itus, T.A. (1986). Increased calcium absorption in prehyper-
tensive spontaneously hypertensive rat: role of serum
1,25-dihydroxyvitamin D, levels and intestinal brush border
membrane fluidity. J. Clin. Invest. 78, 10831090

McCarron, D.A., Yung, N.N., Ugoretz, B.A., and Krutzik,
S. (1981). Disturbances of calcium metabolism in the sponta-
neously hypertensive rat. Hypertension 3, 1162-1167
Toraason, M.A. and Wright, G.L. (1981). Transport of calcium
by duodenum of spontaneously hypertensive rat. Am. J. Phys-
iol. 241, G344-G347

Lee, Y.S., Noguchi, T., and Naito, H. (1983). Intestinal ab-
sorption of calcium in rats given diets containing casein or
amino acid mixture: the role of casein phosphopeptides. Br.
J. Nutr. 49, 67-76

Mauer, J. (1977). Extraction method for the simultaneous
determination of Na, K, Ca, Mg, Fe, Cu, Zn, and Mn in
organic material using atomic absorption spectrophotometry.
Z. Lebensm. Unters.-Forsch. 165, 1-4

Itaya, K. and Ui, M. (1966). A new micromethod for the
colorimetric determination of inorganic phosphate. Clin. Chim.
Acta 14, 361-366

Ortoff, G. and Oxlund, H. (1988). Reduced strength of rat
cortical bone after glucocorticoid treatment. Calcif. Tissue Int.
43, 376-382

Mykkanen, H. M. and Wasserman, R.H. (1980). Enhanced
absorption of calcium by casein phosphopeptides in rachitic
and normal chicks. J. Nutr. 110, 2141-2148

Chen, P.S., Toribara, T.Y., and Warner, H. (1956). Micro-
determination of phosphorus. Anal. Chem. 28, 1756-1758
Agus, Z.S., Wasserstein, A., and Goldfarb, S. (1981). PTH,
calcitonin, cyclic nucleotides, and the kidney. Ann. Rev. Phys-
iol. 41, 583-595

Patt, H.M. and Luckhardt, A.B. (1942). Relationship of low
blood calcium to parathyroid secretion. Endocrinol. 31, 384—
392

Aurbach, G.D. (1988). Calcium-regulating hormones: para-
thyroid hormone and calcitonin. In Calcium in Human Biology,
(B.E.C. Nordin, ed.), p. 43-68, Springer-Verlag, London, UK
Kalu, D.N., Masoro, E.J., Yu, B.P., Hardin, R.R., and Hollis,
B.W. (1988). Modulation of age-related hyperparathyroidism
and senile bone loss in Fischer rats by soy protein and food
restriction. Endocrinology, 122, 1847-1854

Schedi, H.P., Miller, D.L., Pape, J.M., Horst, R.L., and

460 J. Nutr. Biochem., 1992, vol. 3, September

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

Wilson, H.D. (1984). Calcium and sodium transport and vi-
tamin D metabolism in the spontaneously hypertensive rat. J.
Clin. Invest. 73, 980-986

Jones, M.R., Martins, J.E., and Clemens, R.A. (1988). Min-
eral balance and blood pressure in the young spontaneously
hypertensive rat. J. Nutr. 118, 114-120

Petith, M.M. and Schedl, H.P. (1976). Duodenal and ileal
adaptation to dietary calcium restriction: in vivo studies in the
rat. Am. J. Physiol. 231, 865-871

Naito, H., Kawakami, A., and Imamura, T. (1972). In vivo
formation of phosphopeptide with calcium-binding property in
the small intestinal tract of the rat fed on casein. Agric. Biol.
Chem. 36, 409-415

Naito, H. and Suzuki, H. (1974). Further evidence for the
formation in vivo of phosphopeptide in the intestinal lumen
from dietary B-casein. Agric. Biol. Chem. 38, 15431545
Aoki, K., Yamashita, K., Suzuki, A., Takikawa, K., and
Hotta, K. (1976). Uptake of calcium ion by sarcoplasmic re-
ticulum from heart and arterial smooth muscle in spontaneously
hypertensive rat (SHR). Clin. Exp. Pharmacol. Physiol. 3,27~
30

Schedl, H.P., Wilson, H.D., and Horst, R.L. (1988). Calcium
transport and vitamin D in three breeds of spontaneously
hypertensive rats. Hypertension 12, 310-316

Yuan, Y.V, Kitts, D.D., and Nagasawa, T. (1991). The effect
of lactose and fermentation products on paracellular calcium
absorption and femur biomechanics in rats. Can. Inst. Food
Sci. Technol. J. 24, 74-80

Crenshaw, T.D. (1986). Reliability of dietary Ca and P levels
and bone mineral content as predictors of bone mechanical
properties at various periods in growing swine. J. Nutr. 116,
2155-2170

Crenshaw, T.D., Peo, E.R. Jr., Lewis, A.}J., Moser, B.D.,
and Olson, D. (1981). Influence of age, sex and calcium and
phosphorus levels on the mechanical properties of various
bones in swine. J. An. Sci. 52, 1319-1329

Kusy, R.P., Peng, T.-C., Hirsch, P.F., and Garner, S.C. (1987).
Interrelationships of bone ash and whole bone properties in
the lactating and parous rat. Calcif. Tissue Int. 41, 337-341
Greger, J.L., Smith, S.A., and Snedeker, S.M. (1981). Effect
of dietary calcium and phosphorus levels on the utilization of
calcium, phosphorus, magnesium, manganese and selenium by
adult males. Nutr. Res. 1, 315-325

Greger, J.L., Krzykowski, C.E., Khazen, R.R., and Krashoc,
C.L. (1987). Mineral utilization by rats fed various commer-
cially available calctum supplements or milk. J. Nutr. 117, 717
724

Greger, J.L. (1989). Effect of dietary protein and minerals on
calcium and zinc utilization. Crit. Rev. Food Sci. Nutr. 28, 249-
271

Behling, A.R. and Greger, J.L. (1988). Mineral metabolism
of aging female rats fed various commercially available calcium
supplements or yogurt. Pharm. Res. 5, 501-505

Morris, E.R. and O’Dell, B.L. (1963). Relationship of excess
calcium and phosphorus to magnesium requirement and tox-
icity in guinea pigs. J. Nutr. 81, 175-181

Spencer, H., Lewin, I., Fowler, J., and Samachson, J. (1969).
Influence of dietary calcium intake on Ca*’ absorption in man.
Am. J. Med. 46, 197-205

Marcus, R. (1987). Calcium intake and skeletal integrity: is
there a critical relationship? J. Nutr. 117, 631-635



