Tohoku J. Exp. Med., 2002, 196, 23-32

Review
Perspectives on Cadmium Toxicity Research

Masanko SatoH, Hrosur Kovama,! Tosarvukt Kaj? Hmeakt Kito® and
Camaru Tonvyama

Environmental Health Sciences Division, National Institute for Envivonmental
Studies, Tsukuba 305-8506, Community Health Care, Gunma University
School of Health Sciences, Maebashi 371-8514, *Department of Environmental
Health, Faculty of Phavmaceutical Sciences, Hokuriku University, Kanazawa
920-1181, and *Department of Hygienics, Gifu Pharmaceutical University,
Gifu 502-8585

Sarton, M., Kovama, H., Kaj, T., Kito, H. and Touvama, C. Perspectives on
Cadmiwm Toxicity Research. Tohoku J. Exp. Med., 2002, 196(1), 23-32 —— Since
there are a plethora of studies on cadmium toxicity and poisoning in laboratory
animals and humans, we have limited this review to studies that are relevant to
human health issues by focusing on carcinogenicity, genotoxicity, circulatory
disease, nephrotoxicity and life expectancy. Cadmium exposure has been estab-
lished to induce cancer in various tissues of laboratory animals. Contrary to early
findings of the lack of genotoxicity by cadmium, recent findings of mammalian
cell culture studies have revealed genotoxic effects. Furthermore, cadmium
exposure at relatively low doses induces circulatory diseases in laboratory ani-
mals. Despite such results of various cadmium toxicities in animal studies, data
from human studies are lacking and insufficient to support the cause-effect
relationship. Although cadmium is currently considered to be a human carcino-
gen by the International Agency for Research and Cancer, it is inappropriate to
conclude that sufficient evidence on the carcinogenicity of cadmium in humans
exists. It is also thought that epidemiological studies so far reported do not
support the occurrence of cadmium-induced circulatory disease in humans. Since
there are inconsistent reports on the relationship of cadmium exposure with the life
expectancy of people living in cadmium-polluted areas, further studies are needed
for clarification. It is also necessary to examine apparent discrepancies in result
between humans and experimental animals. It has been established that long-
term exposure to cadmium causes renal dysfunction in both humans and experi-
mental animals, and whether there are any differences in the inducibility of
metallothionein in the kidney warrants further study. ——— cadmium; chronic
toxicity; metallothionein; low dose effects
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A considerable number of studies on cad-
mium poisoning have been carried out (Friberg
1948; Nordberg et al. 1992a; WHO 1992; Jarup
1998). Particularly, research interest has been
directed to renal and bone toxicities, which are
the main symptoms of chronic cadmium poison-
ing, since cadmium is the main cause of “Itai-
Itai” disease (Nogawa et al. 1999). Based upon
the major findings of early works, we review
the effects of relatively low dose cadmium
exposure by focusing on carcinogenicity, repro-
ductive toxicity, cardiovascular diseases, renal
toxicity and life expectancy.

Carcinogenicity

Epidemiological studies have revealed that
exposure to cadmium causes prostate and lung
cancers (Stayner et al. 1992; IARC 1993, 1994;
Waalkes and Rehm 1994; Waalkes 2000). In
1993, the International Agency for Research and
Cancer (IARC) classified cadmium under Group
1, the classification code of which indicates that
the chemical of concern is a human carcinogen,
since there is a clear-cut dose-response relation-
ship between the level of cadmium exposure and
the incidence of lung cancer in the human
population (Stayner et al. 1992). However, it is
known that there are some problems in terms of
confounding factors in epidemiological studies,
such as the estimation of the exposure level of
cadmium, the contribution by smoking, and the
involvement of nickel and arsenic compounds
(Doll  1992; Sorahan and Lancashire 1997).
Since some reports did not support the carcino-
genic effects of cadmium (Lamm et al. 1992;
Sorahan et al. 1995; Jarup 1998), one should
bear in mind that the reported epidemiological
studies are not yet sufficient for justifying that
cadmium is indeed a human carcinogen. In the
case of prostate cancer, an early study suggest-
ed that the incidence of prostate cancer may be
increased by exposure to cadmium (Kipling and

Waterhouse 1967), whereas other studies did not
show such clear association (Kolonel and Win-
kelstein 1977; Armstrong and Kazantzis 1983).
In addition, no association of cadmium exposure
with the incidence of all cancers was reported in
people living in a cadmium-contaminated area,
in which oral ingestion rather than inhalation
was the main route of exposure (Nakagawa et
al. 1993).

In experimental studies using rats, it has
been reported that exposure to cadmium in-
duced tumors in the testis (Gunn et al. 1964; Roe
et al. 1964; Waalkes et al. 1988), lung (Takenaka
et al. 1983; Glaser et al. 1990), prostate (Waalkes
et al. 1988; Waalkes and Rehm 1994), eryth-
ropoietic system (Waalkes et al. 1992; Waalkes
and Rehm 1994) as well as in the injection sites
of skin and muscle (Heath et al. 1962; Kazantzis
1963; Gunn et al. 1964; Waalkes et al. 1988).
Furthermore, various routes of exposure, includ-
ing inhalation (Takenaka et al. 1983; Glaser et
al. 1990), injection (Heath et al. 1962; Gunn et al.
1964; Kazantzis 1963; Waalkes et al. 1988) and
diet (Waalkes and Rehm 1992), were established
to induce tumors. On the other hand, in mice and
hamsters, only a few reports are available for
evaluating carcinogenicity, with most of them
indicating the non-carcinogenicity of cadmium.

Regarding the apparent discrepancy
between the results of human studies and those
of laboratory animal studies, it should be clar-
ified whether common mechanisms for the
occurrence of carcinogenicity exist, and the
apparent discrepancy should be explained at the
molecular and cellular levels. This is impor-
tant since the detection power is low in
epidemiological studies on human populations.
As described above, because there are reports
showing negative findings for carcinogenicity of
cadmium, the carcinogenicity of cadmium
should be re-evaluated. We propose that at
present, it is appropriate that cadmium be clas-
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sified under Group 2A, which means that “The
agent is probably carcinogenic to humans.”

Genotoxicity

It is believed that cadmium compounds do
not have mutagenicity, based on the standard
mutagenicity test that utilizes Salmonella and E.
coli TARC 1982; Kazantzis 1987). However, in
recent mammalian cell culture studies, it was
found that cadmium induced mutation (Oberly
et al. 1982; Ochi and Ohsawa 1983; Klein and
Rossman 1990; Meplan et al. 1999a, b), DNA
chain disruption (Coogan et al. 1994; Hartwig
1994; Misra et al. 1998) and chromosomal aber-
rations (Ochi and Ohsawa 1985; Bassendowska-
Karska and Zawadzkak-Kos 1987; Gibson et al.
1995; Sofuni et al. 1996). Furthermore, cad-
mium exposure increased genotoxicity by in-
hibiting the repair mechanism of cadmium-
induced injury of the gene (Hartwig 1994).

Reproductive toxicity

In the reproductive organs and fetuses of
rats, exposure to cadmium led to exudative
damage, edema and necrosis of the testis, reduc-
tion of sperm motility, necrosis of the efferent
ducts, injury of Sertoli cells, decrease in serum
testosterone concentration, abortion and terato-
genesis of the fetus (Parizek and Zahor 1956;
Ragan and Mast 1990; Goyer 1991; Saygi et al.
1991). It is recognized that sensitivity of the
testis to cadmium exposure is dependent upon
the mouse strain (Gunn et al. 1965; Taylor et al.
1973; Chellman et al. 1985; King et al. 1999),
although the underlying mechanism as to how
cadmium causes testicular damage is largely
unknown. It is not clear whether fetal toxicity
of cadmium is attributable to placental defect or
to the accumulated cadmium in the fetus.

In epidemiological studies, no reproductive
toxicity of cadmium, such as testicular, ges-
tational and fetal effects, has been observed in
male and female human populations. On the
other hand, in laboratory animal studies, male
and female reproductive disturbances have been

clearly observed.

In SPEED98, which is a compilation of
chemicals suspected to have endocrine-
disrupting activities, by the Environmental
Agency (currently Ministry of the Environment),
cadmium is one of the 70 suspected chemicals. It
should be studied in detail whether a low dose of
cadmium, the level of which is equivalent to the
exposure level of people in daily lives, acts as an
endocrine-disrupting chemical.

Cardiovascular disease (Hypertension etc.)

It has been reported that long-term low-
dose exposure to cadmium causes hypertension
and arteriosclerosis without renal dysfunction in
rats (Perry et al. 1979; Revis et al. 1981,
Subramanyan et al. 1992). In addition, those
studies have shown that long-term high-dose
exposure to cadmium causes renal toxicity but
not cardiovascular disease. In the human pop-
ulation, it has been reported that patients afflict-
ed with hypertension tended to excrete larger
amounts of cadmium in the urine and that the
incidence of arteriosclerosis was higher in peo-
ple living in cadmium-polluted areas than in
those in a reference area in the Netherlands
(Perry and Schroeder 1955; Perry and Kopp
1983; Houtman 1993). On the other hand, the
incidence of hypertension was found to be low
in patients afflicted with ‘Itai-Itai’ disease, peo-
ple living in cadmium-polluted areas and
cadmium-exposed industrial workers
(Kagamimori et al. 1986). These results sug-
gest the possibility that the dysfunction of renal
tubular reabsorption is linked to the regulation
of blood pressure. This possible association
should be evaluated in terms of cadmium expo-
sure level, the degree of renal dysfunction,
effects of smoking and medical treatment.

Disruption in cellular signal transduction and
nvolvement of apoptosis

It has been reported that cadmium affects
cellular function by perturbing signal transduc-
tions, such as protein kinase C (Bagchi et al.
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1997), mitogen-activated protein Kkinase
(Templeton et al. 1998; Ding and Templeton
2000), and cyclic AMP pathways (Merali and
Singhal 1975; Kacew et al. 1977; Kumar and
Bhattacharya 2000); however, how the disrup-
tion of these pathways by cadmium leads to the
manifestation of toxicity in vivo is largely
unknown. On the other hand, it has been
shown that apoptosis is involved in the manifes-
tation of cadmium toxicity in various tissues
including liver and kidney (Azzouzi et al. 1994;
Habeebu et al. 1998; Ishido et al. 1998; Hart et
al. 1999; Xu et al. 1999; Zhou et al. 1999). In
particular, it has been reported that exposure to
cadmium at relatively high and low levels
causes necrosis and apoptosis, respectively,
which suggests that the mode of cell death by
cadmium is dependent upon its exposure level
(Azzouzi et al. 1994; Habeebu et al. 1998; Xu et
al. 1999; Zhou et al. 1999).

Critical concentrations of cadmium in the mani-
Sestation of venal toxicity

According to a report by the Joint Expert
Committee of Food Additives (JECFA), orga-
nized by the Food and Agriculture Organization
and World Health Organization, the accumulat-
ed cadmium concentration in the renal cortex
(200 ug/g wet tissue) was estimated to cause
renal dysfunction in 109§ of people who have
this amount of cadmium in their renal cortex
(WHO 1989,1993). In the subacute toxicity
study in which rats were exposed to cadmium,
renal dysfunction was found to occur at 150 ug
Cd/g wet tissue (Kajikawa et al. 1981; Dudley et
al. 1985; Tohyama et al. 1987; Hiratsuka et al.
1996; Horiguchi et al. 1996). When rats were
given 200 ppm cadmium in the diet for two
months, renal dysfunction was observed at tis-
sue cadmium concentrations of 100 to 250 ug/g
wet tissue (Mitsumori et al. 1998). In contrast,
in rats fed 40 ppm cadmium for eight months, no
renal dysfunction was observed despite the fact
that renal cadmium concentration was found to
range from 90 to 200 xg/g wet tissue (Mitsumori

et al. 1998). These results suggest that experi-
mental conditions such as the dosing regimen
and the duration of exposure affect the critical
concentration and that the renal cortex concen-
tration of 150 xg/g wet tissue does not always
cause renal dysfunction. Furthermore, it was
found in a Rhesus monkey study that cadmium
concentration at the time of onset of renal
dysfunction was 300 to 500 xg/g wet tissue
(Nomiyama and Nomiyama 1982; Umemura
2000). Recent studies revealed that when rats
were given diets consisting of 2894 purified diet
and 729§ ordinary rice containing cadmium-
polluted rice (1.01 ppm cadmium) or cadmium
chloride (40 ppm cadmium) for eight to 22
months, renal toxicity was not induced and
renal cadmium concentration ranged from 50 to
120 ug/g wet tissue (Hiratsuka et al. 1999;
Shibutani et al. 2000, 2001).

It is generally thought that proximal tubu-
lar dysfunction occurs since the level of cad-
mium ions that are not bound to metalloth-
ionien increases in the kidney when excess
amounts of cadmium are accumulated in this
tissue (Goyer 1989; Nordberg et al. 1992b;
Klaassen et al. 1999). Thus, the balance
between metallothionein-bound and -free forms
of cadmium is thought to be the key determi-
nant for the onset of renal dysfunction.
Chronic cadmium toxicity occurs in metalloth-
ionein I/II knock-out mice when cadmium con-
centration in the kidney is less than 10 xg/g wet
tissue (Table1). Thus, the induction of renal
dysfunction by cadmium may be partly depen-
dent upon the biosynthesized amounts of metal-
lothionein in the kidney, and it is plausible to
consider that relatively low levels of exposure
to cadmium through food and smoking might
trigger renal dysfunction in humans who do not
have sufficient capability for inducing metal-
lothionein. This aspect of susceptibility in
terms of genetic polymorphism warrants further
study (Kita et al. 2001).
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Life expectancy of people in cadmium-polluted
areas

In 1993, JECFA recommended a provisional
tolerable weekly intake (PTWI) of cadmium of
7 ng/kg/week (which is tantamount to 1 ug/
kg/day), the amount of which should not be
exceeded to avoid the possible adverse effects of
cadmium (WHO 1993). This value is based
upon the estimation that the lifetime exposure
to cadmium by intake does not exceed 50 ug/g
tissue in the renal cortex.

Regarding the life expectancy of cadmium-
exposed people, the mortality of people living in
cadmium-polluted areas was significantly lower
than that in reference areas, suggesting that the
life expectancy with regard to cadmium expo-
sure is better in cadmium-polluted areas
(Shigematsu 1984). In contrast, it was reported
that the life expectancy was significantly shor-
ter in patients afflicted with renal dysfunction
than in people without renal dysfunction, when
people with or without renal dysfunction and
living in a cadmium-polluted area were compar-
ed (Kawano et al. 1986; Nakagawa et al. 1990,
1993; Nishijo et al. 1994, 1995).

In order to decrease cadmium levels in food
and to avoid exceeding the PTWI in daily life,
it is recommended that proper environmental
management of cadmium, such as the reduction
of the input of cadmium into the environment
and the removal and treatment of contaminated
soil are carried out.

References

Armstrong, B.G. & Kazantzis, G. (1983) The mor-
tality of cadmium workers. Lancet, 1, 1425~
1427.

Azzouzi, B, Tsangaris, G.T., Pellegrini, O., Manuel,
Y., Benveniste, J. & Thomas, Y. (1994) Cad-
mium induces apoptosis in a human T cell
line. Toxicology, 88, 127-139.

Bagchi, D., Bagchi, M., Tang, L. & Stohs, S.J. (1997)
Comparative in vitro and in vivo protein
kinase C activation by selected pesticides and
transition metal salts. Toxicol. Lett., 91, 31-

37.

Bassendowska-Karska, E. & Zawadzkak-Kos, M.
(1987) Cadmium sulfate does not induce sis-
ter chromatid exchanges in human
lymphocytes in vitro. Toxicol. Lett., 37, 173-
174.

Chellman, G.J., Shaikh, Z.A., Baggs, R.B. & Diamond,
G.L. (1985) Resistance to cadmium-induced
necrosis in testes of inbred mice: Possible role
of a metallothionein-like cadmium-binding
protein. Toxicol. Appl. Pharmacol., 79, 511-
523.

Coogan, T.P., Bare, RM.,, Bjornson, E.]J. & Waalkes,
M.P. (1994) Enhanced metallothionein gene
expression is associated with protection from
cadmium-induced genotoxicity in cultured rat
liver cells. J. Toxicol. Environ. Health, 41, 233~
245.

Ding, W. & Templeton, D.M. (2000) Activation of
parallel mitogen-activated protein kinase cas-
cades and induction of c-fos by cadmium.
Toxicol. Appl. Pharmacol., 162, 93-99.

Doll, R. (1992) Is cadmium a human carcinogen ?
Annals Epidemiol., 2, 335-337.

Dudley, R.E., Gammal, L.M. & Klaassen, C.D. (1985)
Cadmium-induced hepatic and renal injury in
chronically exposed rats: likely role of hepatic
cadmium-metallothionein in nephrotoxicity.
Toxicol. Appl. Pharmacol., T7, 414-426.

Friberg, L. (1948) Proteinuria and kidney injury
among workmen exposed to cadmium and
nickel dust. J. Ind. Hyg. Toxicol., 30, 32-36.

Gibson, D.P., Aardema, M.]., Kerckaert, G.A., Carr,
G.]., Brauninger, RR. & LeBoeuf, R.A. (1995)
Detection of aneuploidy-inducing carcinogens
in the Syrian hamster embryo (SHE) cell
transformation assay. Mutat. Res., 343, 7-24.

Glaser, U., Hochrainer, D., Otto, F.J. & Oldiges, H.
(1990) Carcinogenicity and toxicity of four
cadmium compounds inhaled by rats. Chem.
FEnvivon. Toxicol., 27, 153-162.

Goyer, R.A. (1989) Mechanisms of lead and cad-
mium nephrotoxicity. 7Toxicol. Lett., 46, 153-
162.

Goyer, R.A. (1991) Transplacental transfer of cad-
mium and fetal effects. Fundam. Appl. Tox-
icol., 16, 22-23.

Gunn, S.A., Gould, T.C. & Anderson, W.A.D. (1964)
Effect of zinc on cancerogenesis by cadmium.
Proc. Soc. Exp. Biol. Med., 115, 653-657.

Gunn, S.A., Gould, T.C. & Anderson, W.A.D. (1965)
Strain differences in susceptibility of mice and



Cadmium and Toxicity 29

rats to cadmium-induced testicular damage.
J. Reprod. Fertil., 10, 273-275.

Habeebu, S.S., Liu, J. & Klaassen, C.D. (1998)
Cadmium-induced apoptosis in mouse liver.
Toxicol. Appl. Pharmacol., 149, 203-209.

Hart, B.A., Lee, C.H., Chukla, G.S., Shukla, A., Osier,
M., Eneman, J.D. & Chiu, J.F. (1999) Charac-
terization of cadmium-induced apoptosis in
rat lung epithelial cells: Evidence for the
participation of oxidant stress. Toxicology,
133, 43-58.

Hartwig, A. (1994) Role of DNA repair inhibition
in lead- and cadmium-induced genotoxicity:
Envivon. Health. Perspect., 102, 45-50.

Heath, J.C., Daniel, LR, Dingle, J.T. & Webb, M.
(1962) Cadmium as a carcinogen. Nature,
193, 592-593.

Himeno, S, Yamazaki, Y. & Imura, N. (2000)
Accumulation and toxicity of orally ingested
cadmium in metallothionein null mice. J.
Health Sci., 46, 149-152.

Hiratsuka, H., Katsuta, O., Toyota, N., Umemura, T.
& Marumo, F. (1996) Chronic cadmium
exposure-induced renal anemia in ovariectom-
ized rats. Toxicol. Appl. Pharmacol., 137, 228-
236.

Hiratsuka, H., Satoh, S., Satoh, M., Nishijima, M.,
Katsuki, Y. Suzuki, J, Nakagawa, ],
Sumiyoshi, M., Shibutani, M., Mitsumori, K.,
Tanaka-Kagawa, T. & Ando M. (1999) Tis-
sue distribution of cadmium in rats given
minimum amounts of cadmium-polluted rice
or cadmium chloride for 8 months. 7oxicol.
Appl. Phavmacol., 160, 183-191.

Horiguchi, H., Sato, M., Konno, N. & Fukushima, M.
(1996) Long-term cadmium exposure induces
anemia in rats through hypoinduction of
erythropoietin in the kidney. Awch. Toxicol.,
72, 11-19.

Houtman, J.P. (1993) Prolonged low-level cadmium

intake and atherosclerosis. Sci. Total Envi-

ron., 138, 31-36.

IARC: International Agency for Research on Cancer
(1982) Chemicals industrial processes and
industries associated with cancer in humans.
IARC Monogr. Eval. Carcing. Risk Chem.
Hum. Suppl., 7-24.

IARC: International Agency for Research on Cancer

(1993) Cadmium in the Human Environ-

ment: Toxicity and Carcinogenicity, 1ARC
Scientific Publications No. 118, Lyon.
IARC: International Agency for Research on Cancer

(1994)  Beryllium, cadmium and mercury and
exposures in the glass manufactuving industry.
IARC Monographs, 58, 1-444.

Ishido, M., Homma-Takeda, S., Tohyama, C. &
Suzuki, T. (1998) Apoptosis in rat renal
proximal tubular cells induced by cadmium.
J. Toxicol. Environ. Health, 55, 1-12.

Jarup, L. (1998) Health effects of cadmium expo-
sure: A review of the literature and a risk
estimate. Scand. J. Work Environ. Health, 24,
1-52.

Kacew, S., Merali, Z., Thakur, A.N. & Singhal, R.L.
(1977) Sequential changes in hepatic
polyamine, deoxyribonucleic acid, and cyclic
adenosine 3, 5-monophosphate metabolism
after subacute exposure to cadmium in rats.
Can. J. Physiol. Pharmacol., 55, 508-514.

Kagamimori, S., Watanabe, M., Nakagawa, H.,
Okumura, Y. & Kawano, S. (1986) Case-
control study on cardiovascular function in
females with a history of heavy exposure to
cadmium. Bull. Environ. Contam. Toxicol.,
36, 484-490.

Kajikawa, K., Nakanishi, I. & Kuroda, K. (1981)
Morphological changes of the kidney and
bone of rats in chronic cadmium poisoning.
Exp. Mol. Pathol., 34, 9-24.

Kawano, S., Nakagawa, H. Okumura, Y. &
Tsujikawa, K. (1986) A mortality study of
patients with Itai-itai disease. FEnviron. Res.,
40, 98-102.

Kazantzis, G. (1963) Induction of sarcoma in the rat
by cadmium sulphide pigment. Nature, 198,
1213-1214.

Kazantzis, G. (1987) The mutagenic and carcino-
genic effects of cadmium: An update. Tox-
icol. Envorin. Chem., 15, 83-100.

King, LM, Banks, W.A. & George, W.]. (1999)
Differences in cadmium transport to the testis,
epididymis, and brain in cadmium-sensitive
and -resistant murine strains 129/] and A/].
J. Pharmacol. Exp. Ther., 289, 825-830.

Kipling, M.D. & Waterhouse, J.A.H. (1967) Cad-
mium and prostatic carcinoma. Lancet, 1,
730-731.

Kita, K., Miura, N., Yoshida, M., Matsubara, M.,
Imai, Y. & Naganuma, A. (2001) Original
MRE-binding transcriptional factor gene in
normal humans is ZRF, not MTF-1. J.
Health Sci., 47, 587-590.

Klaassen, CD., Liu, J. & Choudhuri, S. (1999)
Metallothionein: An intracellular protein to



30 M. Satoh et al.

protect against cadmium toxicity. Annu.
Rev. Pharmacol. Toxicol., 39, 267-294.

Klein, C.B. & Rossman, T.G. (1990) Transgenic
Chinese hamster V79 cell lines which exhibit
variable levels of gpt mutagenesis. Environ.
Mol. Mutagen., 16, 1-12.

Kolonel, L. & Winkelstein, W., Jr. (1977) Cadmium
and prostatic carcinoma. Lancet, 2, 566-567.

Kumar, S.V. & Bhattacharya, S. (2000) In vitro
toxicity of mercury, cadmium, and arsenic to
platelet aggregation: influence of adenylate
cyclase and phosphodiesterase activity.
Invitr. Mol. Toxicol., 13, 137-144.

Lamm, S.H., Parkinson, M., Anderson, M. & Taylor,
W. (1992) Determinants of lung cancer risk
among cadmium exposed workers. Ann.
Epidemiol., 2, 195-211.

Liu, J., Liu, Y., Habeebu, S.S. & Klaassen, C.D. (1998)
Susceptibility of MT-null mice to chronic
CdCl2-induced nephrotoxicity indicates that
renal injury is not mediated by the CAMT
complex. Toxicol. Sci., 46, 197-203.

Liu, Y. Liu, J, Habeebu, SM., Waalkes, M.P. &
Klaassen, C.D. (2000) Metallothionein-I/II
null mice are sensitive to chronic oral
cadmium-induced nephrotoxicity. 7oxicol.
Sci., 57, 167-176.

Meplan, C., Mann, K. & Hainaut, P. (1999a) Cad-
mium induces conformational modifications
of wild-type p53 and suppresses p53 response
to DNA damage in cultured cells. J. Biol.
Chem., 274, 31663-31670.

Meplan, C., Verhaegh, G., Richard, M.J. & Hainaut,
P. (1999b) Metal ions as regulators of the
conformation and function of the tumour
suppressor protein p53: Implications for car-
cinogenesis. Proc. Nutr. Soc., 58, 565-571.

Merali, Z. & Singhal, R.L. (1975) Influence of
chronic exposure to cadmium on hepatic and
renal cyclic AMP-protein Kkinase system.
Toxicology, 4, 207-214.

Misra, RR., Smith, G.T. & Waalkes, M.P. (1998)
Evaluation of the direct genotoxic potential of
cadmium in four different rodent cell lines.
Toxicology, 126, 103-114.

Mitsumori, K., Shibutani, M., Sato, S., Onodera, H.,
Nakagawa, J., Hayashi, Y. & Ando, M. (1998)
Relationship between the development of
hepato-renal toxicity and cadmium accumula-
tion in rats given minimum to large amounts
of cadmium chloride in the long-term: prelimi-
nary study. Awch. Toxicol., 72, 545-552.

Nakagawa, H., Tabata, M., Morikawa, Y., Senma,
M., Kitagawa, Y., Kawano, S. & Kido, T.
(1990) High mortality and shortened life-
span in patients with itai-itai disease and
subjects with suspected disease. Arch. Envi-
ron. Health, 45, 283-287.

Nakagawa, H., Nishijo, M., Morikawa, Y., Tabata,
M., Senma, M., Kitagawa, Y. Kawano, S,
Ishizaki, M., Sugita, N. & Nishi, M. (1993)
Urinary £2-microglobulin concentration and
mortality in a cadmium-polluted area. Arch.
Environ. Health, 48, 428-435.

Nishijo, M., Nakagawa, H., Morikawa, Y., Tabata,
M., Senma, M., Kitagawa, Y., Kawano, S,
Ishizaki, M., Sugita, N., Nishi, M., Kido, T. &
Nogawa, K. (1994) Prognostic factors of
renal dysfunction induced by environmental
cadmium pollution. FEnwviron. Res., 64, 112-
121.

Nishijo, M., Nakagawa, H., Morikawa, Y., Tabata,
M., Senma, M., Miura, K., Takahara, H.,
Kawano, S., Nishi, M., Mizukoshi, K., Kido, T.
& Nogawa, K. (1995) Mortality of inhabit-
ants in an area polluted by cadmium: 15-year
follow up. Occup. Environ. Med., 52, 181-184.

Nogawa, K., Kurachi, M. & Kasauya, M. (1999)
Advances in the Prevention of Environmental
Cadmium  Pollution and Countermeasures,
Eiko Laboratory, Kanazawa.

Nomiyama, K. & Nomiyama, H. (1982) High-
performance liquid chromatographic determi-
nation of tissue metallothionein in monkeys
chronically exposed to cadmium. J.
Chromatogr., 228, 285-291.

Nordberg, G.F., Herber, RF.M. & Alessio, L. (1992a)
Cadmium in the human environment: Tox-
icity and carcinogenicity. IARC Sci. Publ,,
118, 1-470.

Nordberg, M., Jin, T. & Nordberg, G.F. (1992b)
Cadmium, metallothionein and renal tubular
toxicity. IARC Sci. Publ., 118, 293-297.

Oberly, T.]J., Piper, CE. & McDonald, D.S. (1982)
Mutagenicity of metal salts in the L5178Y
mouse lymphoma assay. 7Toxicol. Environ.
Health, 9, 367-376.

Ochi, T. & Ohsawa, M. (1983) Induction of 6-
thioguanine-resistant mutants and single-
strand scission of DNA by cadmium chloride
in cultured Chinese hamster cells. Mutat.
Res., 111, 69-78.

Ochi, T. & Ohsawa, M. (1985) Participation of
active oxygen species in the induction of



Cadmium and Toxicity 31

chromosomal aberrations by cadmium chlo-
ride in cultured Chinese hamster cells. Mutat.
Res., 143, 137-142.

Parizek, J. & Zahor, Z. (1956) Effect of cadmium
salts on testicular tissue. Nature, 177, 1036.

Perry, HM.]Jr. & Schroeder, H.A. (1955) Concentra-
tion of trace metals in urine of treated and
untreated hypertensive patients compared
with normal subjects. J. Lab. Clin. Med., 46,
936.

Perry, HM.Jr., Erlanger, M. & Perry, EF. (1979)
Increase in systolic pressure of rats chroni-
cally fed cadmium. Environ. Health Perspect.,
28, 251-260.

Perry, HM.Jr. & Kopp, J. (1983) Does cadmium
contribute to human hypertension. Sci. Total
Enuvivon., 26, 223-232.

Ragan, H.A. & Mast, T.J. (1990) Cadmium inhala-
tion and male reproductive toxicity. Rev.
Environ. Contam. Toxicol., 114, 1-22.

Revis, N.W., Zinsmeister, A.R. & Bull, R. (1981)
Atherosclerosis and hypertension. Sci. USA,
78, 6494-6498.

Roe, F.J.C,, Dukes, CE., Cameron, K.I., Pugh, R.C.B.
& Mitchley, B.C.V. (1964) Cadmium neo-
plasia: Testicular atrophy and Leydig cell
hyperplasia and neoplasia in rats and mice
following subcutaneous injection of cadmium
salts. Br. J. Cancer, 18, 674-681.

Saygi, S., Deniz, G., Kutsal, O. & Vural, N. (1991)
Chronic effects of cadmium on kidney, liver,
and fertility of male rats. Biol. Trace Elem.
Res., 31, 209-214.

Shibutani, M., Mitsumori, K., Niho, N., Satoh, S,
Hiratsuka, H., Satoh, M., Sumiyoshi, M.,
Nishijima, M., Katsuki, Y., Suzuki, J., Nakag-
awa, J. & Ando, M. (2000) Assessment of
renal toxicity by analysis of regeneration of
tubular epithelium in rats given low-dose
cadmium chloride or cadmium-polluted rice
for 22 months. Awch. Toxicol., 74, 571-577.

Shibutani, M., Mitsumori, K., Satoh, S., Hiratsuka,
H., Satoh, M., Sumiyoshi, M., Nishijima, M.,
Katsuki, Y., Suzuki, J., Nakagawa, J., Akagi,
T. Imazawa, T. & Ando, M. (2001) Rela-
tionship between toxicity and cadmium accu-
mulation in rats given low amounts of cad-
mium chloride or cadmium-polluted rice for 22
months. /. Toxicol. Sci., 26, 337-358.

Shigematsu, I. (1984) The epidemiological
approach to cadmium pollution in Japan.
Ann. Acad. Med. Singapore, 13, 231-236.

Sofuni, T., Honma, M., Hayashi, M., Shimada, H.,
Tanaka, N., Wakuri, S, Awogi, T,
Yamamoto, K.I,, Nishi, Y. & Nakadate, M.
(1996) Detection of in vitro clastogens and
spindle poisons by the mouse lymphoma assay
using the microwell method: Interim report of
an international collaborative study.
Mutagenesis, 11, 349-355.

Sorahan, T, Lister, A., Gilthorpe, M.S. & Harrington,
JM. (1995) Mortality of copper cadmium
alloy workers with special reference to lung
cancer and non-malignant disease of the respi-
ratory system, 1946-92. Occup. Environ.
Med., 52, 804-812.

Sorahan, T. & Lancashire, R.J. (1997) Lung cancer
mortality in a cohort of workers employed at
a cadmium recovery plant in the United
States: an analysis with detailed job histories.
Occup. Environ. Med., 54, 194-201.

Stayner, L., Smith, R., Thun, M., Schnorr, T. &
Lemen, R. (1992) A dose response analysis
and quantitative assessment of lung cancer
risk and occupational cadmium exposure.
Ann. Epidemiol., 2, 177-194.

Subramanyan, G., Bhaskar, M. & Govindappa, S.
(1992) The role of cadmium in induction of
atherosclerosis in rabbits. Ind. Heart. ]., 44,
177-180.

Takenaka, S., Oldiges, H., Konig, H., Hochrainer, D.
& Oberdorster, G. (1983) Carcinogenicity of
cadmium chloride aerosols in W rats. J.
Natl. Cancer Inst., 70, 367-371.

Taylor, B.A., Heiniger, H.J. & Meier, H. (1973)
Genetic analysis of resistance to cadmium-
induced testicular damage. Proc. Soc. Exp.
Biol. Med., 143, 629-633.

Templeton, D.M., Wang, Z. & Miralem, T. (1998)
Cadmium and calcium-dependent c-fos expres-
sion in mesangial cells. Toxicol. Lett., 95, 1-8.

Tohyama, C., Sugihira, N. & Saito, H. (1987) Criti-
cal concentration of cadmium for renal tox-
icity in rats. J. Toxicol. Envivon. Health, 22,
255-159.

Umemura, T. (2000) Experimental reproduction of
itai-itai disease, a chronic cadmium poisoning
of humans, in rats and monkeys. Jpn. J. Vet.
Res., 48, 15-28.

Waalkes, M.P., Rehm, S., Riggs, CW., Bare, RM,,
Devor, D.E., Poirier, L.A., Wenk, M.L,
Henneman, J.R. & Balaschak, M.S. (1988)
Cadmium carcinogenesis in the male Wistar

[Crl(WI)]BR] rats: Dose-response analysis



32 M. Satoh et al.

of tumor induction in the prostate and testes
and at the injection site. Cancer Res., 48,
4656-4663.

Waalkes, M.P., Rehm. S, Sass, B. & Ward, ]J.M.
(1992) Induction of tumors of the
hematopoietic system in rats. In Cadmium
n the Human Environment: Toxicity and
Carcinogenicity, edited by G.F. Nordberg, L.
Alessio & R.F.M. Herber, IARC Sci. Publ,
Lyon, pp. 401-404.

Waalkes, M.p. & Rehm, S. (1992) Carcinogenicity
of oral cadmium in the male Wistar (WF/
NCr) rat: Effect of dietary zinc deficiency.
Fudam. Appl. Toxicol., 19, 512-520.

Waalkes, M.P. & Rehm, S. (1994) Cadmium and
prostate cancer. J. Toxicol. Envivon. Health,
43, 251-269.

Waalkes, ML.P. (2000) Cadmium carcinogenesis in
review. J. Inorg. Biochem., 79, 241-244.
WHO (1989) Cadmium. In: Toxicological Evaluation
of Certain Food Additives and Contaminants.
Thirty-third Report of the Joint FAO/WHO

Expert Committee on Food Additives. WHO
Food Additives Series 24, Cambridge Univer-
sity Press, WHO Geneva.

WHO (1992) Cadmium. IPCS Environmental
Health Criteria, Vol. 134, WHO Geneva.

WHO (1993) Cadmium. In: Evaluation of Certain
Food Additives and Contaminants. Forty-
first Report of the Joint FAO/WHO Expert
Committee on Food Additives. WHO Tech-
nical Report Series 837, Cambridge University
Press, WHO Geneva.

Xu, G., Zhou, G., Jin, T., Zhou, T., Hammarstrom, S.,
Bergh, A. & Nordberg, G. (1999) Apoptosis
and p53 gene expression in male reproductive
tissues of cadmium exposed rats. Biomelals,
12, 131-139.

Zhou, T., Zhou, G., Song, W., Eguchi, N., Lu, W,
Lundin, E, Jin, T. & Nordberg, G. (1999)
Cadmium-induced apoptosis and changes in
expression of p53, cjun and MT-I genes in
testes and ventral prostate of rats. Toxicol-
ogy, 142, 1-13.




