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Introduction 

 

 Cadmium (Cd) is one of the most toxic heavy metals that coexists ubiquitously with 

zinc, copper and lead in the environment (WHO/IPCS, 1992). Environmental and 

occupational exposure to this metal caused renal and bone toxicity as well as respiratory 

difficulty and some types of cancer (Järup et al., 1998b). For many years, Cd has been 

thought to affect the body at high-level exposure only in Cd-polluted areas (Kawamura et 

al., 1978; Kjellström, 1992). However, recent surveillance has shown that low to moderate 

exposure to Cd can cause renal damage or bone disease in polluted areas of many 

countries including Japan, Sweden, Belgium, Poland and China (Hu, 2000; Buchet et al., 

1990; Nordberg et al., 1997; Cai et al., 1998; Järup et al., 1998a and 1998b; Alfvén et al., 

2000; Berglund et al., 2000; Ikeda et al., 2000). 

 IID (‘Ouch-ouch disease’ in English) of humans is one of the most severe forms of 

chronic Cd intoxication. The disease occurs mainly in post-menopausal women and is 

characterized by osteoporosis with osteomalacia, renal tubular disorder, and renal anemia 

(Blainey et al., 1980; Nogawa et al., 1987; Kazantzis, 2004). Some researchers insist that 

the major cause of IID is not Cd but malnutrition, especially hypovitaminosis D (Takeuchi, 

1973). Then many researchers have tried to reproduce histopathological features 

characteristic of IID in various animals by chronic Cd exposure (Itokawa et al., 1974; 

Furuta, 1978; Kajikawa et al., 1981; Kawashima et al., 1988; Ogoshi et al., 1989; Hamada 

et al., 1991), but few of them were successful in reproducing osteoporosis with 

osteomalacia characteristic to IID. In the previous report (Hiratsuka et al., 1996), 

osteoporosis with osteomalacia, tubular nephropathy and renal anemia was induced in 
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ovariectomized (OX) female rats by intravenous injections of Cd for 50 weeks without the 

involvement of malnutrition. In the present study, the effects of hypovitaminosis D on the 

rat model was examined to determine whether hypovitaminosis D could be the major 

cause of IID in humans or one of the enhancing factors of Cd toxicity.  
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Materials and Methods 

 

Animals and Treatment 

 A total of 80 female Sprague-Dawley rats (Crj: CD (SD) IGS, Charles River Japan, 

Kanagawa, Japan) were obtained at 6 weeks of age, and the ovaries were completely 

excised bilaterally under anesthesia with sodium pentobarbital (50 mg/kg i.p.). At 

ovariectomy, the body weights ranged from 164.9 to 199.1 g. Complete disappearance of 

the estrus cycle was confirmed by vaginal smear testing in all animals. Three weeks later, 

the rats were randomly assigned to four groups, and the administration began at 10 weeks 

of age. Group composition was as follows: 1) saline injection + normal diet (Saline + Vit. 

D), 2) saline injection + vitamin D deficient diet (Saline - Vit. D), 3) CdCl2 injection + 

normal diet (Cd + Vit. D), and 4) CdCl2 injection + vitamin D deficient diet (Cd - Vit. D). 

The saline and CdCl2 injection group consisted of 18 and 20 rats, respectively, and the + 

Vit. D groups were given the diet (Oriental Yeast Co., Tokyo, Japan) containing 3 IU/g 

vitamin D (cholecalciferol) and - Vit. D groups were given the diet (Oriental Yeast Co., 

Tokyo, Japan) containing < 0.3 IU/g vitamin D. All the animals were allowed to drink 

well-water admixed with NaClO (about 2 ppm) from automatic dispensers ad libitum. The 

body weights at the initiation of administration ranged from 297.0 to 360.2 g. The animals 

were individually housed in stainless steel wire cages (W × H × D: 260 × 200 × 380 mm) 

in a barrier system area. The animal rooms were thermostatically controlled at 21°-27°C 

and maintained at a relative humidity of 35-75%, with a 12-hour light/dark cycle (lighting 

from 7:00 AM to 7:00 PM). The rooms were ventilated 13-15 times/hour. This study was 

conducted in accordance with all relevant guidelines concerning experimental animals and 
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animal welfare set by Japanese government (Law for the Humane Treatment and 

Management of Animals [Law No. 105, dated 1 October 1973, amended on 22 December 

1999 and partially amended on 22 June 2005 and 2 June, 2006]) and the testing facility 

(Guidelines for Animal Studies [Mitsubishi Chemical Medience Corporation]). 

 

Experimental Design 

 The rats were injected into the tail vein with saline (1.0 ml/kg) or CdCl2 dissolved in 

saline (0.5 mg/kg) 5 days a week for up to 50 weeks. The dose of Cd (as CdCl2) was 

decided by referring to the results of previous 13- and 50-week administration experiments 

(Katsuta et al., 1994; Hiratsuka et al., 1996). Individual dose level was adjusted weekly 

based on the most recently recorded individual body weights. Prior to the necropsy at 24 

and 50 weeks, all surviving rats (3-6 rats/group) were deeply anesthetized with sodium 

pentobarbital (50 mg/mL, i.p.) and exsanguinated from the posterior vena cava. 

 

Assays for Serum Vitamin D 

 At necropsy, a blood sample was obtained from the posterior vena cava for 

hematology, blood chemistry, and assays for serum vitamin D and/or bone metabolic 

markers. At week 50, serum concentrations of 1,25-dihydoroxycholecalciferol 

(1,25[OH]2D3) and 25-hydoroxycholecalciferol (25[OH]D) were determined using 

commercially available ELISA kits (Immundiagnostik AG., Bensheim, Germany) and a 

microplatereader (SPECTRA FLOUR; TECAN, Grödig, Austria). 

 

Urinalysis and Urine Chemical Examination 
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 At 16, 24 and 50 weeks, four to six rats in each group were housed in individual 

metabolism cages for about 16 hours and urine was collected. Total urine volume was 

recorded and aliquots of urine were frozen for determination of calcium (Ca; 

Methylxylenol blue method, Wako Pure Chemical Industries, Ltd., Osaka, Japan), 

inorganic phosphorus (IP; Purine-nucleoside phosphorylase·xanthine oxidase method, 

Wako Pure Chemical Industries, Ltd., Osaka, Japan), N-acetyl-β-D-glucosaminidase 

(NAG; enzyme method, Kyowa Medics Co., Ltd., Tokyo, Japan), β2-microglobulin 

(ELISA method, Panapharm Laboratories Co., Ltd., Kumamoto, Japan), pyridinoline (Pyd; 

Sumitomo Seiyaku Biomedical Co., Ltd., Osaka, Japan), and deoxypyridinoline (Dpd; 

Sumitomo Seiyaku Biomedical Co., Ltd., Osaka, Japan). β2-microglobulin, Pyd and Dpd 

were assayed by a microplatereader (SPECTRA FLOUR; TECAN, Grödig, Austria). Ca, 

IP and NAG were assayed by an auto analyzer (7170; Hitachi Ltd., Tokyo, Japan). 

 

Hematology and Blood Chemistry 

 The parameters evaluated in the hematology were erythrocyte count (RBC; laser 

optical method), hematocrit (Ht; [RBC×MCV]/103), hemoglobin concentration (HB conc.; 

cyanic methemoglobin method), mean corpuscular volume (MCV; laser optical method), 

mean corpuscular hemoglobin (MCH; calculated from HB conc. and RBC), mean 

corpuscular hemoglobin concentration (MCHC; calculated from HB conc., RBC and 

MCV), and reticulocyte count (RNA staining laser optical method) by a hematology 

system (ADVIA 120; Bayer Medical Ltd., Leverkusen, Germany). The parameters 

evaluated in the blood chemistry were asparate aminotransferase (AST; UV-kinetic 

method), alanine aminotransferase (ALT; UV-kinetic method), gamma 
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glutamyltranspeptidase (γ-GT; L-γ-glutamyl-3-hydroxymethyl-4-nitroanilide reaction), 

alkaline phosphatase (ALP; p-nitrophenylphosphate reaction), blood urea nitrogen (BUN; 

urease-GlDH method), creatinine (Jaffé method), IP (PNP·XOD method), Ca (MXB 

method), iron (Fe; bathophenanthroline direct method), unsaturated iron binding capacity 

(UIBC; bathophenanthroline direct method), and total iron-binding capacity (TIBC; 

calculated from Fe and UIBC) by an auto analyzer (7170; Hitachi Ltd., Tokyo, Japan). 

 

Assays for Bone Metabolic Markers 

 Serum concentrations of parathyroid hormone (PTH), calcitonin, and osteocalcin 

(bone glaprotein, BGP) were determined using commercially available kits (Immutopics, 

Inc., CA, U.S.A), the immunoradiometric (IRMA) assay method, and a Gamma counter 

(COBRA Quantum 5005; PerkinElmer, Inc., MA, U.S.A.). 

 

Histopathology 

 The liver, kidneys and parathyroid glands were collected at necropsy from all 

surviving animals. These organs and tissues were fixed in 10% neutral-buffered formalin, 

embedded in paraffin wax, sectioned, and stained with hematoxylin and eosin (HE). In 

addition, the right femurs and thoracic vertebrae of the animals were fixed for 2 days in 

0.5% cyanuric chloride in methanol containing 1% (0.1 M) N-methylmorpholine (Yoshiki, 

1973), decalcified in 10% formic acid formalin, and were processed routinely for HE 

staining. 

 

Assays for Bone Mineral Density (BMD) 
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 BMD of the left femur (proximal, middle and distal portions) was measured by dual 

energy X-ray absorptiometry (DCS-600; ALOKA CO., Ltd., Tokyo, Japan). 

 

Statistical Analysis 

 Values obtained from rats in the Saline - Vit. D group and Cd treatment groups were 

compared with those from the Saline + Vit. D group. Bartlett’s test was used to compare 

the variances among the groups. If the groups were accepted to be homogeneous, 

Dunnett’s multiple comparison test was used for comparison of the groups. If the data of 

each group were heterogeneous in Bartlett’s test, Steel’s multiple comparison test was 

used. The Wilcoxon test was used for the comparison of semi quantitated histopathological 

findings. 
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Results 

 

Body Weight Change 

 Body weight gain depressed in the Cd-treated groups from 5 to 50 weeks 

consistently, and the body weight of the Cd-treated rats was significantly low from 13 

weeks (Fig. 1). There were no clear effects of Vitamin D deficiency on the body weight 

change throughout the administration period. 

 

Concentration of SerumVvitamin D 

 In the Saline - Vit. D group, serum levels of 1,25(OH)2D3 and 25(OH)D were 

significantly decreased, and a decrease of 25(OH)D was more remarkable (Table 1). In 

contrast, Cd treatment alone induced the decreases of 1,25(OH)2D3 to the same extent. The 

decrease of the Vitamin D in the Cd - Vit. D group was the sum of the effects of Cd 

treatment and vitamin D deficiency, and the serum concentration of 1,25(OH)2D3 was 

higher than that of 25(OH)D. 

 

Urinalysis and Urine Chemical Findings 

 β2-microglobulin significantly increased in the Cd-treated groups from 16 to 50 

weeks (Table 2). Although an elevation of NAG was observed from 16 weeks in the 

groups, the change disappeared at week 50. Urinary excretion of Ca in Cd-treated rats 

tended to decrease or significantly decreased at weeks 16 and 24, respectively, and then 

changed to an increase at week 50. Excretions of the bone metabolic markers, such as Pyd 

and Dpd, slightly increased at week 16 in the Cd-treated groups, and the excretion of Pyd 
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continuously increased at weeks 24 and 50. The Saline - Vit. D group showed no urinary 

changes throughout the administration period. 

 

Hematology 

 The Cd-treated groups revealed significant decreases in HB conc., Ht, MCV, MCH 

and MCHC, and an increase in reticulocyte count (Table 3). At week 50, these changes 

became more prominent, except for MCV, MCH and MCHC. The degree of the anemia at 

week 50 was most severe in the Cd - Vit. D group than in the Cd + Vit. D group. None of 

these changes appeared in the Saline - Vit. D group during the administration period. 

 

Blood Chemistry 

 Serum concentrations of BUN, creatinine and IP were significantly higher in the Cd-

treated groups at week 24 and 50 (Table 4). There were significant increases or a tendency 

to increase in serum AST, γ-GT and ALP activities in the Cd-treated groups at weeks 24 

and 50. In addition, Cd-treatment resulted in significant increases of UIBC and TIBC 

concentrations which were accompanied by a decrease in the Fe concentration at weeks 24 

and 50. There were no clear influences of vitamin D deficiency in these parameters. 

 

Bone Metabolic Markers 

 No treatment-related changes were observed in the Saline - Vit. D group. As for the 

Cd-treated groups, serum levels of PTH and BGP were significantly high (Table 5). 
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Gross Findings 

 A total of 9 and 11 out of 20 rats died in the Cd + Vit. D and Cd - Vit. D groups, 

respectively, between the weeks 40 to 50. The livers and kidneys of the deceased animals 

were slightly atrophic and indented on their surfaces. There was no clear effect of vitamin 

D deficiency on the liver or kidney. The animals that survived Cd treatment also exhibited 

similar hepatic and renal changes, but to a milder degree, to the rats that died of Cd 

treatment at week 24, and these changes became severer at week 50. 

 

Histopathology 

 The hepatocytes of Cd-treated rats showed an increase in individual cell necrosis 

and/or focal necrosis, enlargement of the cytoplasm and nuclei with prominent nucleoli, 

irrespective of dietary vitamin D concentrations (Table 6). Mitosis and binucleated 

hepatocytes were also occasionally seen in the livers of Cd-treated rats at week 50. Cd-

treated rats showed tubular nephropathy with interstitial fibrosis at weeks 24 and 50 (Photo 

1a and b). The renal change was more severe at week 50 than at week 24 (Table 6). 

 At week 24, 9 of 12 femurs in Cd-treated groups showed mild fibrous 

osteodystrophy. Bone marrow hyperplasia was observed in the femur of one rat from the 

Cd - Vit. D group. At week 50, the femurs and thoracic vertebrae in Cd-treated groups 

showed prominent fibrous osteodystrophy, osteoporosis with osteomalacia, and bone 

marrow hyperplasia (Photo 2a and b). The extent of the former two osseous changes was 

more severe in the Cd- Vit. D group than in the Cd + Vit. D group, and more prominent in 

the femur than in the vertebrae (Table 6). Cortical and cancellous bones were remarkably 

porotic or atrophic with the formation of osteoid seams at the inner surface of Haversian 
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canals and endosteum. Fibrotic tissues proliferated within the pores, at the inner surface of 

the endosteum, and around the bone spicules of the trabecular bone at metaphysis. 

Microfractures of cancellous bone accompanying collagenous callus were sometimes 

observed at epiphysis of the femur in the Cd - Vit. D group (Photo 3). Bone marrow 

hyperplasia was prominent in all three rats of the Cd - Vit. D group and in two of the five 

rats in the Cd + Vit. D group. The femurs and thoracic vertebrae of non-Cd-treated groups 

were unremarkable at weeks 24 and 50. 

 The parathyroid glands of all the rats necropsied at week 24 were unremarkable. In 

contrast, the glands of the Cd-treated rats were slightly or moderately enlarged in 

comparison with those of the non-Cd treated rats at week 50. In the enlarged glands, each 

lobule was enlarged due to hypertrophy and hyperplasia of the chief cells with pale and 

granular cytoplasm. Mitotic figures of chief cells were occasionally observed in the 

enlarged parathyroid glands. 

 

Bone Mineral Density (BMD) 

 At week 24, the BMDs of all treatment groups were not significantly different from 

Saline + Vit. D group. At week 50, the BMDs of the femur were significantly or 

insignificantly low in the Cd-treated groups (Fig. 2). The osteoporosis at middle and distal 

portions of the femur was slightly more severe in the Cd - Vit. D group than in the Cd + 

Vit. D group. 
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Fig. 1.  Body weight changes of the rats treated with cadmium and/or vitamin D 

deficiency. Each point represents the mean ± SD (n = 12 at weeks 1 to 23, n = 3, 5 or 6 at 

weeks 25 to 50). Asterisk (*) indicates significant difference from the saline + Vit. D 

group (p < 0.01). 
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Table 1  Serum vitamin D concentrations of the rats treated with cadmium and/or vitamin 

D deficiency for 50 weeks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1,25(OH)2D3 25(OH)D
Group (pg/mL) (ng/mL)

Saline+Vit. D n 6 6
Meana 68.5 37.5
SD 23.5 13.8

Saline-Vit. D n 6 6
Mean 34.1 ** 2.7 **
SD 12.1 1.1

Cd+Vit. D n 5 5
Mean 41.9 * 18.1 *
SD 19.4 8.5

Cd-Vit. D n 3 3
Mean 8.5 **# 0 **
SD 2.4 0

*: Significantly different from saline +Vit. D value, p < 0.05.
**: Significantly different from saline +Vit. D value, p  < 0.01.
#: Significantly different from Cd +Vit. D value, p  < 0.05.
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Table 2  Urinalysis data of the rats treated with cadmium and/or vitamin D deficiency for 16, 24 and 50 weeks. 

 

 

Urine volume Ca IP NAG β2-Microglobulin Pyridinoline Deoxypyridinoline
Week Group (mL/16 hr) (mg/mg Cre.) (mg/mg Cre.) (IU/g Cre.) (μg/mg Cre.) (nmol/mg Cre.) (nmol/mg Cre.)

16 Saline+Vit. D n 6 6 6 6 6 6 6
Mean 11.4 0.097 2.680 10.9 324.2 0.126 0.759
SD 6.8 0.043 0.373 1.5 84.1 0.085 0.176

Saline-Vit. D n 6 6 6 6 6 6 6
Mean 13.9 0.112 2.855 13.5 403.5 0.179 0.618
SD 5.1 0.068 0.549 2.7 76.3 0.184 0.279

Cd+Vit. D n 6 6 6 6 6 6 6
Mean 10.8 0.052 2.571 16.8 ** 14009.8 * 0.412 1.099
SD 4.6 0.014 0.372 4.6 17537.3 0.282 0.273

Cd-Vit. D n 6 6 6 6 6 6 6
Mean 15.3 0.065 2.834 15.5 * 13998.7 * 0.338 1.186 *
SD 11.9 0.039 0.367 1.7 8449.0 0.351 0.201

24 Saline+Vit. D n 6 6 6 6 6 6 6
Mean 14.8 0.129 3.210 12.6 461.9 0.094 0.572
SD 10.3 0.038 0.467 2.1 121.2 0.123 0.174

Saline-Vit. D n 6 6 6 6 6 6 6
Mean 16.1 0.152 3.185 15.0 573.2 0.202 0.616
SD 8.4 0.088 0.640 2.8 117.0 0.219 0.324

Cd+Vit. D n 6 6 6 6 6 6 6
Mean 21.9 0.035 * 2.638 23.7 ** 105364.0 * 0.909 ** 0.514
SD 13.0 0.012 0.853 2.1 68641.7 0.316 0.103

Cd-Vit. D n 6 6 6 6 6 6 6
Mean 19.0 0.035 * 2.642 21.0 **# 144624.7 * 1.030 ** 0.535
SD 9.2 0.012 0.509 1.3 62158.8 0.152 0.182

50 Saline+Vit. D n 6 6 6 6 6 6 6
Mean 10.7 0.148 2.819 13.3 292.4 0.174 0.458
SD 6.2 0.064 0.454 2.5 103.9 0.124 0.083

Saline-Vit. D n 6 6 6 6 6 6 6
Mean 11.0 0.180 2.749 15.8 399.8 0.193 0.624
SD 5.2 0.085 0.734 2.2 66.1 0.233 0.212

Cd+Vit. D n 6 6 6 6 6 6 6
Mean 24.3 * 0.191 3.186 14.2 125754.2 * 1.827 * 0.645
SD 7.5 0.103 0.811 10.7 78347.6 1.047 0.431

Cd-Vit. D n 4 4 4 4 4 4 4
Mean 22.3 * 0.216 4.109 18.9 200103.1 * 2.262 * 0.657
SD 12.8 0.040 1.221 7.0 134492.8 0.414 0.195

*: Significantly different from saline +Vit. D value, p < 0.05.
**: Significantly different from saline +Vit. D value, p  < 0.01.
#: Significantly different from Cd +Vit. D value, p  < 0.05.
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Table 3  Hematology data of the rats treated with cadmium and/or vitamin D deficiency for 24 and 50 weeks. 

 

 

Erythrocytes Hemoglobin Hematocrit MCV MCH MCHC Reticulocyte
Week Group (104/μL) (g/dL) (%) (fL) (pg) (g/dL) (%)

24 Saline+Vit. D n 6 6 6 6 6 6 6
Mean 806 15.2 43.9 54.6 18.9 34.6 2.1
SD 29 0.6 1.2 1.7 0.6 0.4 0.5

Saline-Vit. D n 6 6 6 6 6 6 6
Mean 823 15.5 44.2 53.8 18.9 35.1 1.8
SD 57 0.8 2.6 1.4 0.7 0.5 0.3

Cd+Vit. D n 6 6 6 6 6 6 6
Mean 739 10.2 * 31.8 * 43.1 ** 13.9 ** 32.1 * 4.1 *
SD 55 0.5 1.6 3.5 1.3 0.6 0.8

Cd-Vit. D n 6 6 6 6 6 6 6
Mean 650 ** 8.9 * 27.4 * 41.9 ** 13.6 ** 32.3 * 4.1 *
SD 107 2.0 5.5 2.2 1.3 1.9 1.6

50 Saline+Vit. D n 6 6 6 6 6 6 6
Mean 797 15.0 43.9 55.2 18.9 34.2 2.4
SD 47 0.4 1.3 2.7 0.9 0.5 0.6

Saline-Vit. D n 6 6 6 6 6 6 6
Mean 797 14.4 42.3 53.0 17.9 33.8 2.5
SD 79 2.2 5.5 4.7 2.1 1.4 1.2

Cd+Vit. D n 5 5 5 5 5 5 5
Mean 417 ** 6.8 ** 20.6 ** 49.7 * 16.4 ** 32.9 3.9
SD 120 1.8 5.3 2.7 1.2 1.2 1.6

Cd-Vit. D n 3 3 3 3 3 3 3
Mean 216 **# 3.9 *# 12.5 *# 58.2 # 18.1 31.2 11.8 *
SD 40 0.7 1.2 4.9 0.2 2.4 6.4

*: Significantly different from saline +Vit. D value, p < 0.05.
**: Significantly different from saline +Vit. D value, p  < 0.01.
#: Significantly different from Cd +Vit. D value, p  < 0.05.
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Table 4  Blood chemistry data of the rats treated with cadmium and/or vitamin D deficiency for 24 and 50 weeks. 

 

 
AST ALT γ-GT ALP BUN Creatinine

Week Group (IU/L) (IU/L) (IU/L) (IU/L) (mg/dL) (mg/dL)

24 Saline+Vit. D n 6 6 6 6 6 6
Mean 147 71 0.7 111 14.6 0.6
SD 74 68 0.3 37 1.0 0.0

Saline-Vit. D n 6 6 6 6 6 6
Mean 251 109 0.8 118 14.8 0.6
SD 332 152 0.3 20 2.5 0.1

Cd+Vit. D n 6 6 6 6 6 6
Mean 451 121 9.8 * 226 ** 28.6 * 0.8 *
SD 168 68 3.0 60 5.7 0.1

Cd-Vit. D n 6 6 6 6 6 6
Mean 603 ** 100 13.7 * 184 ** 50.7 * 1.0 *
SD 216 17 4.0 42 50.1 0.5

50 Saline+Vit. D n 6 6 6 6 6 6
Mean 153 80 0.4 85 12.5 0.4
SD 86 70 0.3 16 1.9 0.1

Saline-Vit. D n 6 6 6 6 6 6
Mean 125 50 0.4 86 13.1 0.5
SD 39 43 0.2 37 1.7 0.1

Cd+Vit. D n 5 5 5 5 5 5
Mean 320 * 64 4.3 ** 185 ** 73.2 ** 1.2 **
SD 125 26 1.3 71 35.7 0.5

Cd-Vit. D n 3 3 3 3 3 3
Mean 437 70 5.0 * 250 * 100.8 * 1.6 *
SD 178 34 3.1 117 49.6 0.7

*: Significantly different from saline +Vit. D value, p < 0.05.
**: Significantly different from saline +Vit. D value, p  < 0.01.
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Table 4 - continued  Blood chemistry data of the rats treated with cadmium and/or vitamin D deficiency for 24 and 50 weeks. 

 

 

 

IP Ca Fe UIBC TIBC
Week Group (mg/dL) (mg/dL) (μg/dL) (μg/dL) (μg/dL)

24 Saline+Vit. D n 6 6 6 6 6
Mean 3.5 9.9 252 224 477
SD 0.3 0.2 33 81 87

Saline-Vit. D n 6 6 6 6 6
Mean 3.9 9.9 218 290 507
SD 0.6 0.1 47 121 84

Cd+Vit. D n 6 6 6 6 6
Mean 5.9 * 10.6 * 119 ** 876 ** 995 **
SD 0.8 0.2 37 92 73

Cd-Vit. D n 6 6 6 6 6
Mean 7.2 * 10.9 83 ** 868 ** 951 **
SD 3.9 1.5 37 130 145

50 Saline+Vit. D n 6 6 6 6 6
Mean 4.7 10.1 173 289 461
SD 0.8 0.3 58 55 51

Saline-Vit. D n 6 6 6 6 6
Mean 5.2 9.9 174 302 476
SD 0.9 0.2 71 115 62

Cd+Vit. D n 5 5 5 5 5
Mean 6.7 9.8 119 635 * 753 *
SD 2.9 0.4 38 200 179

Cd-Vit. D n 3 3 3 3 3
Mean 10.6 * 9.3 91 590 * 681 *
SD 5.0 1.6 33 84 117

*: Significantly different from saline +Vit. D value, p < 0.05.
**: Significantly different from saline +Vit. D value, p  < 0.01.
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Table 5  Bone metabolic markers in the serum of the rats treated with cadmium. 

 

 
PTH Calcitonin Osteocalcin

Week Group (pg/mL) (pg/mL) (pg/mL)

50 Saline+Vit. D n 6 6 6
Mean 81.7 230.1 15.8
SD 56.2 80.3 3.9

Saline-Vit. D n 6 6 6
Mean 65.9 177.0 15.0
SD 46.1 96.4 3.0

Cd+Vit. D n 5 5 5
Mean 3652.1 * 469.2 172.4 *
SD 3457.2 419.5 128.8

Cd-Vit. D n 3 3 3
Mean 1802.0 287.9 220.8 *
SD 104.6 173.9 66.6

*: Significantly different from saline +Vit. D value, p < 0.05.
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Table 6  Histopathologic findings of the rats treated with cadmium and/or vitamin D deficiency for 24 and 50 weeks. 

 Week 24
Organ Group Saline+Vit. D Saline-Vit. D Cd+Vit. D Cd-Vit. D
 Findigs Grade - + ++ +++ - + ++ +++ - + ++ +++ - + ++ +++
Liver
 Solitary necrosis 5 6 5 1 ** 6 **
 Enlargement of hepatocytes 5 6 1 5 ** 6 **
Kidney
 Tubular nephropathy 5 6 6 ** 5 1 **
Parathyroid gland
 Enlargement 5 6 6 6
Femur
 Fibrous osteitis 5 6 2 4 * 1 5 **
 Bone marrow hyperplasia 5 6 6 5 1
Grade: -, no lesion; +, slight; ++, moderate; +++, severe.

Week 50
Organ Group Saline+Vit. D Saline-Vit. D Cd+Vit. D Cd-Vit. D
 Findigs Grade - + ++ +++ - + ++ +++ - + ++ +++ - + ++ +++
Liver
 Solitary necrosis 6 6 5 ** 3 **
 Enlargement of hepatocytes 6 6 5 ** 3 **
Kidney
 Tubular nephropathy 6 6 2 3 ** 3 **
Parathyroid gland
 Enlargement 6 6 2 3 ** 3 **
Femur
 Osteoporosis with 6 6 2 1 2 ** 3 **
 osteomalacia
 Fibrous osteitis 6 6 2 1 2 ** 3 **
 Bone marrow hyperplasia 6 6 3 2 1 2 *
Thoracic vertebrae
 Osteoporosis with 6 6 3 2 ** 3
 osteomalacia
 Fibrous osteitis 6 6 3 2 3 **
 Bone marrow hyperplasia 6 6 3 2 3 **
Grade: -, no lesion; +, slight; ++, moderate; +++, severe.
*: Significantly different from saline +Vit. D value, p < 0.05.
**: Significantly different from saline +Vit. D value, p  < 0.01.
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Photo. 1. The kidney of the rats in Saline - Vit. D group (a) and Cd - 

Vit. D group (b) at 50 weeks of treatment. Interstitial fibrous tissues 

accompanying inflammatory cell infiltration fill the gaps among small 

diameter tubules and the epithelial cells of the tubules are regenerative (b). 

H.E. stain. ×200 (a, b). 

Bars = 200 μm. 
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Photo. 2. Diaphysis of the femurs of the rats in Saline - Vit. D group 

(a) and Cd - Vit. D group (b) at 50 weeks of treatment. Bone marrow 

hyperplasia, osteoporosis and fibrous osteodystrophy (b). H.E. stain. ×40 

(a, b). 

Bars = 500 μm. 



 

 23

 

 

 

 

 

 

 

 

            

 

 

 

 

 

 

 

 

 

 

 

            

a 

b 



 

 24

 

 

 

 

 

 

 

Photo. 3. Epiphysis of the femur of the rats in Cd - Vit. D group at 50 

weeks of treatment.  Old microfracture of subarticular osteoporotic 

trabecular bone.  Old callus, a mixture of fibrous and cartilaginous tissues 

is formed at the fracture site.  H.E. stain. ×100. 

Bar = 200 μm. 
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Fig. 2.  Bone mineral density of the rats treated with cadmium and/or 

vitamin D deficiency. Asterisk (*) indicates significant difference from the 

saline + Vit. D group (p < 0.01). Site A: 1/4 part from proximal 

metaphysis of the femur. Site B: Diaphysis (central part of the femur). Site 

C: 1/4 part from distal metaphysis of the femur. 
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Discussion 

 

 By repeated intravenous injection of Cd to OX female rats over 50 weeks, 

osteoporosis with osteomalacia, renal tubular nephropathy and renal anemia, which were 

the main pathological changes of IID, could be reproduced in the present study. These 

results confirm the previous reports in which the characteristic pathologies of human IID, 

were reproduced by Cd treatment for 13 weeks (Katsuta et al., 1994) and 50 to 70 weeks 

(Hiratsuka et al., 1996) in OX rats. In the present study, fibrous oteodystrophy was also 

observed in the Cd-treated rats. Fibrous osteodystrophy is one of the osseous changes 

distinctive to hyperparathyroidism (Rude, 1996; Lotinun et al., 2006) and may occur 

secondary to renal dysfunction (Jablonski et al., 1993; Amann et al., 1994). 

 The rats fed a vitamin D deficient diet showed a significant decrease of active and 

inactive forms of serum vitamin D [1,25(OH)2D3 and 25(OH)D]. Vitamin D is an 

important hormone regulating homeostasis of Ca and P, and severe vitamin D deficiency is 

known to increase the risk of rickets (Hirota & Hirota, 2006; Lips, 2006). However, in the 

present study, the rats given a diet deficient in vitamin D did not show biochemical 

abnormality in blood or urine suggesting metabolic disorders of the bone and kidneys. 

Vitamin D is produced in the skin through ultraviolet irradiation or obtained from food. 

The inactive form of vitamin D undergoes its first step of activation, namely 25-

hydroxylation in the liver followed by 1α-hydroxylation in the kidneys, to make the 

biologically active compound 1,25(OH)2D3. The active metabolite has many functions 

related to Ca regulation and bone metabolism, including intestinal Ca and P absorption, Ca 

mobilization in the bone, and resorption of P and Ca in the renal tubular cells (Jones et al., 



 

 28

1998; DeLuca, 2004; Lips, 2006). Although vitamin D interacts with PTH (Jones et al., 

1998; DeLuca., 2004), hypovitaminosis D does not influence PTH under sufficient serum 

levels of Ca (Kollenkirchen et al., 1991; Dabbagh et al., 1989), and many researchers (Fox, 

1992; Lee et al., 1991; Masuyama et al., 2003) have reported a vitamin D-independent Ca 

homeostasis system. Therefore, hypovitaminosis D alone might not affect Ca homeostasis 

and bone remodeling due to the vitamin D-independent system in the present experiment. 

 The mechanisms of Cd-induced osteoporosis with osteomalacia, which is the main 

pathological finding of IID, are not fully understood. The inactive form of vitamin D is 

activated at the proximal tubules of the kidneys, and dysfunction of the tubules occurs in 

the early phase of chronic Cd toxicosis (Kjellström, 1992; Kazantzis, 2004) and IID 

(Shigematsu, 1984; Takebayashi et al., 2000). Thus, the disorder of vitamin D 

hydroxylation in the kidneys is regarded as one of the important mechanisms of bone 

pathology in IID patients (Aoshima and Kasuya, 1991; Tsuritani et al., 1992; Kido, 1995). 

The rats treated with Cd showed a decreased serum 1,25(OH)2D3 concentration due to 

renal tubular nephropathy which was accompanied by a remarkable elevation of serum 

PTH; thus the indirect action of Cd on bone via renal damage was demonstrated in the 

present experiment. Histological and roentgenological examinations of the bone showed 

that the fibrous osteodystrophy, osteoporosis with osteomalacia, and reduction of BMD 

detected in the femur were more severe in Cd - Vit. D rats than in Cd + Vit. D rats. These 

results suggested that dietary hypovitaminosis D enhanced Cd toxicity on the bone. Similar 

findings were reported by Kobayashi et al. (1979), in which osteomalacic changes were 

prominent in the rats subjected to long-term feeding of the diet containing Cd and low 

concentrations of Ca and vitamin D. 
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 Severe anemia appeared in the Cd treatment groups after 24 and 50 weeks in the 

present experiment. The anemia at week 24 accompanied decreases of MCV and MCH, 

whereas the anemia at week 50 was normocytic and normochromic. These differences 

indicate the shift from iron-deficiency anemia at week 24 to renal anemia at week 50 due 

to the advance of renal tubular destruction resulting in a poor erythropoietin response by 

Cd treatment (Hiratsuka et al., 1996). A diet deficient in protein, calcium, phosphorus and 

fiber enhances Cd accumulation in the kidney in rats under Cd toxication (Muto and Omori, 

1977), and malnutrition plays an important role in the early development of Cd toxicosis, 

in particular for the development of renal damage. The present experiment demonstrated 

the aggravation of Cd-induced renal dysfunctions and renal anemia following feeding of a 

vitamin D deficient diet. In conclusion, malnutrition (based on a vitamin D deficient diet) 

alone does not evoke histopathological features of IID in the rodent model but enhances 

the Cd-related toxicity characterized by osteoporosis with osteomalacia, renal tubular 

nephropathy and renal anemia. 
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Summary 

 

 Itai-itai disease (IID) of humans is one of the most severe forms of chronic Cadmium 

(Cd) intoxication occurring mainly in post-menopausal women and is characterized by 

osteoporosis with osteomalacia, renal tubular disorder, and renal anemia. Some researchers 

insist the major cause of IID is not Cd but malnutrition, especially hypovitaminosis D. This 

prompted the present study in which the effects of vitamin D deficiency on Cd intoxication 

were investigated in ovariectomized (OX) female rats. 

 The effects of vitamin D deficiency on cadmium (Cd) intoxication were investigated 

in ovariectomized (OX) female rats. We administrated a low concentration of Cd chloride 

intravenously to OX female rats that were fed a vitamin D deficient diet (< 0.3 IU/g) or a 

normal diet (3 IU/g) 5 days a week for up to 50 weeks. The vitamin D deficient diet 

decreased serum concentrations of active and inactive forms of vitamin D, but did not 

affect the metabolism of the kidney or bone. Cd treatment alone induced a decrease in 

serum concentrations of vitamin D as well as renal dysfunction, renal anemia and abnormal 

bone metabolism. Osteoporosis with osteomalacia, tubular nephropathy, fibrous osteitis 

and bone marrow hyperplasia occurred following Cd treatment. In rats treated with Cd and 

administered a vitamin D deficient diet, the toxic effects of Cd on kidney, bone and 

hematopoiesis were enhanced in comparison to rats treated with the Cd and a normal diet. 

The present experiment demonstrated that hypovitaminosis D did not evoke IID by itself, 

but enhanced the toxicity of Cd in regard to osteoporosis with osteomalacia, renal tubular 

nephropathy and renal anemia. 
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Summary in Japanese 

 

カドミウム（Cd）は、亜鉛、銅、鉛などと共に普遍的に存在する環境汚染物

質である。Cdの健康影響については、電池工場などの職場での曝露や一般環境に

おける過剰摂取により、主に腎、骨ならびに呼吸器などに障害が認められると共

に、発癌性も指摘されている。近年世界各地で行われた疫学調査の結果、食物や

喫煙等を介した人体へのCd暴露状況が明らかとなり、Cdの体内蓄積と腎尿細管障

害や骨萎縮との関連性が指摘されている。すなわち、これらの影響は、本金属を

取り扱う職業従事者や本金属に重度に汚染された地域の住民のみならず、一般住

民においても認められる。 

1968年に我が国最初の公害病として政府から認定を受けたイタイイタイ病

（IID）は、最も重篤な慢性Cd中毒症とされている。IIDの骨病変は、低量暴露に

よる腎尿細管障害および破骨細胞増加による骨粗鬆症のリスク増加、更に高量暴

露による腎のビタミンD活性化障害、PTHの増加や腎からのリンの漏出がその主な

発症メカニズムと考えられている。一方、ビタミンD摂取不足でも骨粗鬆症に骨

軟化症を合併することが知られており、IIDの原因に関しては、カドミウム中毒単

独説とカドミウム中毒プラス栄養障害、とりわけビタミンD欠乏の重複原因説が

ある。このことが、本病の発症機序の解明や治療法の開発において大きな障害と

なったものと推察される。 

IIDの多くは閉経後の女性に認められ、本病は尿細管腎症と骨軟化症を伴う骨

萎縮、並びに腎性貧血を特徴としている。これまで多くの研究者がこれらの病態

を備えたモデル動物の作成を試みてきた。しかし、塩化カドミウムの混餌投与に

より尿細管腎症の再現には成功したが、腎性貧血および骨軟化症・骨粗鬆症を備
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えたモデルの作成にはほとんど成功していなかった。Katsuta et al. (1994)は、動物

の消化管におけるカドミウム吸収率が0.5%程度とヒトに比べて極めて低いことに

着目し、卵巣摘出したラットに塩化Cdを反復静脈内投与することにより、IIDに類

似した腎あるいは骨病変を示す慢性Cd中毒症モデルを作出することに成功した。

更に、彼らはIID患者が閉経後の女性に多い事から、骨形成あるいは骨量維持に促

進的なエストロゲンの欠乏が本病の骨障害の進展に相乗的に働くと考え、動物に

卵巣摘出を施した。 

本研究では、低濃度Cd長期暴露により発症するラットの尿細管腎症、腎性貧

血および骨軟化症・骨粗鬆症が、ビタミンD欠乏食によってどのように修飾され

るかを明らかにするため、去勢雌ラットに対し、低濃度Cd長期暴露、低濃度Cd＋

ビタミンD欠乏食給餌、あるいはビタミンD欠乏食給餌のみを50週間に渡って行い、

経時的に採取した血液および尿を生化学的に分析するとともに、投与25および50

週に解剖して骨や腎臓を中心とする病理組織学的検査を実施した。 

ビタミンD欠乏食を給餌されたラットの血清中ビタミンD濃度は著しく減少し、

重篤なビタミンD欠乏となったが、腎障害のみならず、骨代謝障害を示唆する生

化学的および病理学的異常を示さなかった。 

一方、Cd単独投与群では、血清中ビタミンD濃度の低下に加え、腎機能異常、

腎性貧血および骨代謝異常が見られ、50週間投与終了時には、尿細管腎症、骨軟

化症、線維性骨炎および骨髄過形成などの組織学的変化が認められた。 

Cd投与+ビタミンD欠乏食給餌群では、Cd単独投与群でみられた腎臓、骨およ

び貧血が軽度に増強される結果を示した。 

以上の実験結果から、低ビタミンD血症はIIDの直接的な原因ではないが、その

増悪因子の一つであることが示された。 


