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ABSTRACT — Ovariectomized rats were used as an animal model of osteoporosis in this study. They 
were given ad libitum access to a diet with high or low calcium to phosphorus ratio, or a normal diet, for 
a period of 10 weeks and effects on osteoporosis were assessed. Our results showed that the experimen-
tal diets affect urine levels of calcium and phosphorus, but do not affect the levels of biochemical, his-
topathological, or bone-related biomarkers. These results indicate that the administration of feed with dif-
ferent ratios of calcium to phosphorus (the phosphorus content was kept constant and the calcium content 
varied from 0.2× to 5× relative to the phosphorus content) over a period of 10 weeks does not accelerate 
the development of osteoporosis in ovariectomized rats with normal renal function to maintain homeosta-
sis.
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INTRODUCTION

Several factors, such as aging, female menopause, 
genetic factors, vitamin deficiency, lack of exercise, and 
stress, are involved in the development of osteoporosis. 
However, calcium plays a significant role in the preven-
tion of osteoporosis. In adults, 99% of calcium is found in 
the bones and teeth as hydroxyapatite (Ca10(PO4)6(OH)2), 
while most of the remaining 1% is distributed in cells, 
leaving only 0.1% in the blood (Matsumoto, 1992). 
Approximately 40% of calcium in the serum is bound to 
albumin or other proteins and is not available for diffu-

sion into the tissues. Meanwhile, chelated calcium ions—
calcium phosphate and calcium oxalate (9% of calcium in 
the serum) — are absorbed and transported to tissues, and 
the remaining free calcium (51% and 0.051% of calcium 
in the serum and body, respectively) is used to maintain 
normal physiological functions (Conceição et al., 2016; 
Arazi et al., 2016). Ionized calcium is required to regu-
late muscle contraction, enzyme phosphorylation (pro-
tein kinases), nerve conduction, hormone release, blood 
coagulation, and other metabolic processes (Gerlinger et 
al., 2019; Stewart and Davis, 2019; Food and Nutrition 
Board, 1997; Pearce and Thakker, 1997).
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Calcium plays important physiological functions, and 
its blood levels are tightly regulated by the endocrine sys-
tem. For example, the calcium-sensing proteins in the 
parathyroid gland send signals to induce the secretion 
of parathyroid hormone (PTH) in response to low blood 
calcium levels caused by insufficient calcium intake 
(Demontiero et al., 2012). In the kidney, PTH converts 
vitamin D into its active form calcitriol, which increases 
the absorption of calcium from the small intestine. PTH-
induced calcitriol synthesis activates osteoclasts (cells 
that reabsorb bone), stimulates calcium release from the 
bone, increases reabsorption of calcium in the kidney, and 
reduces urine calcium excretion.

Consequently, the endocrine regulation of blood cal-
cium levels plays an important role in bone metabolism. 
PTH promotes bone resorption, whereas calcitonin sup-
presses it. In particular, aging significantly reduces calci-
tonin secretion and promotes bone resorption. Estrogen 
promotes bone formation; however, the decrease in estro-
gen levels at menopause results in reduced bone mass in 
women. Together, these factors cause the blood calcium 
levels to drop in elderly individuals, and induce constant 
release of calcium from the bone into the blood, ultimate-
ly resulting in osteoporosis (Raisz, 2005; Azuma, 2007). 
Excessive dietary intake of calcium results in its accu-
mulation as hydroxyapatite in the bone and decreases the 
blood levels of calcium and phosphorus. Conversely, low 
calcium intake can trigger the release of calcium from 
the bones and increase the blood levels of calcium and 
phosphorus. Consequently, dietary calcium levels play an 
important role in calcium metabolism and in the devel-
opment and progression of osteoporosis. However, only 
limited studies have been conducted so far. Therefore, the 
present study was conducted to determine the potential 
effects of different calcium levels in feed on the devel-
opment of osteoporosis in ovariectomized (OVX) rats, a 
well-known animal model of osteoporosis.

MATERIALS AND METHODS

Animals and housing conditions
Five-week-old female Slc:Sprague-Dawley (SD) rats 

were bred at Japan SLC Inc. (Hamamatsu-Shi, Japan), 
and ovariectomized at the age of 8 weeks. The rats were 
housed individually in polycarbonate cages with stain-
less steel wire lid (W25 × D40 × H18 cm) throughout 
the study period. During the one-week preliminary rear-
ing period, the animals were kept in a room maintained 
at 20–26°C and 40–80% humidity in a 12/12 hr light/
dark cycle, and fed ad libitum on Labo MR Stock (Nosan 
Corp., Yokohama, Japan). The rats were given ad libitum 

access to different TestDiet® feeds (Animal Specialties 
And Provisions, LLC, PA, USA) and sodium hypochlo-
rite-supplemented well water (free residual chlorine levels 
were 1–2 mg/L) in bottles, starting at the age of 6 weeks.

This study was conducted at Japan SLC Inc., an insti-
tution certified by the Japanese Society for Laboratory  
Animal Resources (JSLAR), in compliance with the Act 
on Welfare and Management of Animals and the Japan 
SLC Code for Laboratory Animal Welfare, and in accord-
ance with the study protocol reviewed by the study site’s 
laboratory animal welfare committee (the Japan SLC  
Laboratory Animal Care and Use Committee).

Experimental design
A total of 50 female Slc:SD OVX rats were divided 

into five groups, each consisting of 10 rats and fed on the 
following diets ad libitum for a period of 10 weeks: nor-
mal (TestDiet, 5885); calcium (Ca)-deficient (0.5× nor-
mal level; TestDiet, LT429); Ca-deficient (0.2× normal 
level; TestDiet, LT428); Ca-excessive (2× normal level;  
TestDiet, LT430); and Ca-excessive (5× normal level; 
TestDiet, LT431) (Table 1).

Clinical signs
The rats were observed for clinical signs once daily, 

starting on the day before the start of the feeding study 
(baseline) and ending on the day of autopsy.

Body weight
The rats were weighed at the time of receipt, group 

assignment, ovariectomy, and then once every week.

Food consumption
Food consumption was measured once every week 

using an electronic scale GX-3000 (A&D Co., Tokyo, 
Japan), and calculated based on the ratio of the amount of 
feed given to the remaining amount.

Hematology
At the completion of the study, venous blood samples 

were collected from all rats and analyzed for red blood 

Table 1.   �Feed content (calcium and phosphorus) and 
group structure.

Calcium 
(%)

Phosphorus 
(%)

Number of 
Rats

Normal 0.61 0.61 10
0.5× Ca Diet Food 0.305 0.61 10
0.2× Ca Diet Food 0.122 0.61 10
2× Ca Diet Food 1.22 0.61 10
5× Ca Diet Food 3.05 0.61 10
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cells (RBC), white blood cells (WBC), platelets (PLT), 
hemoglobin, hematocrit, WBC differential, reticulo-
cyte, mean corpuscular volume (MCV), mean corpuscu-
lar hemoglobin (MCH), and mean corpuscular hemoglob-
in concentration (MCHC), using ADVIA2120 (Siemens 
Healthcare Diagnostics K.K., Tokyo, Japan).

Blood biochemistry
At the completion of the study, serum samples pre-

pared from venous blood collected from all rats were 
analyzed for serum protein, albumin, alubumin/globu-
lin (A/G) ratio, glucose, cholesterol, triglycerides, phos-
pholipids, bilirubin, urea nitrogen, creatinine, transami-
nases (AST and ALT), alkaline phosphatase, electrolytes  
(sodium, potassium and chlorine), Ca, and inorgan-
ic phosphorus (iP), using the autoanalyzer 8180 (Hitachi 
Ltd., Tokyo, Japan).

PTH levels
At the completion of the study, serum samples pre-

pared from venous blood collected from all rats were ana-
lyzed for PTH levels using ELISA.

Urinalysis
At the age of 18 weeks, the rats were placed in met-

abolic cages, and urine was collected for approximately  
16 hr to measure urine volume. The collected urine sam-
ples were further analyzed for urine Ca and iP levels, 
using the autoanalyzer 8180.

Bone density and bone mineral content
The right femurs of the rats were removed during 

autopsy and analyzed for bone mineral content and bone 
density, using the bone mineral analyzer DCS-600EX-III 
(Aloka Co. Ltd., Mitaka, Tokyo, Japan).

Histopathology
The following organs were weighed during autopsy: 

brain, heart, lungs, kidneys, spleen, liver, uterus, adrenal 
glands, thymus, submandibular glands (including the sub-
lingual gland); and pituitary gland. The following organs 
were fixed in 10% (vol) neutral buffered formalin solu-
tion: skin, brain, pituitary gland, thyroid glands (including 
the parathyroid glands), thymus, trachea, lungs and bron-
chi, heart, submandibular glands (including the sublingual 
gland), liver, spleen, kidneys, adrenal glands, pancreas, 
uterus, vagina, mammary glands, thigh muscle and sci-
atic nerve, tongue, esophagus, stomach, duodenum, jeju-
num, ileum, cecum, colon, rectum, gall bladder, lymph 
nodes (mesenteric nodes), spinal cord, eyeball (including 
optic nerves), Harderian gland; and bone and bone mar-

row (sternum and femur). Hematoxylin and eosin (H&E) 
stained samples were prepared according to standard pro-
cedures, and all samples were examined light microscop-
ically.

Statistical analysis
The mean and standard deviation for each study 

group were determined for body weight, food consump-
tion, blood biochemistry values, organ weights, and oth-
er parameters. Multiple comparison test was performed 
using SAS 9.2 (SAS Institute Japan Ltd., Tokyo, Japan) 
and Exsus ver. 8.8.1 (CAC Exicare Corp., Tokyo, Japan), 
a system that works in tandem with the former. The level 
of significance was set at 5%.

RESULTS

Cage-side observations of the rats did not reveal 
observable changes. Moreover, no differences were 
observed in their food consumption, body weight, urine 
volume, hematological values, bone mineral content, bone 
density, organ weight (Supplemental data), blood PTH 
level (Fig. 5), or histopathological values (bone changes; 
Fig. 6, images 1–3). These results suggested that none of 
the rats developed osteoporosis.

Hematology and blood biochemistry
The difference in blood Ca or iP levels between the 

control and experimental groups (Figs. 1 and 2) was not 
statistically significant.

Urinalysis
The level of urine calcium excretion in the rats that 

were fed with a high Ca diet was higher than that in the 
rats fed with a low Ca diet. However, the difference was 
not significant (Fig. 3). The level of urine iP excretion 
in rats that were fed with 0.5× Ca diet was significantly 
higher than that in the rats that were fed with a high Ca 
diet, with excretion nearly undetectable in the 5× Ca diet 
group (Fig. 4).

PTH levels
Blood PTH levels remained almost unchanged from 

the baseline at 10 weeks (Fig. 5).

DISCUSSION

There are roughly 4 types of osteoporosis animal mod-
els: bone resorption promoted, bone formation suppressed, 
modeling animals, and remodeling animals. OVX rats are 
the most widely used model for osteoporosis. Reduced 
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estrogen levels in these rats result in increased bone 
metabolism and a marked bone loss in the epiphysis of 
long bones or vertebral cancellous bones (Azuma, 2007). 
OVX rats fed with a low Ca diet exhibit accelerated bone 
loss in both cancellous and cortical bones (Azuma, 2007). 
Nakada et al. (2014) showed that OVX rats fed with diets 
that contained Ca either in an amount approximately 
twice or half that of iP exhibit differences in their femur 
bone mass. Taking these results into consideration, we fed 
ovariectomized female rats with several types of Ca diets, 
ranging from 0.2× to 5× excess relative to iP content for 
a period of 10 weeks, and examined changes in the blood 
and urine levels of Ca, iP, and bone-related markers.

No difference in the bone mass or bone tissue was 
observed in the rats of the control group, and they did not 
develop osteoporosis. Moreover, no change was observed 
in the low-Ca diet (0.5× and 0.2×) groups, suggesting that 
changing Ca content in the feed did not accelerate the 

Fig. 1. 	 Change in plasma calcium levels at 10 experimental 
weeks.

Fig. 2. 	 Change in plasma inorganic phosphorus levels at 10 
experimental weeks.

Fig. 3. 	 Change in urine calcium levels at 10 experimental 
weeks.

Fig. 4. 	 Change in urine inorganic phosphorus levels at 10 ex-
perimental weeks.

Fig. 5. 	 Change in PTH levels at 10 experimental weeks.
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development of osteoporosis. Hematological analysis did 
not reveal any changes between any experimental group 
and the control group for any parameter, including blood 
Ca and iP levels. Moreover, urinalysis results showed 
high urine Ca levels and markedly low urine iP levels in 
the rats of high-Ca, diet groups. In the 5× Ca diet food 
group, almost all of the urine iP had been reabsorbed to 
nearly undetectable levels. Conversely, low urine Ca lev-
els were observed in the rats of low-Ca diet groups. How-
ever, differences in urine Ca levels between both groups 
were not significant. Furthermore, urine iP levels were 
high in the rats of low-Ca diet groups; however, the effect 
was dose independent. While some individual animals 
showed high levels and others normal levels, the absence 
of abnormal hematology results suggested that this differ-
ence was within the range of physiological variation in 
the renal excretory function.

These results demonstrated that when animals were 
fed diets with different Ca/iP ratios, their blood Ca lev-
els remain constant by virtue of renal Ca/iP excretion and 
reabsorption. Moreover, the animals did not develop oste-
oporosis, even when they were fed diets with 5× Ca for 

10 weeks. The normal renal function in these animals 
is presumed to substantially reduce iP excretion levels. 
However, prolonged administration of such feeds can put 
strain on the kidneys and potentially accelerate the devel-
opment of osteoporosis.

In conclusion, the rats fed on high-Ca diets exhibit-
ed markedly high levels of urine Ca excretion and renal 
iP reabsorption, indicating the major contribution of the 
renal regulatory function. On the other hand, the contri-
bution of renal function was minor in the rats fed on low-
Ca diets. This suggests that other organs might play a reg-
ulatory role in these rats.
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Fig. 6. 	 Image 1: Normal group, lumber, no remarkable change. Scale bar: 50 μm. Image 2: 0.2× Ca diet food group, lumber, no 
remarkable change. Scale bar: 50 μm. Image 3: 5× Ca diet food group, lumber, no remarkable change. Scale bar: 50 μm.
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