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ABSTRACT

This study aimed to investigate effects of restricted calcium intake on cortical and trabecular bone density in white rats. Low
Ca diet was fed for six weeks, and bone density and bone metabolism parameters were assessed in blood. This study was carried
out on 12 male white rats aged 12 weeks (Sprague-Dawley; SD). These rats were bred for 1 week and randomly assigned to the
standard calcium diet group (SCa group, n=6) and the low calcium diet group (LCa group; n=6). The SCa group was given
a modified AIN-93M mineral mix (with 0.5% Ca), which was made by adding calcium to a standard AIN93 diet, and the LCa
Group was fed a modified AIN-93 Mineral mix (with 0.1% Ca). Femoral BMD and BMC were measured by DEXA in each rat.
After trabecular bone was separated from cortical bone, volumetric bone mineral density (vBMD) was measured using pQCT. Serum
Ca and P levels were measured as parameters of bone metabolism, and S-ALP, S-TrACP and-Dpd levels were also measured. The
results revealed no significant differences in weight, growth rate, feed consumption and feed efficiency between the two groups
before and after calcium-restricted diet (p >.05). No significant differences were also observed in bone length and bone mass between
the two groups (p > .05). Although bilateral femoral BMDs were not significantly different between the two groups, bilateral femoral
BMCGCs significantly decreased in the LCa group, compared with the SCa group (p =.023, p=.047). Bilateral cortical MDs were
not significantly different between the two groups, either. However, trabecular BMD significantly decreased in the LCa group, compared
with the SCa group (p=.041). U-Dpd and S-TrACP levels significantly declined in the LCa group, compared to the SCa group
(p=.039, p=.010). There were no significant differences in serum Ca and P levels between the two groups (p>.05). However,
a significant decrease in urinary Ca level (p=.001) and a significant increase in urinary P (p=.001) were observed in the LCa
group, compared to the Sca group. These findings described that six-week low calcium diet led to decreased trabecular bone density,
reduced urinary excretion of Ca and increased urinary excretion of P. As a result, Ca hemeostasis can be maintained.
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INTRODUCTION

The incidence of osteoporosis steadily increases in the
world population, and social costs associated with the
treatment of oseoporosis is also rising. According to the U.S.
National Data Center, nearly 10 million US population suffer
osteoporosis, and about 34 million American people have
osteopenia, which is on the rise[l. In the U.S., 2 million
people have bone fracture every year and nearly U$19 billion
is spent on treatment of bone fractures. It is estimated that
nearly 3 million people have bone fracture in 2025 and that

U$25.3 billion is required to treat them [2]. Oteoporosis refers
to bone atrophy that results from systemic metabolic
disorders. The age-related bone loss makes bone weak and
prone to fractures [3]. According to WHO definition,
osteopenia is defined as a T score of 1.0 or lower, and
osteoporosis is defined as a T score of -2.5 or lower [4].
In Korea, there have been not many studies done on the
population with osteoporosis. Rowe et al. [S] reported 3.3
people per 10,000 population suffered bone fracture in 50+
age group in Gwangju city, Jeonnam in Korea in 1991. But
osteoporosis patients rose four times to 13.3 per 10,000 in
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2001, showing a steep rise over the decade. According to
the report of Health Insurance Review and Assessment
Service from 2007 to 2011, the number of people who sought
treatment due to osteoporosis increased from 535,000 in 2007
to 773,000 in 2011, showing about 44.3% increase. Total
medical costs also jumped to KW72.2 billion from KW53.5
billion, at average annual increase of 7.9%, during the same
period [6].

The structure of bone can be divided into four regions:
cortical bone, trabecular bone, periosteum and endosteum[7].
The trabecular bone is composed of small pillar-shaped bony
trabecular that includes plates. Unlike cortical bone, plates
are arranged in a simple structure. Most skeletal diseases such
as osteoporosis and bone fracture are affected by the structure
of trabecular bone rather than cortical bone [8]. Although
DEXA is commonly used as a diagnostic tool for osteoporosis,
it measures bond density only, making it insufficient to
evaluate bone strength [4]. DEXA has a limitation of
measuring the integral bone mass of both trabecular and
cortical bones as a whole [9]. Endotrabecular bone formation
is higher than endocortical bone formation, making trabecular
bone more suitable to evaluate early biochemical changes of
bone metabolism, including osteoporosis [10]. However,
effects of exercise and nutrition on both trabecular and cortical
bone densities have been rarely documented. Recently
developed peripheral quantitative computed tomography
(pQCT) is useful in measuring volumetric bone mineral
density vBMD; g/cm’ separately for cortical and trabecular
bones in small animals.

Bone is very active tissue that is sensitive to external
mechanical stimuli and changes in bone metabolism. Changes
in bone density and metabolism are varied by mechanical
stress. Those changes are also affected by human race [12],
nutrition [13] and environmental factors [14] in addition to
genes [11]. Especially nutrition plays a crucial role in bone
stock. It is well known that sufficient calcium intake increases
bone density. The relationship between calcium intake and
bone fracture is still unproven [15]. Some claim Ca intake
alone is insufficient for the treatment of osteoporosis
[16].Thus amounts of Ca intake appears to be closely
associated to changes in bone stock. Decreased Ca intake or
less efficient intestinal absorption of calcium with age is
known to induce a secondary hyperparathyroidism, which in
turn results in osteopenia [17]. According to the 2009 Korean
National Health and Nutrition Examination Survey
results[18}, calcium intake was 447mg in women between
19 and 29 years and 441mg in women between 30 and 39,
which accounted for 63.8% and 63.0%, respectively, of
recommended calcium intake for Koreans set by the Institute

of Medicine Dietary Reference Intakes (DRIs) in 2010 [19].
Some studies stated that vegetables provided 58.1% of
calcium intake in the Korean population although vegetable
calcium have a low absorption rate [18]. Also, phosphoric
acid, phytic acid and oxalic acid contained in grains and
vegetables undermine calcium absorption [20]. Actual
absorption of calcium can be much lower than the amount
of calcium intake [21]. The compounded effects of low
calcium intake and low absorption rate of calcium appear to
be significant on bone quality. However, effects of low
calcium dietary intake on bone density and bone mineral
content are still poorly documented. No studies have ever
separated trabecular bone from cortical bone to investigated
effects of low calcium diet on each of these bones.

This study aimed to evaluate changes in overall bone
density in white rats following six-week restricted calcium
intake using DEXA. At the same time, we determined effects
of restricted calcium intake on bone stock in different areas
after separating trabecular bone from cortical bone using

METHODS

Animal care

Experiment was carried out in 12 male white rats aged 12
weeks (Sprague-Dawley; SD) with the mean weight of 254.8
+10.9g. These mice were bred for 1 week and randomly
assigned to the standard calcium diet group (SCa group, n
=6) and the low calcium diet group (LCa group; n=6). For
the control group, standard feed, AMI-93 Mineral mix (05%
Ca content), was made by adding calcium to a standard
AIN-93M. Calcium-restricted feed AIN-93 Mineral mix

Table 1. Composition of the rat diet

Ingredient (%) low Ca (0.1%) normal Ca
Cornstarch 45.4988 45.749
Alpha Cornstarch 15.5 15.5
Albumin 15 15
Sucrose 10 10
Corn oil 4 4
Cellulose
AIN-93 Mineral mix (normal Calcium) 0 35
AIN-93 Mineral mix (Low Calcium) 35 0
Vitamin mix 1 1
Choline Bitartrate 0.25 0.25
Biotin 0.0004 0.0004
CaCO3 0.25 0
t-Butylhydroquinone 0.0008 0.0008
100% 100%
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(0.1% Ca content) was made for the low-calcium diet group
(Table 1). Rates were given free access to drinking distilled
water during the experiment period. Rats were individually
housed in cages (26x48x 20cm’) in a temperature-, humidity
and light -controlled breeding room (23 +1C, 50 +5% and
dark phase 9:00-21:00, 12 h light/dark cycle). Rat's weight
was measured once a week, and feed intake was measured
every morning at 09:00~10:00 using an electronic scale.
Individual feed intake indicates the average amount of feed
consumed per day. Feed efficiency was calculated based on
the following equation:

Feed efficiency (%)= Weight gain during the experiment
(g) = total feed consumption during the experiment (g)x100

Before the experiment was over, white rats were then
transferred to individual metabolism cages, and urine was
collected over 24 hours and stored at temperature of -30C
for analysis.

Bone parameters measurement

After the calcium-restricted diet was finished, the mixture
of Ketamine (0.15 ml per 100g weight) and saline solution
in equal amounts was injected by intra-abdominal injection
for anesthesia. After blood collection, rats were killed. Serum
was separated from collected blood by a centrifuge and stored
at -30C for analysis. To measure bone density, low limbs
were dissected from dead rats, and then bilateral femurs were
harvested. After removing all soft tissues including muscles
and ligaments, the bones were stored in 70% alcohol at 4C
for bone density measurements. Bone weight (0.1 mm) was
measured using an electronic scale (EB-430DW, Shimazu Co
Ltd., Japan) and bone length is measured with a Vernier
calliper. Bone mineral density, t-BMD; mg/cm’ and bone
mineral content, t-BMC; mg were measured with a
double-energy X-ray absorptionmetry (Lunar DPXL, USA,
Software version 1.0C). After separation of trabecular bone
from cortical bone, volumetric bone mineral density (VBMD;
mg/cm’) was measured using peripheral quantitative
computed tomography (pQCT, XCT960A, Norland Srtatec,
Germany; ver 5.21). The point of measurement for trabecular
vBMD was set in the distal metaphyseal area, 3.0mm off the
end of the femur. Cortical vBMD was measured in femur
midshaft shape, 12.0mm off the end of the femur. Structural
strength of the femur was also evaluated by measuring
fracture energy and stiffness with a three-point bending test
and a measuring device (Autograph AGS-100D, Shimadzu,
Japan). Support span was set at 12mm for femoral fracture,
and compression was placed at the center point in femoral
length. And load weight and loading speed was 50kg and

Smm/min, respectively.

Blood and urine bone metabolic markers analysis

Blood samples were taken after more than 12 hours of
fasting following the calcium-restricted diet. Harvested blood
was stored at 4C for 30 min and centrifuged at 3000 rpm
for 20 minutes and stored at —30C. Serum and 24 hr urine
Ca levels were determined with an ultraviolet visible
spectrophotometer (UV-1200, Shimazu, Japan) using OCPC
method (orthocresol-phthalein complexion; Ca-test kit, Wako,
Japan). Measured data was analyzed using molybdenum blue
method (iP-test kit, Wako, Japan). The activation of serum
alkalinephosphatase (S-ALP) was evaluated using p-Nitro-
phenylphosphate method (ALP-test kit, Wako, Japan), and the
activation of serum tartrate-resistance acid phosphatase
(S-TrACP) was evaluated using p-Nitrophenylphosphate method
(ACP-test kit, Wako, Japan). Measured deoxypyridinoline
crosslinks (U-Dpd) in 24 hour urine was analyzed using a
commercial ELISA kit (Osteolinks, Sumitomo, Japan).

Statistical analysis

Statistical analysis was performed by calculating mean
values and SD for each group using SPSS for Windows (ver.
Windows (ver. 18.0). The difference in the means from
variables measured for the two groups was determined by
Independent-Samples T-test. P value of less than 5% (p <.05)
was considered statistically significant.

RESULTS

Comparison of body weight, growth rate, food intake and
food efficiency.

Weight, growth rate, feed consumption and feed efficiency
between the two groups before and after calcium-restricted

Table 2. The comparison of body weight, growth rate, food intake and food
efficiency between two groups after 6weeks restriction of dietary calcium.

SCa LCa P
Initial body weight (g) 2662+9.4 263.023.2 765
Final body weight (g  323.1+155  310.5+19.0 283
Growth rate (g/day) 1.14+0.16 0.95+0.62 486
Food intake (g/day) 17.3+1.2 16.2+0.6 208
Food efficiency (%)* 62+04 5.54.3 .682

values are means + SD. SCa, standard normal Ca diet group; LCa, low Ca
diet group; Food efficiency, *:Calculated by [body weight gain/amount of
food intakex100]. p, p-value by Independent T-test.
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diet were presented in Table 2. Weight was not significantly
changed after 6-week calcium-restricted diet in the two
groups, compared with baseline weight. No significant
differences were observed in growth rate, feed intake and feed
efficiency between the two groups in which daily average
weight gain was lg and corresponding feed efficiency rate
was 5.8%.

Comparison of femur BMD by DEXA and pQCT and other
bone parameters.

Table 3 indicates bilateral femoral BMDs, BMCs, bone
lengths and bone mass measured with DEXA and pQCT after
six-week calcium-restricted diet. No significant differences
were exhibited in bilateral femoral bone length and bone mass.
Although DEXA revealed no significantly different bilateral
femoral BMDs between the two groups, femoral BMCs
significantly decreased by 15% in the LCa group and 11%
in the SCa group (p=.023, p=.047). PQCT also revealed

Table 3. The comparison of femoral BMD by DEXA and pQCT, and other
bone parameters between two groups after 6weeks restriction of dietary
calcium.

side SCa LCa P
Bone length (mm) R 36.5+04 369+12 438
L 364+0.6 369+14 387
Bone mass (mg) R 936.6+46.7 922.0+67.1 726
L 946.7+£69.3  919.3+26.7 AT79
by DEXA
BMD (mg/cn’) R 2205+144  2053+7.6 .091
L 221.8+13.8 208.8+£5.7 116
BMC (mg) R 365.7+29.2  312.0+£30.5%  .023
L 360.2+23.3  320.5+304*  .047
by pQCT
total BMD (mg/cm®) R 641.5+51.3 623.648.3 .595
total area (mm’) R 194+22 169+ 1.0 .068
Trab BMD (mg/cm’) R 296.931.0 2444+£372% 041
Trab area (mm?) R 3.941.87 532+1.23 235
Crt BMD (mg/cm’) R 948.1+132  964.3+28.6 254
Crt area (mm?) R 7.79 + 1.41 6.81+0.53 225
Crt thk (mm) R, 0.565+0.099 0.530+0.060  .547
Bone intensity by 3PBT
Energy (mJ) R 71.7+£11.9 729+7.0 .860
L 74.8 +18.8 68.5+10.3 .563
Stiffness (N/mm) R. 302.7+27.6 3003 +82.6 .949
L 321.0+70.5 351.671.4 522

values are means + SD. SCa, standard normal Ca diet group; LCa, low Ca
diet group; R, right side; L, left side; DEXA, dual energy X-ray
absorptiometry; pQCT, peripheral quantitative computed tomography;
3PBT, three-point bending test; BMD, bone mineral density; BMC, bone
mineral content; Trab, trabecular bone; crt, cortical bone; thk, thickness;
*p<.05 vs. SCa group. p, p-value by Independent T-test.

Table 4. The comparison of bone metabolism markers between two groups
after 6weeks restriction of dietary calcium.

SCa LCa P
U-Dpd (Nmol/24h) 12.6+2.5 9.0+ 1.6* .039
S-ALP (IU/) 38.5+15.5 359+8.6 767
S-TrACP (IU/1) 11.2+1.5 7.71.8. .010

values are means + SD. SCa, standard normal Ca diet group; LCa, low Ca
diet group; U-Dpd, 24 hours urinary excretion of deoxypyridinoline; U-Cre,
24 hours urinary excretion of creatinine; S-ALP, serum alkaline
phosphatase; S-TrACP, serum tartrate-resistance acid phosphatase. *:p <
.05 vs. SCa group. p, p-value by Independent T-test .

no significant differences in bilateral femoral total BMDs and
total area, trabecular bone area (Trab area), cortical bone
BMD (Crt BMD), cortical bone area (Crt area), cortical bone
thickness (Crt thk) between the two groups. However,
trabecular bone BMD (Trab BMD) was significantly
decreased by 18% in the LCa group when compared with
the SCa group (p =.041). No significant difference was also
noticed in bone toughness measured in fracture energy and
stiffness between the two groups. .

Comparison of serum and urine bone metabolism markers.

Weight, growth rate, feed consumption and feed efficiency
between the two groups before and after calcium-restricted
diet were presented in Table 4. After 6-week calcium-
restricted diet, 24 hours urinary excretion of deoxypyri-
dinoline (U-Dpd) was reduced by 29% from baseline data
(p=.039), which was much significant when compared to
the changes in the control group. More significant decrease
(31%) was also observed in serum tartrate-resistance acid
phosphatase (S-TrACP) in the LCa group, compared with the
control group (p=.010). The difference in serum alkaline
phosphatase (S-ALP) between the two groups was not
significant.

Comparison of Ca and P metabolism in serum and urine

Fig 1 indicates the comparison of serum and urine Ca and
P values after 6-week calcium-restricted diet. No significant
differences were exhibited in serum Ca and P concentration.
However, urine Ca excretion was significantly decreased
while urine P level was significantly increased in the LCa
group, compared with the control group (p=.0001 each).

DISCUSSION

Bone is very active tissue that is sensitive to metabolic
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Fig. 1. The comparison of Ca and P metabolism in serum and urine between two groups after 6weeks restriction of dietary calcium. A, serum Ca; B,
serum P; C, 24 hrs urinary Ca excretion; D, 24 hrs urinary P excretion. values are means + SE. SCa, standard normal Ca diet group; LCa, low Ca diet
group; ***:p <.001 vs. SCa group by Independent T-test . Serum Ca and P concentration of the LCa did not changed comparing to the SCa, but 24 hrs
urinary Ca excretion of the LCa was significantly decreased (p <0.001) and urinary P was significantly increased (p <0.001) comparing to the SCa.

changes such as exercise and nutrition [14]. Increased calcium
helps improve bone density [15]. Calcium intake has a
significantly positive correlation with lumbar spine bone
density [22]. Also, calcium supplements increase bone density
and retard the loss of bone stock [23]. Thus the relationship
between calcium intake and changes in bone stock are proven.
But data in effects of calcium-deficiency diet on bone density
and bone metabolism are scant. The 2009 Korean National
Health and Nutrition Examination Survey results [18},
calcium intake in adult women falls much behind recom-
mended calcium intake for Koreans set by the Institute of
Medicine Dietary Reference Intakes (DRIs) in 2010. Song
and Paik[24] also claimed the daily average calcium intake
in female college students was very low with 487 + 144mg.
It was also reported that adults with osteoporosis consume
less dairy products than those without osteoporosis. However
data in effects of low dietary calcium intake on bone density
is very scant. It is therefore necessary to review the
mechanism involved in the association of restricted-calcium
intake with a reduction in bone density and serum parameters
related to bone metabolism.

The overall structure of bone can be divided into cortical
bone and trabecular bone[7]. As trabecular bone is highly
sensitive to changes, it serves as a better predictor to evaluate
early biochemical changes of bone metabolism [10]. In this
study, white rats were given calcium-restricted diet for 6
weeks. Harvested femur was divided into trabecular bone and
cortical bone using pQCT. And then bone density was
measured and serum and urinary parameters of bone
metabolism were evaluated. In this study, we employed a
novel approach to understanding effects of calcium-restricted
diet on different bone components by separating trabecular
bone from cortical bone.

The results of this study unveiled no significant differences
in t-BMID between the two groups. However, t-BMC was
significantly decreased in the LCa group, compared with that
of the control group (p <.05). Although dual energy x-ray
absortiometry (DEXA) is commonly used to measure bone
density but rather inefficient to determine the difference in
bone toughness between cortical and trabecular bones and to
predict the risk of bone fracture[26, 27]. That is, DEXA-based
bone mineral density indicates total femur bone mineral
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density expressed as total BMD or t-BMD, meaning that total
mineral content of the femur as a whole [28]. It is therefore
difficult to detect delicate changes that happen in different
compartments of cortical or trabecular bones. In this study,
calcium-restricted intake led to a significant decrease in
t-BMC. But no significant changes were exhibited in t-BMD
even though it was decreased as a whole. This means that
low calcium-induced changes in bone density may vary with
bone components but they are insignificant when combined.

On the other hand, bone remodeling is triggered by
osteoblast and osteoclast. The surface-to-volume of trabecular
bone volume is nearly 10 times that of cortical bone, so its
contribution to activation of bone metabolism is greater. It
is therefore assumed that the decrease in bone density caused
by calcium deficiency may occur in trabecular bone sooner
than cortical bone. To overcome the limitations of DEXA,
new scanning techniques have been introduced. Among them,
peripheral quantitative computer tomography (pQCT) is
designed to reconstruct the target bone in 3D and measure
volumetric bone mineral density (v-BMD) from each of
cortical and trabecular bones, providing a better prediction
of fracture risk [29,30]. Bilateral cortical v-BMDs were not
significantly different between the two groups, either.
However, trabecular v-BMD was significantly decreased in
the LCa group, compared with the SCa group (p =.041). This
finding supported the assumption that trabecular bone density
is affected sooner by low calcium intake. Approximately 95%
of the lumbar spine consists of trabecular bone, making the
bone less sensitive to nutrition and hormone [31]. The lifetime
loss of bone is estimated at 50% in trabecular bone and 35%
in cortical bone [32]. In this study, the loss of trabecular bone
density was also greater than that of cortical bone. Zebaze
et al. [33] suggested faster resorption of trabecular bone than
cortical bone in presence of osteoporosis in their study
investigating distal radius BMD in 122 women aged between
27 and 98 after separating trabecular bone from cortical bone
using pQCT. Di Leo et al. [34] also asserted a greater loss
of tracecular bone density in postmenopausal women with the
average age of 63 based on pQCT-based bone density.
Therefore, a similar pattern is observed in reduced bone
density whether is caused by either calcium restricted diet
or menopause.

In this study, no significant differences were displayed in
bone strength measured as fracture energy and stiffness using
a three-point bending test (p >.05). Bone density does not
provide accurate prediction of fracture risk [35]. According
to NIH Consensus definition, bone density is responsible for
approximately 60-80% of bone strength. In addition, the
structure of trabecular and cortical bones, bone turnover rate,

delicate bone fracture and mineralization affect bone strength
[36]. The contribution proportions of trabecular and cortical
bones to bone strength are not established. But it is known
that cortical bone has a greater effect on bone strength. In
this study, fracture strength was measured at the center point
of the femur. Since the femoral diaphysis consists of cortical
bone, it is said that structural parameters of cortical bone
reflect bone strength. Michlotti and Clark[37] also claimed
the association of cortical bone thickness of femur neck to
fracture risk. In this study, effects of low calcium diet on
cortical bone density were not significant, compared to those
in trabecular bone density. There was also no significant
difference in bone strength between the two groups,
supporting a positive correlation between cortical bone and
bone strength.

We also found that low-calcium diet significantly decreased
bone resorption markers U-Dpd and S-TrACP (p=.039, p
=.010). Dpd is one of bone metabolism parameters
representing osteolysis. Dpd is generated when bone matrix
is broken down by osteoclasts and discovered in bone tissue.
Dpd does not undergo metabolism and excreted in urine, so
urinary excretion of Dpd is measured [39]. Dpd increases in
postmenopausal women [40]. TrACP is one of osteoclast
markers, and serum TrACP levels reflect the efficacy of bone
resorption. An earlier study reported a higher serum TrACP
level in the above 50 age group, compared with the other
younger age groups (below 20 and between 20 and50 age
groups), confirming the effectiveness of serum TrACP as a
bone resorption marker [41]. In this study, low urinary Dpd
and serum TrACP levels were observed in the LCa group
showing reduced bone stock. That is, calcium deficiency
inhibited bone turnover and subsequently bone formation.
However, resulting bone stock reduction in this study differs
from age-related osteopenia caused by osteoclast- induced
bone resorption disorders in postmenopausal women. Further
study is needed to clarify the difference between low
calcium-induced loss and age-related loss of bone stock.

Bone sensitively responds to changes in calcium intake [42]
and maintains the balance between bone resorption [43] and
bone formation [44].Thus bone plays an important role in
calcium homeostasis. Calcium metabolism is affected by
various factors, including physical activity, nutrition and
hormones. When calcium level falls due to low calcium intake
[45] and increased excretion in urine [46], PTH release rises
[47], provoking bone resorption stronger than bone
building-up. And then the body will pull calcium from bones
to maintain adequate serum calcium levels [45]. If more
calcium is repeatedly taken out of bones than is replaced,
osteoporosis will eventually occur. Blood P level is regulated
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by intestinal absorption of P and urinary P excretion and
affected by 1,25(OH),Ds; and PTH [49]. Metabolic acidifica-
tion can cause a steep decrease in bone stock when it is
coupled with abnormalities in urinary P excretion [50]. In
this study, changes in serum Ca and P were not significant
(p>.05). However, calcium-restricted diet significantly
decreased urinary Ca excretion (p=.001) but increased
urinary P excretion (p =.001). We therefore conclude that low
calcium diet signals the body to pull Ca from the bones to
keep blood Ca level up and inhibit urinary Ca excretion by
accelerating P excretion in order to maintain Ca and P
homeostasis. Bone stock is therefore decreased as a result.
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