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Abstract

The first health effect of cadmium (Cd) was lung damage, reported in workers already in the 1930’s, while bone
effects and proteinuria were reported in the 1940’s. After World War II, a bone disease with fractures and severe
pain, the itai-itai disease, a form of Cd-induced renal osteomalacia, was identified in Japan. Subsequently, the
toxicokinetics and toxicodynamics of Cd were described including its binding to the protein metallothionein.
International warnings of health risks from cadmium pollution were issued in the 1970’s. WHO, 1992, identified
renal dysfunction as the critical effect and a crude quantitative evaluation was presented. In the 1990’s population
groups in China exposed to Cd via rice were studied and new information on skeletal, renal and reproductive
toxicity of Cd was obtained in the ChinaCad project. There was a decrease in Bone Mineral Density (BMD), an
increased prevalence of fractures and an increased urinary content of marker proteins of renal dysfunction among
persons with long term exposure to Cd. The development of such biomarkers can be seen as a result of applied
‘proteomics’ research. Variation in metallothionein gene expression was related to development of renal dysfunc-
tion, supporting the usefulness of this ‘genomic’ approach. The ongoing rapid development of ‘genomics’ and
‘proteomics’ technologies will improve possibilities for molecular epidemiology studies in the future, providing
an even better basis for preventive action. In many countries, Cd exposures are now under better control than in
the past. The target for the 21st century is to achieve a totally acceptable exposure situation without adverse health
effects from Cd.

Introduction/Historical remarks

When discussing Cadmium and Health in the 21st cen-
tury, it may be of interest to summarize the first
published observations concerning cadmium induced
health effects. Damage to the lung in cadmium-
exposed workers was the first human health effect
related to cadmium (Cd) in a report published already
in the 1930’s (Bulmer et al. 1938). Acute gastrointest-
inal effects with vomiting and diarrhoea in persons
consuming Cd contaminated food and drink were re-
ported in the 1940’s (US Publ Health Serv 1942).
Nicaud et al. 1942 observed a systemic effect, os-
teomalacia, in a few Cd – workers. Proteinuria and
emphysema in Cd battery workers were reported by

Friberg 1948. A bone disease with fractures and severe
pain, the Itai-itai disease (Japaneese for Ouch – Ouch
disease), occurred after World War II in Fuchu, Toy-
ama prefecture, Japan (Hagino 1957). Dr Hagino
was a local practitioner who initiated studies concern-
ing this disease. X-ray findings included Milkman’s
pseudofractures (Looser zones) in the long bones,
changes characteristic of osteomalacia. There were
also decalcification and fractures of other bones in-
cluding compression fractures of the spine. In the area
where the disease occurred, women had the habit of
screening out sunlight by wearing typical dress with
wide hats. Biochemical findings were characteristic of
osteomalacia with increased serum levels of alkaline
phosphatase and decreases in calcium and phosphate.
Gastrointestinal- and renal dysfunction were other
less prominent findings (Ishizaki 1969, Murata et al.
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1970). In these cases, elevated levels of Cd in urine
were found (Ishizaki 1969) and in 1968 the disease
was declared by the Japanese Government to be a
disease related to environmental pollution. Cadmium,
released from a mine in the mountains was transpor-
ted by a river into the plain, where the contaminated
water was used for irrigation of rice fields. The rice
plant takes up Cd from the soil and consumption of
contaminated rice. This is the main route of exposure
for the general population. Further aspects concern-
ing bone effects in humans exposed to cadmium are
given in the following text of the present paper and in
other contributions to the present volume by Kazantzis
(2004), by Zhu et al. (2004), by Järup (2004) and by
Nishijo et al. (2004).

Advances in cadmium toxicology, early risk
estimates

At the time when Itai-itai disease was discovered in
Japan, research on cadmium toxicokinetics and health
effects were going on in Sweden, initiated by Friberg’s
(1948, 1950) observations of renal damage in Cd
workers. Toxicological studies in animals showed that
in long-term exposures, and even after a single ex-
posure, the level of Cd is gradually increasing in the
kidneys. The explanation for this phenomenon is that
the low molecular weight, Cd-binding protein metal-
lothionein (MT) carries Cd to the kidney (Nordberg
1972). Based on this information on cadmium tox-
icokinetics, the kidney was identified as the critical
organ, crucial for development of other more severe
health effects of cadmium. Murata 1970 correctly
identified itai-itai disease as a form of renal osteo-
malacia. The identification of the kidney as the critical
organ in combination with an approximate tissue level
of Cd in the kidney cortex giving rise to toxicity, made
it possible to estimate intake levels giving rise to renal
effects. This evidence showed that there were small
or non-existing safety margins of environmental and
occupational cadmium exposures as they occurred in
the 1970’s. The risks were pointed out in a number
of early publications in English (Friberg et al. 1971;
Nordberg 1974; Nogawa et al. 1975).

Model of cadmium toxicokinetics and kidney
damage

Further studies supported the original observations
and we advanced a model regarding the kinetics of

Cd in humans (Kjellström & Nordberg 1978) and the
mechanisms of action of Cd on the kidney (Nordberg
et al. 1985; Nordberg & Nordberg 2000). After uptake
into blood plasma, Cd is mainly bound to albumin
and other high-molecular weight proteins. This form
of Cd is taken up to a large extent by the liver and
may cause liver damage (Faeder et al. 1977; Friberg
1950). After uptake in the liver, Cd is released from
albumin and the synthesis of metallothionein (MT)
is induced. Cadmium-metallothionein (Cd-MT), be-
cause of its small molecular size, is efficiently filtered
through glomeruli and taken up by renal tubular cells.
In long-term exposure there is a slow release of Cd-
MT from the liver to blood with gradual uptake of Cd
in the kidney (Nordberg 1972; Chan et al. 1993). After
uptake of Cd-MT into renal tubular cells via pinocyt-
osis (Fowler & Nordberg 1978), MT is catabolised in
lysosomes releasing cadmium ions causing membrane
damage (Nordberg et al. 1994) and perturbation of
calcium metabolism, particularly in basolateral mem-
branes (Jin et al. 1987, Leffler et al. 2000). Based
on this model, which was early quantitated and made
available in a mathematical form (Kjellström & Nord-
berg 1978), risk estimates for renal effects in Cd
exposures were presented. These calculations based
on toxicokinetics and toxicodynamics (also presented
by WHO 1992) have now been complemented by an
increasing body of epidemiological evidence. Such
evidence on Cd exposure and proteinuria are presented
in the following text and in other presentations at this
symposium by Bernard, by Jin et al., by Järup and
Alfvén, and by Oskarsson et al.

Reproductive toxicity and carcinogenicity

Reproductive effects of cadmium were shown already
in the 1950’s, when Parizek and Zahor(1956), repor-
ted the occurrence of testicular necrosis after injection
of relatively modest doses of cadmium in rats. The
toxicity of cadmium to the male reproductive system
has been extensively investigated in animals, but very
limited data is available in humans. Studies of male
reproductive hormones were included in the ChinaCad
studies (cf later section of this paper). Cd and testicu-
lar and prostatic cancer is reviewed by Goyer et al.
(2004).

When moderate cadmium doses were injected in
prepubertal female rats, or in adult rats in persist-
ent oestrus, ovarian changes are observed (Kar et al.
1959). Effects on the placenta and ‘toxaemia of preg-
nancy’ can be induced by Cd in pregnant rats (Parizek
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1965). Such changes may be the basis for embryotoxic
and teratogenic effects of cadmium, first reported by
Ferm and Carpenter 1968. Developmental effects in
the offspring of animals exposed to low levels of oral
Cd during pregnancy were reported and discussed in
the present symposium by Oskarsson et al. (2004).

The first observations of cancer in experimental
animals as a result of Cd exposure were reported by
Haddow et al. 1961. They found sarcomata at the site
of injection and Leydig cell tumors in the testis. The
findings of sarcomata were confirmed by Kazantzis
1963. Later studies have found cancer in other or-
gans including the lung after inhalation (review by
IARC 1993). Recently, attention has been paid to the
risks of testis and prostate cancer in animals and Man
(reviewed in this symposium by Goyer et al., 2004).

In humans, the first report about an increased
prevalence cancer was published 1967. Kipling and
Waterhouse 1967 found prostate cancer in Cd work-
ers, but no increase in lung cancer. Lung cancer was
elevated in relation to Cd exposure in the studies by
Lemen et al. 1976. Aitio (in press) has summarized the
background for the classification by IARC (1993) of
cadmium and cadmium compounds as carcinogenic to
humans (Group I) as well as other WHO evaluations.

Basis for recent studies on Cd and health in China
(ChinaCad)

In an evaluation by WHO 1992, renal dysfunction was
identified as the critical effect. Skeletal and reproduct-
ive effects as well as cancer were also discussed as
possible critical effects, but more quantitative inform-
ation was considered necessary in order to classify
those effects as critical. For the effect on the kidney,
a quantitative evaluation of the risks of such dysfunc-
tion was presented implying that lifelong exposure to
140–260 micrograms per day or a cumulative intake
of > 2000 mg would give rise to increased urinary
excretion of low mol wt proteins. However the need
for more epidemiological data on renal effects was
pointed out.

The questions that seemed urgent to answer in the
mid 1990:ies were: 1) Do bone effects occur in Cd-
exposed population groups outside Japan? 2) What
environmental Cd exposures give rise to renal effects?
3) Do male reproductive effects occur in Cd exposed
population groups?

These were the questions that formed the basis for
the epidemiological studies funded by the European
Commission (ChinaCad) and the results were de-

scribed and discussed in the present symposium. An
area near Wenzhou, previously identified by professor
Kong as Cd polluted, was selected for study and an
area without pollution 40 km north of Wenzhou was
used as control area. Totally 734 persons participated
and gave blood and urine samples, their Bone Min-
eral Density was determined by monophoton densito-
metry. Only a few results from these studies will be
mentioned in this paper. Detailed reports on various
findings are given in other papers in this volume.

Some results from the ChinaCad studies

It is known that bone density decreases in women after
the menopause and postmenopausal women were thus
considered separately. When comparing persons with
blood cadmium above 20 microgram/l with other par-
ticipants, there was a statistically significant increase
in the prevalence of low bone density (lower than the
tenth percentile) both in men, in women before men-
opause and particularly in women after menopause.
Further details concerning these and other findings on
bone density are given elsewhere in this volume by dr
Zhu et al. (2004).

Renal dysfunction has earlier been described in
other cadmium-polluted areas in China by Cai et al.
1995. To further elucidate the relationship between
renal dysfunction and cadmium exposure, cadmium
was measured in blood and urine and determinations
of several indicator proteins in urine were performed
in the present (ChinaCad) study. An increased preval-
ence of elevated (exceeding 0.3 mg/g crea) urinary ret-
inol binding protein (RBP) was reported by Nordberg
et al. 2002. This increase was statistically significant
at urinary Cd of 5–10 microgram/g crea and higher.
A statistically significant increase in the prevalence of
high RBP was also found in relation to high blood cad-
mium values. Results of determinations of other, more
sensitive, indicator proteins and other statistical ana-
lyses are reported by Jin et al. (2004) and by Bernard
et al. (2004).

As a part of the ChinaCad project, male repro-
ductive effects were investigated, both in humans and
in animal experiments. A dose–response relationship
was found (Zeng et al. in press) between the level
of Cd in urine and the prevalence of high levels of
testosterone in serum (exceeding the 95th percentile
in the low Cd exposed part of the population). There
was also a statistically significant relationship between
indicators of Cd exposure (and internal dose) and clin-
ical signs of tissue changes in the prostate (Zeng et al.,
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this volume). The animal experiments included stud-
ies of male reproductive hormones in rats. Zeng et al.
2003 showed that in rats with long term oral exposure
to Cd, there were higher levels of testosterone in serum
than in controls. Gunnarsson et al. 2003 showed that
there was a decrease of the LH (luteinizing hormone)
receptor expression and in the cAMP levels in the
testis of rats after single dose exposure. The observa-
tions in humans and animals, give some support to the
hypothesis that Cd exposure may play a role in relation
to the occurrence of prostate cancer. Further aspects
concerning effects of Cd on the testis and prostate are
given elsewhere in this volume by Goyer et al. (2004).

Other studies on proteiuria in cadmium exposed
humans – early ‘proteomics’ research

The first useful epidemiological data on relationships
between intake levels of Cd and an increased urinary
excretion of RBP or beta-2-microglobulin (B2M) were
reported in the 1970:ies based on methods developed
at that time allowing specific measurements of these
proteins. As mentioned, early such data from Japan
was used by WHO/IPCS 1992 in a quantitative assess-
ment of a relationship between cadmium intake and
renal effects. The sensitive protein biomarkers now
widely used as indicators of cadmium nephrotoxicity –
in addition to B2M and RBP, NAG (N-acetyl-D-beta-
glucosaminidase) A and its isoform B and protein HC
(Human Complex forming glycoprotein) and several
other urinary indicator proteins – have been further
developed as biomarkers in the 1990:ies and this can
be seen as a result of applied ‘proteomics’ research.
By further research in the area of proteomics, even
more specific and sensitive markers of renal dysfunc-
tion will be developed in the present century. Such
achievements will allow an even better and more pre-
cise assessment of renal dysfunction in the future and
possibly also of other health effects induced by Cd.
Compared to the situation before 1990, a number of
important studies have now contributed improved data
on the relationship between internal dose of Cd and
renal dysfunction. Available data are described and
discussed in other contributions to the present volume
(Bernard, Jin et al.; Jarup and Alfvén; Nogawa et al.
Oskarsson et al.).

‘Genomics’ research in the ChinaCad project and
future trends

It is known from animal experiments briefly described
previously in this paper, that tissue metallothionein
(MT) has a protective role against Cd. In order to
examine if interindividual variation in MT gene ex-
pression would be possible to relate to development of
renal dysfunction, such ‘genomics’ studies were in-
cluded in the ChinaCad project. A relationship was
found between MT gene expression in peripheral
lymphocytes and decreased sensitivity to developing
renal dysfunction from Cd. (Lu et al. 2001; Lu et al.,
2004).The usefulness of this ‘genomic’ approach was
thus supported by the results obtained. Present meth-
odology in the field of ‘genomics’ and ‘proteomics’ is
under rapid development and improved tests will un-
doubtedly be available in the near future. Such refined
technology will improve our possibilities to perform
molecular epidemiology studies in future decades of
the 21st century, providing an even better basis for
preventive action.

Concluding remarks

Early warnings of human health risks from Cd ex-
posure issued approximately 30 years ago when such
risks of occupational and environmentally exposures
were first recognized have been of importance for ac-
tion taken by authorities in various countries all over
the World. An improved database on relationships
between cadmium exposure and health effects in hu-
mans as well as improved tools for further studies are
now available and cadmium exposures are now much
better controlled than in the past. The target for the
21st century will be to achieve a totally acceptable ex-
posure situation without adverse health effects from
cadmium exposure.
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