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 ABSTRACT: Cadmium (Cd) is a toxic metal which causes osteotoxicity including 

osteopenia, osteoporosis and osteomalacia. Itai-itai patients were the best known typical 

victims of Cd intoxication in Jinzu river basin showing osteomalacia, severe bone pain, and 

high risk of bone fracture. These patients had been declared as having the most severe 

osteotoxicity caused by Cd exposure. With the growing use of Cd in industry, more 

populations at risk of Cd osteotoxicity have been identified. A model which explains the 

mechanism of how Cd affects the bone will have an application for the management and 

prevention of Cd osteotoxicity. This paper proposes a model to explain Cd osteotoxicity 

which is classified into direct and indirect effect. The direct effect relates to an imbalance 

between bone tissue synthesis by osteoblasts and bone resorption by osteoclasts.  Cd 

induces osteoblast apoptosis, and decreases osteoblast activity disturbing bone tissue 

synthesis while it enhances bone resorption by osteoclasts causing low bone mass. The 

indirect effect relates to decreased vitamin D active metabolite production in the kidney, 

decreased calcium (Ca) absorption from gastrointestinal tract, and increased wasting of Ca 

into urine by proximal tubular dysfunction. The long term effects of bone cells disturbance 

and proximal tubular dysfunction cause an imbalance of bone remodeling with enhanced 

bone resorption and abnormal bone tissue synthesis characteristic of Cd osteotoxicity. The 

model of Cd osteotoxicity justifies the supplement of vitamin D active metabolite and Ca 

for the treatment and protection against severe bone pathology. 
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INTRODUCTION 

Cadmium (Cd) is a toxic metal which is a by-

product from zinc mining and industrial processes. 

If Cd waste is discharged into the public water 

irrigation system it can pollute agricultural and 

living areas, accumulate into the soil and the crops, 

especially rice and tobacco. The consumption of 

contaminated crops and tobacco are the main 

source of Cd exposure among the inhabitants of a 

Cd polluted area. The absorbtion rate of Cd via 

gastrointestinal (GI) tract is 5-8 % whereas the 

absorbtion rate of Cd via respiratory tract is higher 

at 10-50% [1]. Cd polluted areas have been 

identified in Belgium, Sweden, Japan, China and 

Thailand in which high level of Cd contamination 

in soil, rice, tobacco and vegetable were reported 

[2, 3].  The Cd in soil, and rice in these polluted  
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areas were higher than the recommended level to 

prevent potential Cd-induced detrimental health 

impact (<3.0 mg/kg for soil and <0.2 mg/kg for rice 

grain [4]). 

 

RISK FACTORS OF Cd EXPOSURE 

Factors that increase Cd exposure are smoking, 

low body storage of iron (Fe), zinc (Zn) and Ca, 

and pregnancy (due to increased Fe absorbtion) [2, 

3, 5]. Smokers have been found to have higher Cd 

burden than non-smokers. It has been estimated 

that 1-2 µg Cd per cigarette is inhaled [5]. 

Therefore, less smoking in a Cd exposed 

community would help to reduce the exposure by 

causing less passive smoking [6].  

Dietary Cd is absorbed in the GI tract by a 

divalent metal transporter (DMT), also a transporter 

of Fe, Zn, and Ca. Low body storage of these 

essential metals (Fe, Zn, Ca) stimulates DMT which 

in turn increases dietary Cd absorbtion [2, 5].  
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During pregnancy the DMT activity increase to 

facilitate Fe absorption; with increased activity of 

DMT more Cd is absorbed. Multiple pregnancies 

was believed to be a contributing factor in the 

development of Itai-itai disease [6].  

PATHOPHYSIOLOGY 

The Cd exposure is related to renal tubular 

dysfunction, anemia, diabetes, hypertension, gall 

bladder stone, prostate cancer, lung cancer, and 

bone disease [7, 8]. Cd is accumulated in the liver 

and kidney with an elimination half-life of 10-30 

years [7]. Cd concentration in urine is proportional 

to its concentration in the kidney and is a useful 

exposure biomarker. Urinary Cd level above 2.5 

µg/ creatinine (Cr) is associated to an excess 

prevalence of renal tubular damage of 4%  and the 

level above 1 µg/ Cr is associated to an increase of 

osteoporosis risk [1, 7]. Renal tubular dysfunction 

and bone diseases are the specific characteristic of 

Cd intoxication. The most severe Cd intoxication 

victims are itai-itai patients who had high Cd body 

burden, severe proximal tubular dysfunction and 

multiple pseudo-fractures with severe bone pain 

[9].  

Itai-Itai patients 

The endemic of Itai-itai was found in Jinzu 

river basin of Toyama prefecture in the 1920s [10 ].  

Their Cd excretion levels ranged 10-30 µg/g Cr 

[11] with increased urinary excretion of total 

protein, low molecular weight protein, amino-N 

proline, glucose and calcium (Ca). Their bone 

radiological findings showed Looser’s zones; a 

narrow radiolucency which transects one or  both 

cortical margins of a bone, and is a definite 

indication of osteomalacia [12]. The proposed 

mechanism to explain the osteomalacia among 

these patients was Cd induced renal tubular 

osteomalacia [10].  The kidneys are the production 

house of vitamin D active metabolite and Ca 

reabsorption site. Once renal tubular dysfunction 

appears hydroxylation in the kidney decreases 

which reduces the production of vitamin D active 

metabolites [13, 14].  With the progression of renal 

tubular dysfunction vitamin D active metabolite 

production becomes more impaired, parathyroid 

hormone (PTH) level increases, the absorption of 

Ca from GI tract decreases, Ca excretion into urine 

increases resulting in increased bone resorption and 

finally bone damage [14, 15]. 

However, the above osteotoxicity mechanism 

in Itai-itai patients could not explain all the 

phenomena seen in other Cd exposed people.  

Honda et al. found decreased bone mineral density 

in exposed Japanese women without signs of renal 

dysfunction [16]. Engström et al. [17] proposed 

that the Cd induced bone damage was not related to 

inactivation of vitamin D active metabolites . On 

the other hand, Jin et al. [18] found increased 

prevalence of osteoporosis in renal tubular 

dysfunction group. These informations demonstrated 

the complexity of Cd induced osteotoxicity which 

requires further explanation.   

This paper proposes a mechanism of 

osteotoxicity which is classified into direct and 

indirect mechanism. The direct mechanism involves 

a disturbance of bone cells causing increased bone 

resorption, decreased bone formation and decreased 

calcification. The indirect mechanism involves 

renal dysfunction which is related to the vitamin D 

metabolism and wasting of calcium (Ca) into urine.  

 

BONE METABOLISM 

Bone is a resource of Ca in human body which 

is controlled by PTH, vitamin D and calcitonin [19  

, 20]. Blood Ca is maintained by the balance of the 

absorption of Ca from the intestine, the excretion of 

Ca in the urine and the calcification and 

decalcification of bone [21].  PTH increases serum 

Ca by increasing renal tubular reabsorption of Ca 

and bone resorption. Vitamin D increases serum Ca 

by increasing intestinal absorption of Ca [22]. The 

most effective form of Vitamin D is 1α,25(OH)2D 

which is produced by kidney cells from 7-

dehydrocholesterol in the skin and the dietary 

obtained vitamin D. The hydroxylation of vitamin 

D in the kidney produces 1α,25(OH)2D which 

increases the absorption of Ca from GI tract [23].  

At a molecular level, the bone remodeling is a 

function of osteoblast and osteoclast cells. The 

activities of osteoblasts and osteoclasts are strictly 

balanced by extracellular signals to prevent the loss 

of bone mineral and bone mass [24, 25]. The 

osteoblast synthesizes bone matrix and deposits Ca 

to the bone matrix, a process called calcification, 

while the osteoclast resorbs bone by releasing Ca 

into the blood circulation called decalcification. 

Serum Ca is the main signal to control the 

functions of these cells. Long term Ca wasting and 

high degree of bone resorption causes bone damage 

[21, 26]. Cd increases both bone resorption and Ca 

wasting which are the risks of bone disease. 

 

Cd INDUCED BONE DAMAGE VIA RENAL 

TUBULAR DYSFUNCTION, THE INDIRECT 

EFFECT 

Kidney is a bone metabolism related organ. It 

regulates the Ca absorption from urine and the 

production of vitamin D active metabolite 

(1α,25(OH)2D). Renal dysfunction has been found 
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to be a main cause of bone damage in Cd exposure. 

The prevalence of osteoporosis, a low bone mass 

and micro-architectural deterioration of bone tissue 

with consequent increase in bone fragility and 

fracture risks, was increased in proportion to the 

degree of renal tubular damage.  In Cd exposed 

Chinese, osteoporosis prevalence in Cd level 10-20 

µg/g Cr was 6.20 % compared to 2.41 % in Cd 

level <2.0 µg/g Cr group [18].  The prevalence of 

osteoporosis in exposed females with tubular 

dysfunction was 2.81 times higher than those 

without tubular damage [27]. In addition, Aoshima 

et al. [28] reported that exposed women with 

urinary Cd means 17.2 µg/g Cr (range 5.7-37.7 

µg/g Cr) showed renal dysfunction and impaired 

osteoid mineralization which correlated with the 

development of osteomalacia.  

The degree of bone remodeling among Cd 

exposed inhabitants was also related to renal 

tubular dysfunction. The results of study by 

Nambunmee et al. [29] indicated a positive 

correlation between bone markers (serum 

osteocalcin and urinary N-terminal cross link of 

type I collagen (NTx)) and proximal tubular 

dysfunction markers (urinary β2-microglobulin and 

fractional excretion of calcium).  Horiguchi et al. 

also reported a significant increase of bone 

resorption marker (NTx) in exposed group (>3.5 

µg/g Cr) when compared with reference group 

(<2.5 µg/g Cr), and renal tubular dysfunction was 

observed in exposed population [30]. They 

suggested that Cd induced bone mineral loss was 

related to renal tubular dysfunction.  

When a vitamin D metabolizing enzyme 

system in the proximal tubules is disturbed this 

causes a decrease in vitamin D active metabolite, 

1α,25(OH)2D, production. Several studies of 

1α,25(OH)2D and PTH in Cd exposed inhabitants 

with renal dysfunction showed the decreased 

1α,25(OH)2D levels were closely correlated to 

increased PTH and β2-MG levels [14, 31-35].  

Tsuritani et al. [36] found that renal damage 

due to Cd exposure led to a decrease in the serum 

1α,25(OH)2D level and an increase in serum PTH 

which is in accordance with the study of  Nogawa 

et al. [34] who showed that renal dysfunction was 

related to increased serum PTH and Cd-induced 

bone damage. 

The above evidences support a mechanism of 

proximal tubular dysfunction as the cause of Cd 

osteotoxicity. The proximal tubule is the major site 

for essential nutrient reabsorption and it is the site 

of Vitamin D active metabolite production. Once 

Cd accumulated in the kidney reaches the threshold 

level to induce proximal tubular dysfunction, a 

decrease of serum vitamin D active metabolite and 

an increase of Ca wasting was found. The decrease 

of serum Vitamin D active metabolite causes the 

decreased reabsorption Ca from GI tract which in 

turn increases the secretion of PTH. The PTH 

activates osteoclasts to resorb bone, releasing Ca 

into blood circulation. Another explanation is the 

wasting of Ca into urine decreases serum Ca which 

in turn increases the bone resorption.  A long term 

low vitamin D active metabolite and increased Ca 

wasting result in the bone being continuously 

resorbed which causes decreased bone mineral 

density and osteoporosis. 

 

DIRECT EFFECTS OF Cd ON BONE 

In addition to the evidence showing a relation 

between renal tubular dysfunction and bone 

pathology in Chinese and Japanese subjects, other 

studies also showed the clue that Cd may directly 

disturb bone metabolism. Wallin et al. [37] 

reported the negative association between bone 

mineral density and Cd level in Swedish subjects 

with kidney cortex Cd level at 22.9 µg/g wet 

weight (ww) which is lower than the level required 

to show renal tubular dysfunction at 50 µg/g ww. 

Åkesson et al. [38] determined the effect of low 

exposure of Cd (Urinary Cd mean 0.52 µg/l) on 

bone health and they found a negative relation 

between urinary Cd and bone mineral density. 

They proposed that Cd decreased bone mineral 

density directly by causing the bone cells to 

increase bone resorption, which was shown by 

increased level of bone resorption marker, and 

urinary wasting of Ca.  

The association between Cd body burden and 

increased risk of osteoporosis has also been 

reported in occupational exposure. The subjects 

with urinary Cd >1.88 µg/g Cr had an osteoporosis 

risk 9.9 times higher than the group with  urinary 

Cd<0.51 µg/g Cr in whom  renal tubular 

dysfunction was not observed [39]. 

A direct effect of Cd on bone metabolism 

showing bone remodeling biomarkers has been 

demonstrated. Abnormal synthesis of bone tissue 

was indicated by an increase in bone formation 

markers, serum osteocalcin [28, 31, 32], and bone 

alkaline phosphate [40]. Bone resorption-

acceleration indicated by high level of 

deoxypyridioline (DPD), N-terminal and C-

terminal crosslink of type I collagen (NTx and 

CTx) was evident even in low Cd exposed 

individuals [38, 41, 42]. In addition, the bone 

resorption acceleration and abnormal bone tissue 

synthesis found in Cd exposure was shown to be 

independent of kidney dysfunction [43]. 
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Figure 1  Proposed Cd osteotoxicity mechanism 

 
This phenomenon could be explained by a 

molecular mechanism in which Cd is transported 

into bone cells and disturbs their functions [44, 45]. 

Lévesque et al. [46] reported that Cd accumulated 

in human osteoblasts in a dose-dependent manner 

and the calculated LC50 value of CdCl2 was 22±2 

μM. Cd also induces apoptosis via an increase in 

cytochrome C release from mitochondria and 

caspase 3 in osteoblast cell [47-49]. Cd can disturb 

signal transduction in osteosarcoma cell causing a 

decrease of collagen synthesis [50] in addition to 

accelerating differentiation of new osteoclasts and 

activates the activity of mature osteoclasts inducing 

bone resorption [51]. 

 

PROPOSED Cd OSTEOTOXICITY MECHANISM 

The mechanism to explain Cd osteotoxicity is 

shown in Figure 1. After Cd is absorbed into the 

human body, it accumulates in the kidney and 

bone. The direct effect of Cd on bone cells is 

related to the functions of osteoclasts and 

osteoblasts. Cd induces apoptosis of osteoblasts 

and decreases its activity which in turn decreases 

collagen synthesis and bone calcification. Cd 

activates the function of osteoclasts by increasing 

bone resorption and releasing Ca to blood 

circulation. The long term decreased osteoblast 

activity and increased osteoclast activity causes 

bone metabolism imbalance and decreases bone 

mineral density. 

The indirect effect is explained by the 

disturbance of proximal tubules of kidney. The 

proximal tubule is the major site for essential 

nutrient reabsorption and Vitamin D active 

metabolite production. After proximal tubules are 

destroyed by Cd, the hydroxylation of vitamin D 

and vitamin D active metabolite production 

decrease. As a result the Ca absorption from GI 

tract decreases causing low blood Ca and increased 

PTH production. The PTH enhances bone 

resorption to increase blood Ca which in turn 

causes decreased bone Ca.  

Another effect of proximal tubule on bone 

health is that it has a function to reabsorp Ca from 

urine. With proximal tubular dysfunction by Cd 

toxicity, the reabsorption of Ca is decreased which 

in turn decreases blood Ca. The decreased blood Ca 

is the signal to enhance bone resorption. Long term 

bone resorption and loss of Ca to urine causes 

decreased bone mineral mass and eventually bone 

pathology such as osteopenia, osteoporosis and 

osteomalacia.  

The clarification of Cd osteotoxicity will be 

advantageous for health management in Cd 

exposed inhabitants and prevent the severity of 

osteotoxicity, for example, in Itai-itai patients. 

These patients showed low level of serum vitamin 

D active metabolite and severe proximal tubular 

dysfunction of the indirect mechanism. The 

treatment with vitamin D active metabolite 

increased the bone density and relieved 

osteotoxicity severity [9, 12, 13]. A full 

explanation of Cd osteotoxicity mechanism is 

necessary as the exposure of Cd has been reported 

worldwide and the exposed population has 

increased. Other factors shown to be related to Cd 
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osteotoxicity are Cd exposure level, population 

ethnics, sex, nutrition status, children number, 

sunlight exposure and occupation. Therefore, 

further studies need to take these parameters into 

account to clarify the Cd osteotoxicity. 

 
CONCLUSION 

Because of its long biological half life in the 

human body, Cd can cause a wide range of chronic 

diseases as mentioned above. The bone disease is a 

typical characteristic of Cd exposure which is a 

significant health problem worldwide. It could be 

explained by direct and indirect mechanisms after 

long term of exposure. The direct mechanism is 

related to the disturbance of osteoblast and 

osteoclast functions whereas the indirect 

mechanism is explained by the wasting of Ca, 

decreased vitamin D active metabolite production 

and decreased Ca absorption from GI tract.  

The Ca store and vitamin D levels are the key 

prevention factors for bone health. A sufficient 

body store of Ca will be advantageous to prevent 

bone loss by Ca wasting. An application of the 

proposed mechanism can be used in clinical care of 

high risk group who show low level of vitamin D. 

A vitamin D supplement will help to prevent bone 

loss caused by decreased vitamin D metabolism in 

kidney and this application has already been 

applied in Itai-itai patients whose serum vitamin D 

active metabolite was very low. Vitamin D active 

metabolite supplement in Itai-itat patients had been 

shown to reduce bone mass loss and improve 

osteomalacia [9].  In addition, Cd accumulation at 

high level enhances proximal tubular dysfunction 

which disturbs vitamin D metabolism and increases 

Ca wasting. If the exposure continues the incidence 

of bone disease among the inhabitants of Cd 

polluted area will increase. Food Cd level 

determination in polluted area should be an 

important indicator of this toxic metal trail of 

distribution and its entry into the food chain. The 

nutritional status of the population living in  Cd 

polluted areas, especially of pregnant women, 

should be determined to ensure that their Fe, Zn, 

and Ca stored levels are enough to sustain the 

homeostasis effects of DMT and therefore reduce 

Cd absorption from GI tract.  

With rapid industrial growth, the contamination 

of Cd is becoming a significant public health 

problem which implies the risk of bone diseases. A 

successful control of industrial Cd contamination is 

essential for the prevention of Cd entry into the 

food chain leading to Cd induced bone diseases.   
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