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GENERAL INTRODUCTION

Cadmium (Cd) is an important occupational and environmental pollutant. Cd is widely
distributed due to its environmental persistence. It has a long biological half-time
which accounts for its bioaccumulation in organisms. Quiside the industrial
environment, the main route of human Cd exposure is through the food. Although most
oral toxicity studies have been performed with inorganic salts of Cd, this is not the
chemical form in which Cd occurs in the diet. In food of animal origin one of the main
Cd binding ligands has been identified as the protein metallothionein. In plants
cadmium is bound, at least partly, to proteins resembling metallothionein. The purpose
of the present studies was to establish the toxicity and disposition of Cd-metallothionein
in rats. For an assessment of human health risks it is of paramount importance to
obtain more information about the bicavailability and toxicity of different Cd-complexes

as found in the diet.

1. ENVIRONMENTAL CADMIUM
EXPOSURE

1.1 USE AND OCCURRENCE OF CADMIUM

Cd naturally occurs in small quantities
throughout the lithosphere. However, the
widespread industrial use of Cd has caused a
shatp increase in emissions to the environment
and consequently to relatively high levels of
environmental contamination in many locations.
Cadmium occurs in nature in conjunction with
zinc and is found wherever zinc is found. Zinc
is, in contrast to Cd, an essential metal for most
forms of life. Zinc is ubiquitous and due to the
close relationship with Cd, it is unlikely that any
naturally occurring material will be completely
free of Cd. (Elinder, 1985).

Cd is mainly used in the electroplating industry
(anti-corrosion agent) and alloy manufacturing,
but also in alkaline batteries, pigments and
plastic stabilizers. Cd is also a by-product of
zinc and lead refineries.

It should be stressed that most uses of Cd are
completely dissipative and only a few percent of
all Cd currently used, is recycled (Nriagu, 1980;
Page et al., 1986)

Cd in soil may occur naturally, but in most
cases the pollution i1s a result of industrial
emissions, mining operations, waste incineration
and combustion of oil and coal. Sludge-based
fertilizers and phosphate fertilizers are important
sources of Cd contamination in agricultural soils.

Crop grown on contaminated soils take up Cd
very efficiently. Due to the bioaccumulation in
soil, plants and animals and due to its
environmental persistence, Cd can be considered
as a food chain contaminant.

1.2 CADMIUM EXPOSURE IN HUMANS

Humans are exposed to Cd via the food, water,
air and dust. OQutside of the industrial
environment, the main source of environmental
Cd exposure for the general population is the
intake via food. This is illustrated in table 1
derived from Hallenbeck (1985) who has
compiled data on the daily intake of cadmium by
adults, together with sources contributing to the
total. Cd levels in drinking water are generally
low and water consumption does not contribute
much to the total daily intake of Cd in adults.
Smoking is another source which contributes
substantially to the daily intake of Cd. Smoking
of 20 cigarettes per day will cause an uptake of
circa 4 pg per day. In comparison to the intake
via the food this does not seem to be that much,
but one has to be aware of the fact that the oral
absorption of Cd is much lower (4-8%) than
inhalatory absorption (15-40%). Outside of
smoking, absorption via the lungs can only
contribute substantially to the daily intake when
individuals are living closely near sources of Cd
emission.

Cd is present in virtually all foodstuffs. The
highest concentrations can be found in internal
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organs (kidney and liver) from cattle, in seafood
(oysters, crab, mussels) and in some mushroom
species. The Cd concentration in these products
can be in the order of mg’s per kilogram, even
in nonpolluted areas {(Elinder, 1985; Robards
and Worsfold, 1991; Galal-Gorchev, 1991). In
rice and wheat the Cd concentration varies
between 10 and 150 pg/kg. Meat, fish and fruit
usually contain Cd levels in the order of 1 to 50
pg’kg. The concentrations in dairy products are
generally low and in the order of a few
micrograms per kilogram. Examples of excep-
tionally high Cd intake levels, exceeding the
PTWI, have been reported due to the above
average consumption of mussels, wild
mushrooms or intermal organs of cattle (Archi-
bald and Kosatsky, 1991; Andersen, 1981; Mc
Kinzie et al., 1982). These cases show that the
actual Cd intake of some human populations in
unpolluted areas is consistently above average
due to an atypical diet (dietary habit).

Table 1. Calculated hypothetical total daily
intake of cadmium and contributing sources

Source of Intake in
Individual cadmium HE
non-smoker living air 0,0005

in rural area food 4
water 2
total 6

smoker living near air 25
cadmium source food 84
and cating water 2
contaminated food tobacco 4

total 115

It should be stressed that in some Cd polluted
areas the Cd concentration of cereals and meat is
much higher than mentioned above. One of the
most severe cases in which a population was
exposed to highly Cd contaminated food has
been reported from Japan and is known as the
Itai itai disease (review of Kjellstrém, 1986).
The Japanese rice incident demonstrated that
chronic Cd poisoning constitutes a health hazard
to the general public through environmental
exposure and it showed that the hazard of Cd
was not restricted to industrial workers (see also
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section 4.2). Increased levels of Cd in food as a
result of Cd pollution have been reported from
many other countries including the Netherlands
(Lauwerijs et al., 1980, Sherlock et al., 1983,
Elinder, 1985, Copius Peercboom Steegeman
and Copius Peereboom, 1989). For instance, in
the Netherlands one of the largest polluted areas
is the area of the Kempen. The Cd conta-
mination of the soil is due to the Cd emissions
from zinc factories; vegetables grown in that
region contain fairly high Cd levels (up to 1.2
ppm; Haskoning, 1985). As a consequence the
cattle grazing there have elevated Cd levels in
liver and kidneys (with maximum values up to
7,66 mg/kg; Spierenburg et al., 1988). Inhabi-
tants eating vegetables of their own gardens,
show a higher daily intake than the provisionally
tolerated weekly uptake of Cd (Copius Peere-
boom-Stegeman and Copius Peereboom, 1989).
The calculated intake of Hallenbeck (1985) for
an individual living in an unpolluted area is well
below the provisional tolerable daily intake of
60-70ug Cd recommended by the WHO (1972).
Actual dietary intake levels in Europe and the
U.S in the period 1980-1990 are in the order of
15 to 50 pg Cd/day with large individual
variations (Gartrell et al., 1986a,b; Louekari et
al., 1986; van Dokkum et al., 1989; Robards
and Worsfold, 1991; Galal-Gorchev, 1991). Due
to the small safety margin between the actual
dietary intake and the tolerable level of Cd,
dietary exposure to Cd is considered a health
problem of major concern in humans.

1.3 Cd-SPECIATION IN FOOD

There is a clear lack of data describing the form,
or chemical species, in which Cd occurs in dif-
ferent foodstuffs. In animal tissues of vertebrates
and many invertebrates (mollusca, crustacea,
insecta) most of the Cd occurs as an inducible,
about 7000 dalton (10.000 D apparent molecular
weight) cysteine rich protein, called Cd, Zn-
thionein, or more generally, metallothionein
{Kigi and Nordberg, 1978; Stone and Overnell,
1986; Hamer, 1986; Webb, 1986; Kigi and
Kojima, 1987). Vegetable food is even a more
important source of dietary Cd intake than
animal food. Yet we know little about the form
in which Cd occurs in plants.

In plants Cd is at least partially complexed by
several metal binding complexes, such as
organic acids, metallothioneins and phytoche-




latins. There is increasing evidence that the

phytochelatins are the major metal binding
proteins in higher plants {Grill et al., 1987,
Verkleij et al., 1990). These peptides consist of
repetitive  y-glutamylcysteine units with a
carboxyl-terminal glycine (poly(y-EC)G’s.
Although phytochelatins have certain properties
in common with metallothioneins ( Cd-cysteine
complex, heat stability, inducibility, synthesis
from glutathione or its precursor +y-glutamyl
cysteine), they belong to a structurally different
class of metal binding proteins (Wagner, 1984,
Grill et al., 1987, Verkleij et al., 1990). Stll,
phytochelatins are functionally analogous to
metaliothioneins (Grill et al., 1987).

It is not yet known whether or not Cd in certain
food stuffs is less readily absorbed from the
gastrointestinal tract when compared to Cd from
other sources. A difference in Cd-availibility of
different foodstuffs will certainly have a great
impact on the risk evaluation of dietary Cd and
on the estimation of tolerable Cd levels in
different types of food products.

2 ABSORPTION AND METABOLISM
2.1 GASTRO-INTESTINAL ABSORPTION OF Cd

A large proportion of the ingested cadmium
passes the gastrointestinal tract without being
taken up in the small intestine. Most
toxicokinetics studies performed with inorganic
Cd-salts have shown that the Cd retention in rats
varies between 0.5 and 2% (Kello and Kostial,
1977; Moore et al., 1973), in mice between 0.5
and 3% (Engstrom and Nordberg, 1979,
Andersen et al., 1988), and in apes probably
between 2-6% (Nordberg et al., et al., 1971;
Suzuki and Taguchi, 1980). These absorption
data from experimental animals are highly
dependent on the relative dose and the dietary
composition (see chapter 3). In a group of 14
human volunteers, the average net intestinal
uptake of cadmium was found to be ¢. 4.5%
(McLellan et al., 1978). In the study of Rahola
et al (1972) the average Cd absorption in 5
human volunteers was at least 6%. Lastly, in
another study the net intestinal uptake of Cd was
estimated to be 2.6% in males and 7.5 % in
females (Flanagan et al., 1978). It should be
emphasized that most studies of gastrointestinal
absorption have merely compared the dose given

with the amount retained in the body shorily
after dosing. This might indicate that the
retention in long term experiments is slightly
different. Nevertheless, it seems very likely that
the gastrointestinal absorption for man and
monkeys is somewhat higher than for rodents.

Mechanism of intestinal Cd uptake

Essential metals are generally taken up actively
by a carrier system. However, most non-
essential metals, including Cd seem to be taken
up in non-specific way. There are no data in the
literature that argue for am active carrier-
mediated uptake of Cd in the mucosal cell layer.
In general, the Cd nptake can be divided in two
steps:

step 1 step 2
luminal Cd —--> mucosal Cd ----> systemic Cd

Step 1 represents the uptake from lumen into the
intestinal mucosa. Foulkes and co-workers
(1980; 1986) showed that step 1 may further be
separated into step la, representing the electro-
static binding of Cd to the outside of the brush
border, followed by step 1b, representing
internalization by a passive, temperature-
dependent process. Step 1b is probably related to
membrane fluidity and does not occur via
pinocytose. This assumption was based on the
finding (Foulkes, 1988, Bevan and Foulkes,
1989) that Cd is internalized into brush border
vesicles and erythrocytes in vitro; neither of
these have appreciable pinocytic activity.
Furthermore, it was shown that step 1 follow
first order kinetics at luminal Cd concentrations
up to 200 uM (Foulkes et al., 1980) and at a
oral dose of 10 ug/kg body weight (Goon and
Klaassen 1989).

Step 2 represents passage across the basolateral
membrane into the serosal fluid and blood
stream and appeared to be rather constant at
luminal Cd concentrations between 2 and 200
pM. It is proposed that the rate of step 2 is
probably much lower than the rate of step 1,
{Kello et al., 1978; Foulkes 1988) and thus step
1 may have a regulatory role in the absorption of
Cd. The difference between the rates of step 1
and step 2 of the intestinal Cd uptake will result
in the accumulation of Cd in the intestinal tissue.
However, the actual Cd accumulation in the
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intestine is probably much lower due to the
continuous renewal of the intestinal epithelium
and desquamation of the old mucesa (Valberg et
al., 1976).

Role of intestinal metallothionein
in the control of Cd absorption

It has been shown that the protein
metallothionein in the intestine is inducible by
both zinc (Zn) and Cd (Richards and Cousins,
1975; Ouelette et al., 1982; Clarkson et al.,
1985; Min et al.,, 1991). It was originally
proposed by Richards and Cousins that the
intestinal metallothionein could help retain the
excess of zinc in the mucosa and, in this
manner, controls the zinc absorption.
Consequently it was suggested that the intestinal
Mt is also a major determinant of the intestinal
Cd absorption (Squib et al., 1976; Engstrom and
Nordberg, 1979). However, the findings on the
possible role of Mt in the control of Cd
absorption are contradictory. For example, Kello
{et al., 1978) found no effect of the intestinal
Mt induction on the ratio between step 1 and
step 2 of the Cd uptake. In contrast the work of
Foulkes and McMullen (1986) showed that
induction of intestinal Mt decreases step 2 of Cd
uptake. Andersen (1989) postulated that in the
study of Foulkes the binding capacity of
intestinal Mt was exhausted in uninduced
animals, which were exposed to relatively high
Cd levels. Consequently induction of intestinal
Mt by zinc will lead to a reduction of step 2, In
the study of Kello the relatively lower Cd doses
could not saturate the intestinal Mt in unexposed
animals. This hypothesis is not fully conclusive
since a recent study of Goon and Klaassen
(1989) using a Cd dose (100 ug Cd/kg
recirculating perfusion} even higher than in the
study of Foulkes and McMullen (5 -30 pg/kg
body weight without recirculated perfusion) did
not show any effect on Cd absorption by Zn-
preinduction of intestinal Mt.

The analysis of Cd-transport and the role of
intestinal Mt in isolated intestinal segments can
provide information of only limited quantitative
significance to evaluate the absorption in the
intact animal. The difficulty arises from the fact
that the absorption in vitre can not be influenced
by dietary factors, by the changes in rate of
intestinal transit and by the gastric and intestinal
secretions. It should therefore be emphasized
that it has been shown that in vive metalio-
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thionein does play a significant role in the
intestinal uptake of Cd at a dose level of 5
mg/kg (Min et al., 1991). The study shows that
intestinal Mt is involved in the selective renal
disposition of Cd. We will discuss this further in
section 2.2.

2.2 Cd-DISTRIBUTION

After uptake (step 2 of gastrointestinal
absorption), Cd is mainly transported via the
blood plasma, although the main part (90-95%)
of blood Cd is bound to the red blood cells. In
plasma, the main part of Cd is present as Cd-
albumin and Cd-metallothionein. There are
several studies reviewing the Cd distribution in
animals and man and it is beyond the scope of
this introduction to discuss this matter in detail.
In short, two main sites of storage of Cd are the
liver and kidneys. About 40-80 % of the body
burden is found in these two organs and in the
case of low level exposure, about 30-50% is
stored in the kidneys alone (Bremner, 1979;
Nordberg et al., 1985, Bernard and Lauwerijs,
1986; Foulkes et al.,1990). Within the kidneys,
the highest concentration i1s found in the cortex.
Particularly high concentrations are found in the
proximal tubular cells.

In humans, it has been shown that in kidneys a
maximum Cd level is reached at an age of 40-50
and in liver the accumulation decreases after 30
years of age. In most human studies the renal
cortex level is about 10 to 30 times higher than
that in liver at an age of about 50 (Nordberg et
al., 1985; Elinder, 1985b).

Role of intestinal metallothionein
in distribution of cadmium

It has been shown in mice (Engstrom et al.,
1979), rats (Lehman and Klaassen 1986) and in
quails (Scheuhammer, 1988) that after
absorption of very low amounts of ionic Cd
through the intestine Cd is mainly deposited in
the kidneys, whereas high doses of Cd pre-
dominantly result in hepatic Cd deposition. It
was proposed that a low amount of Cd will
mainly be bound to endogenous metallothionein
of the intestine, which will be released in the
systemic circulation and then be deposited in the
kidneys.

This theory is based on the findings that after
intravenous injection of low molecular weight




complexes such as Cd-cysteine or Cd-
metallothionein, Cd in the blood stream remains
bound to these low molecular weight proteins. In
this form Cd will be efficiently taken up in the
kidneys by glomerular filtration and subsequent
reabsorption (Nordberg et al., 1975; Tanaka et
al., 1975; Squibb et al., 1584). However, after a
higher dose (100 ug/kg or higher) the available
endogenous circulating Mt pool is overloaded
(see also 2.1) and Cd will bind to high
molecular plasma proteins and then be deposited
in the liver (Lehman and Klaassen, 1986; Ohta
and Cherian, 1991). This is supported by the
fact that intravenous injection of Cd-proteins
with a low Cd-affinity or intravenous injection of
Cd-10ns, will result in a redistribution of Cd to
high molecular weight plasma proteins such as
albumin. These Cd-albumin complexes are
indeed deposited in the liver (Garvey and Chang,
1981; Suzuki, 1984). Thus, the binding form of
Cd in blood is of crucial importance for the final
distribution to the main storage organs.

Just recently it has been shown that pre-
induction of intestinal Mt indeed causes a
selective renal Cd accumulation (Min et al.,
1991). Moreover, the immunological
identification of intestinal metallothionein in the
blood plasma supports the theory that intestinal
Mt is indeed released into the systemic
circulation (Elsenhans et al., 1991).

Role of hepatic metallothionein in
the distribution of cadmium

The distribution between renal and hepatic Cd is
not only dose- and species- but also time-
dependent: with increasing time after exposure,
the kidney levels will increase due to
redistribution from the liver (Gunn and Gould,
1957; Lucis and Lucis, 1969; Webb, 1979). The
redistribution of Cd with time might be
supported by the hypothesis, originally proposed
by Piscator (1964), that Cd, Zn-metallothionein
is transported from the liver to the kidneys. In
the first few hours after uptake in the liver most
of the cadmium in the liver is bound to high
molecular weight proteins in the cytosol and then
within 24 hours is reassociated to freshly
synthesized metallothionein to form a Cd, Zn-
Mt. There is some evidence to believe that hepa-
tic Cd, Zn-Mt is indeed present extracellularly in
liver sinusoids (Banerjee et al., 1982) which
might be released from the liver due to normal

turnover of hepatocytes or due to increased cell
death (Dudley et al., 1985; Webb et al., 1986).
It has been shown that hepatic metallothionein
containing Cd and Zn released into plasma,
contains merely Cd and copper (Cu). Due to it’s
high affinity to Cu it seems hkely that zinc
might be replaced by copper and the plasma me-
tallothionein serves under these conditions as

a carrier protein for copper. (Webb, 1979;
Suzuki, 1984),

Thus, Cd-metallothionein derived from the
intestine (after low oral doses of Cd) or liver
(after high oral doses of Cd), is likely to be
reabsorbed into the renal proximal cells after
glomerular filtration. The metallothionein protein
will be broken down by the lysosomes and
nonmetallothionein-bound Cd will be released in
the kidney cells. This will stimulate the (de
novo) synthesis of renal, endogenous
metallothionein. This Mt contains in contrast to
the hepatic Cd, Zn- Mt both Cd, Zn and Cu
{Suzuki, 1984). There is a constant renewal and
turnover of endogenous and exogenous metallo-
thionein in the renal cortex.

2.3 METALLOTHIONEIN: INDUCTION,
BIOLOGICAL ROLE AND OCCURRENCE

In animals, the protein Mt is most abundant in
the cytoplasm of liver, kidneys, intestine and
pancreas, The biologically half-life of Mt’s
generally ranges from 1 to 4 days, depending on
the type of metal bound. The primary structure
of Mt is characterized by a high content of
cysteine, serine and glycine and its lack of
aromatic amino acids and histidine. Most
characteristics of Mt are shown in table 2.
According to Fowler (et al., 1987) and Kigi and
Schaffer (1988) mammalian and most metallo-
thioneins of mollusc and crustacea belong to
class 1 metallothioneins, Class 2 comprises Mt's
from sea urchin, wheat and yeast, whereas class
3 contains the atypical polypeptides such as poly-
v-ECg’s derived from plants (see section 1.3).
Class 1 mammalian Mt’s usually contain two
major fractions called Mt-1, Mt-2, differing at
neutral pH by a single negative charge.

Due to its high affinity for and inducibility by
non-essential metals such as Hg, Cd and Pt the
protein serves as a detoxification agent for toxic
metals. This hypothesis was originally proposed
by Piscator (1964). Due to the short biological
half-life there is a constant degradation and
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renewal of Cd-Mt in the liver and kidneys
explaining the long biologic halflife of Cd in
these organs. As shown in section 2.2, Mt
probably plays a key role in the transport and
distribution of Cd throughout the body. There
are numerous articles available reviewing

both biochemistry and biological function of the
protein (Webb, 1979; Webb, 1986; Kigi and
Kojima, 1987; Richards, 1989; Waalkes and
Goering, 1990).

The physiological function of Mt is probably
related to the Zn and Cu homeostasis, and it has
indeed been shown that high Mt levels are
present during periods of high Zn demand. It is
thought that Mt supplies Zn within rapidly
growing tissues which might declare the high Mt
levels at birth (Wong and Klaassen, 1979). The
role of Mt as an Zn and Cu donor might be
supported by the finding that apoenzymes which
require Zn and/or Cu have been activated in
vitro after incubation with Zn,Cu-thioneine
{(Udom and Brady, 1980; Geller and Winge,
1982; Goering and Fowler 1987). However, to
the best of our knowledge at present no such
evidence has been shown in vivo.

Except Mt’s role in metal metabolism, there are
several other chemical and physical treatments

Cdj cluster

Cdy cluster

Fig. 1. Schematic representation of the structure
of CdMt from rat liver (From Winge and
Miklossy, 1982)

which are known to induce Mt synthesis (see
review of Kigi and Schiffer, 1988). In the case
of exposure to electrophilic attack (02, free
radicals, alkylating agents) it has been suggested
that Mt detoxifies reactive intermediates due to
the presence of nucleophilic thiol groups which
have a neutralizing activity. Mt has been shown
to be an effective scavenger of oxygen radicals
after radiation-induced oxidative stress
{(Thomalley and Vasak, 1985; Matsubura et al.,
1987).

It should be stressed that, despite all the
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Table 2

" Properties of metallothionein

molecular weight 6000-7000

metal clusters with thiolate ligands

high cysteine and metal content

deficient in aromatic acids and histidine

|| inducible by metals and other treatments

heat stability

optical properties characteristic of metal-
thiolate bonds

research, the exact function(s) of Mt is not yet
known. Further research in the field of
molecular biology, biochemistry and physiology
is certainly required.

The role of Mt in the transport and distribution
of cadmium has been discussed in section 2.2
The consequence of the presence of Mt in the
diet will be discussed in 3.2. Lastly, the role of
Mt in the nephrotoxicity of Cd will be discussed
in section 4.1.

3 FACTORS INFLUENCING CADMIUM
ABSORPTION AND DISTRIBUTION

3.1 DOSE

There is a surplus of evidence to suggest that the
dose level and the body retention in laboratory
animals are positively correlated. In the study of
Engstrdm and Nordberg {1979) mice exposed
between 1 and 37000 pg Cd/kg show an
intestinal absorption in the range of 0.4 and

3.2 %. Lehman and Klaassen (1986) found a
similar effect in rats since the percentage of the
dosage retasined 7 days after administration
increased from 0.4% at the 1 pg/kg dosage to
1.65 % at the 100 ug/kg and higher dosages,
Similar observations were made in quails
(Scheuhammer, 1988) and mice (Andersen
1988). The studies of Scheuhammer (1988) and
Goon and Klaassen (1989) have shown that the
increase in absorption due to increased dosages
does not appeared to occur gradually. It seems
that at dosages lower than 10-100 ug/kg the total
absorption is quite constant, ranging from 0.4-




0.8 % whereas at dosages of 100 ugfkg and
higher the intestinal absorption is at least 10
times higher.

It is believed that in step 1 of the intestinal
uptake the endogenous Mt pool is not overloaded
(see 2.1) and the uptake follows first order
kinetics. However, at high dosages the intestinal
Mt pool is saturated with Cd and the Cd uptake
will be facilitated. Moreover, the same authors
suggest that high doses of Cd are directly toxic
to the mucosa which will causes the abrogation
of the integrity of the intestinal wall, which
might explain the enhanced Cd absorption.
Histopathological changes as reported in other
studies (Valberg et al., 1976; Richardson and
Fox, 1975) indeed do occur at dose levels
comparable to the high dosages used in the
disposition studies mentioned above.

In summary, the Cd concentration in the
intestinal lumen determipnes the final Cd
absorption in the body. In addition, as shown in
section 2.2, the oral Cd dose is also a major
determinant of the differential Cd distribution
between liver and kidneys.

3.2 SPECIATION

Although most Cd disposition studies have used
inorganic salts of Cd, this is clearly not the
chemical form in which Cd occurs in the diet
(see section 1.3). Several studies therefore dealt
with the Cd-distnbution after oral exposure to
Cd salts compared to biologically incorporated
Cd. For example, internal organs of Cd-exposed
pigs, oysters, scallops and canned crab (table 3)
have been used as source material for exposure
to biologically incorporated Cd. It seems very
likely that in this source material part of the Cd
will be complexed with class 1 metallothionein.
However, Cd-binding ligands were not
characterized prior to use and the results of these
studies are difficult to interpret.

In several other reports the oral Cd absorption
was studied after administration of purified
CdMt (Cherian, 1979; Maitani et al.,, 1984;
Ohta and Cherian, 1991). From these studies it
appears that at Cd absorption from CdMt is
lower than from inorganic Cd salts, at least at
the dose levels chosen. Moreover, these studies
show that the liver to kidpey ratio of the Cd
concentration is lower after exposure to CdMt
compared to inorganic Cd salts. This effect was
mainly due to the selective renal Cd disposition

after oral CdMt exposure. Since it is well known
that CdMt after iv administration preferentially
accumulates in the kidneys, it has been
suggested that oral CdMt or CdMt fragments can
pass the intestinal mucosa and consequently
show the same remal disposition as parenteral
CdMt. In this regard some evidence suggest that
the sequence of events for intestinal uptake of
CdMt is different from that for CdCl,: It has
been shown (Klein et al., 1986; Crews et al.,
1989) that indeed at least part of the CdMt was
not affected by in vitro treatment with gastro-
intestinal proteolytic enzymes. Furthermore
Cherian (1979) and Ohta and Cherian (1991)
found after oral exposure to exogenous CdMt
that a major portion of ingested Cd still was
associated to a protein with a moleculair weight
of ¢c. 10,000 dalton, whereas after exposure to
ionic Cd the majority of the Cd was bound to a
protein with high molecular weight. This sug-
gests that exogenous CdMt (fragments} does in
fact reach the intestine, which indicates that
there is a difference in metabolic pathway
between CdMt and CdCl,, However, rats
exposed to low doses of CdCl, show, similar to
dietary CdMt, selective renal Cd accumulation
and it is not clear whether the selective renal
accumulation after CdMt exposure is also dose
dependent. If the uptake of CdMt is dose-
dependent than it seems possible that the
difference in renal Cd-accumulation between
CdMt and CdCl, is not due to a difference in
metabolic routes, but simply due to the
difference in intestinal Cd absorption.

3.3 DIETARY FACTORS
The effect of protein, fat and fibre.

Rats fed semisynthetic diets, high in fat, low in
fibre, show a much higher body retention of Cd
than rats fed standard rat diets (Andersen,
1989). Furthermore, rodents fed semi-synthetic

diets with milk (Engstr6m and Nordberg, 1979;
Kello and Kostial, 1977b), or casein (Revis,
1981; Uthe and Chou, 1979) retained a
significant larger fraction of orally administered
cadmium than animals fed a cereal based diet.
Finally, Rabar and Kostial (1981) found a larger
Cd retention in animals fed human diet
components such as milk, meat and bread than
in rats fed normal diets. It should be noted that

‘these semi-synthetic diets are much closer to the
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Table 3. Oral studies on the disposition of cadmium from inorganic and organic Cd sotrces

Source material

Type of study

Dose, animal

Absorption and distribution

References

CdCl, versus CdMt open-ended duodenat | 100 uM Cd, { Body retention CdMt twice as | Valberg et al.,
perfusion, 60 min. | rat low. 1977
Cd-sulfate versus Cd-|semi-synthetic diet | 40-80 pg/2.5 | Slightly increased uptake of Cd | Welch et al.,
lettuce leaves once for 5 hoursin | g diet in rat | from lettuce as compared to 1978
12 days experiment Cd-salt
CdCl, versus Cd oral gavage, once 60 pg Cd per |Intact isolation of ingested Cherian, 1979
Glutathione versus| for 4 hours mouse CdMt from intestinal mucosa?
CdMt CdMt shows lower hepatic and
higher renal Cd-accumulation
Cd-sulfate versus Cd- | semi-synthetic diet, |5 mg/kg diet, | No significant difference in Lagally et al., }
scallops. (Chemical | 28 days in rat retention between inorganic & | 1980
form of Cd unknown) biclogically incorporated Cd
CdCl, wversus Cd-|semi-synthetic diet, |21 mg Cd/kg | Cd uptake from Cd-lobster Uthe and
porcine  kidney/liver | 90 days diet in rat digestive gland and from Cd- | Chou, 1980
versus Cd-lobster porcine liver/kidney is lower
(Cd-form not than from inorganic Cd. No
identified) selective renal accumulation of
biologically incorporated Cd.
CdCl; versus CdMt oral gavage, five 20 pg Cd/kg | Total CdMt retention in body | Cherian, 1983
times in 5 weeks mouse is lower. Renal Cd accu-
mulation for CdMt is higher ||
CdCl, versus Cd-|semi-synthetic diet, | 1.8 mg Cd/kg | Oyster Cd was retained at a Siewicki et
oyster. Cd is bound to | 28 days diet, in lower rate in all tissues. al., 1983
1000 D peptide mouse Relative renal Cd accumulation
for Cd-oyster higher.
CdCl; versus CdMt oral gavage, once 0.5 mg Cd/kg | CdMt shows higher Maitani et al.,
for 3 days mouse kidney/liver Cd ratio than 1984
CdCl, due to the low Cd-
accumulation in liver
|| CdCl, versus Cd-|semi-synthetic diet, | 0.4 mg No significant difference in Cd | Sullivan et al.,
oyster {(Chemical| 14 days Cd/kg diet in | retention. Relative renal Cd 1984
form of Cd in oyster |~ mouse accumulation for Cd-oyster is
unidentified) somewhat higher. “
CdCl, versus Gavage, once for 1 mg/kg rat | At normal phytate Jackt et al.,
Cd,phytate 10 days concentration in diet no 1985
difference in body retention.
CdCl, versus Cd-crab| semisynthetic diet, |4 mg Cd/kg | Accumulation in liver and Maage and
{chemical form of Cd|6, 12, 24 weeks diet kidneys is twice as low for Cd | Julshamn,
in crab unidentified) incorporated in crab meat. 1987
CdCl, wversus Cd-|semisynthetic diet, |30 mg Cd/kg | Hepatic Cd accumulation from | Sinkeldam et
spinach/Cd mussels 4 weeks diet in rat Cd-mussels is lower than from |al., 1989
Cd-spinach or CdClL,
CdCl, versus CdMt | cannulated jejunum | 50 ug/0.5 ml | Intestinal and hepatic uptake of | Ohta and
segments, 60 min. per rat CdMt is lower than for CdCl,. | Cherian, 1991

Renal accumulation is similar
for both Cd-forms
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human "western type of diet” than standard
rodent diet and therefore, the apparently higher
intestinal uptake in humans as compared to ro-
dents is not necessarily due to a difference in
uptake mechanism, but might be attributed to
the differences in diet composition. Animals fed
Cd in combination with sea food or meat
products show a lower retention of cadmium
than rats fed Cd combined with casein (Lagally
et al., 1980; Uthe and Chou, 1979; Siewicki et
al., 1983). This indicates a lower retention of
cadmium bound to animal protein. It should be
emphasized that in studies, comparing the Cd
disposition of inorganic Cd-salt with organic Cd
from seafood and meat, the animals exposed to
inorganic Cd have to be fed a similar amount of
uncontaminated sea food or meat. This in order
to avoid the effect of the animal protein on the
Cd-disposition.

Interaction with minerals

There is some evidence that several trace ele-
ments can inhibit step 1 of the Cd absorption in
the intestine in vitro (Sahagian et al., 1967) and
in situ (Foulkes, 1985). It is suggested that
during step 1 of the absorption Cd is electro-
statically bound to the surface membrane and
since this is a non-specific effect, many poly-
valent cations can inhibit the Cd uptake by
neutralizing the membrane charge (Foulkes,
1985; 1988). Over the past twenty years several
elements like Zn, Cu, Fe, Ca, P, Mn, Mg and
Se have been shown to interfere with the Cd-
metabolism in animals and in humans (Task-
group on Metal Interactions, 1978; Fox et al.,
1983; Chmielnicka and Cherian, 1986). It has
been suggested that Cd competes with Zn, Ca
and Fe for the specific carriers, but non of these
specific interactions has been proven.

Several studies have shown that diets with a low
Calcium (Ca) content can increase the body
retention of Cd (Larson and Piscator, 1971;
Hamilton and Smith, 1978). Moreover it is
shown after in situ perfusion of the intestine,
that a high Ca dose can inhibit Cd absorption
(Foulkes, 1980). The reversed reaction i.e. the
inhibition of the Ca absorption by Cd has also
been reported (Ando et al., 1977). This inter-
action is of special importance because of the
suggested role of Cd in the osteomalacia of the
Ttai-itai disease.

Interactions between the uptake of Cd and Fe in
animals have also been reported frequently. For
Fe-deficient animals it has been shown that both
the uptake of Cd in the intestinal mucosa (step 1)
and its transport into the body (step 2) is
increased (Hamilton and Valberg, 1974;
Flanagan et al., 1978; Fox et al., 1979). For
man it has been shown that persons with low
iron stores (mostly females) as indicated by low
serum ferritin levels abserbed more Cd than
persons with high iron stores (Flanagan et al.,
1978, Shaikh and Smith, 1980; Bunker et al.,
1984). On the other hand, it has been shown in
labo-ratory animals that dietary supplements of
iron protect against Cd accumulation (Fox et al,
1971; Fox, 1980) and against Cd-intoxication
(Pond and Walker 1972). The mechanism behind
the competition of Fe and Cd is still not
understood.

Similar to Ca, Zinc (Zp) can inhibit the
intestinal transport of Cd after in situ perfusion,
although the concentration of Zn required for
this effect is very high (Foulkes, 1980; 1985). It
appears that animals fed Cd with low Zn levels
show increased Cd absorption (Jacobs et al.
1978b). Except for the site of absorption Cd and
Zn interact at many other sites in the body, as
might be predicted from their similar chemical
properties. An important site for interaction can
be found in the protein metallothionein (see
section 2.3). It has been shown that the increase
of Zn in the renal cortex of horses is related to
the production of metallothionein which contains
Cd as well as Zn (Nordberg et al., 1979).
Human autopsy studies have shown that the Zn
concentration increases in kidney cortex with
increasing Cd concen-tration (Piscator and Lind,
1972) probably due to formation of metallo-
thionein, binding both Cd and Zn.

In conclusion, mineral-deficient diets can
increase the gastro-intestinal absorption of Cd.
However, information on the protective effect
of mineral supplements in the diet, is rather
restricted. Furthermore, most researchers have
studied single metal-cadmium interactions and
there are only few studies that have examined
the effect of dietary combinations of minerals
(Banis et al., 1969; Jacobs et al., 1978a; 1978b,
1983). The impact of dietary minerals on the
absorption of biologically incorporated Cd has
not yet been investigated.
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4 CHRONIC ORAL TOXICITY

4.1 ANIMAL STUDIES

The effects of repeated oral administration of
inorganic cadmivm, mainly as the chloride salt,
have been extensively studied in laboratory
animals and these studies have often been
reviewed (Fielder and Dale, 1983; Friberg et
al., 1986; Foulkes, 1986; Ros and Slooff, 1988).
Target organs are the kidneys, the haemato-
poietic system, the bones and the liver.

The carcinogenic potential of Cd is still under
debate: the heavy metal is a potent carcinogen
for the testis and prostate and at the sites of
injection (see review of Waalkes and Ober-
dorster, 1990), but there is no evidence of
carcinogenicity in rats and mice after oral
administration (Collins et al., 1992).

This section will be restricted to some comments
on non-neoplastic lesions observed in the
kidneys, the haematopoietic system and the liver.

Renal effects

The most characteristic toxic effect after oral
exposure to cadmium is nephrotoxicity, the
effects usually being limited to the proximal
tubules. At high doses the glomeruli and the
renal blood vessels may also be affected. Table
4 summarizes some oral Cd studies in rats and
monkeys showing the relationship between renal
cortical Cd-concentration and the renal toxicity.
Most animal data indicate that at a renal cortex
Cd level of 100-200 mg Cd/kg tissue renal
tubular damage will occur. For example
Sugawara et al. (1974) found slight tubular
damage at a renal Cd level of 91 mg/kg and
severe renal effects were noted at 224 mg/kg
renal tissue in Wistar rats. Primates appear to
have similar sensitivity to renal effects in rats.
However, the critical concentration of Cd in the
renal cortex was higher in primates (3600
mg/kg) than in the rat (Fielder and Dale, 1983).
Atrophy and degeneration of tubular cells are the
most striking histopathological lesions. Cd-
induced proteinuria is the most characteristic
sign of renal tubular damage. This proteinuria is
mainly due to impairment of renal tubular
reabsorption, which affects the reabsorption of
all proteins, but especially low molecular weight
proteins such as microglobulines, lysozyme and
retinol binding protein  (Kjellstrom, 1986;
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Bernard et al., 1991). Another approach for
early detection of nephropathy is the detection of
enzymuria due to increased urinary excretions of
kidney-derived enzymes. Increased enzyme
activity in urine of enzymes such as LDH, NAG
indicates cell damage, whereas the increase
enzyme activity of ALP and GGT indicates
desquamation of the brush border of proximal
tbular cells (Nomiyama et al., 1975; Dubach et
al., 1988; Gatta et al., 1989; Stonard, 1990).

Role of CdMt in renal toxicity

The main part of the Cd which reaches the
kidneys is bound to metallothionein, which is
either derived from the liver after degradation of
Cd-albumin, or derived from the intestinal tract
after transfer across the intestinal wall. The role
of CdMt in the kidneys is somewhat paradoxeal
since on the one hand it seems that synthesis of
renal metallothionein protects against Cd
toxicity, but on the other hand parenteral
administration of CdMt leads to more
pronounced nephrotoxicity than parenteral
administration of inorganic Cd salts (Nordberg et
al., 1975; Squib et al., 1979). This is due at
least in part to a higher accumulation of Cd in
the kidneys from CdMt exposure (Tanaka et al.,
1975). CdMt is reabsorbed into the proximal
renal cells and after intracellular degradation
(see section 2.2) free Cd is released within the
cell, which probably interferes with zinc-
dependent enzymes and canses damage to the
metabolism of the cell (Kjellstirém, 1986;
Foulkes, 1990). Cd-toxicity is believed to
depend on the amount of free ionic Cd present in
the cell which is not sequestered by available
endogenous metallothionein or glutathione (Jin et
al., 1987; Suzuki et al., 1989). Alternatively, it
has been suggested that CdMt will damage the
brush border during reabsorption of the CdMt
complex (Cherian, 1982) and indeed, a higher
sensitivity of the kidneys to Cd in the form of
CdMt has also been observed (Sendelbach and
Klaassen, 1988). The Mt protein will be
degraded by lysosomes and non Mt-bound Cd
will be released in the cell, which will stimulate
the synthesis of renal, endogenous Mt. As
shown in section 2.2, there is a constant renewal
and turnover of endogenous and exogenous
metallothionein in the renal cortex. The critical
renal Cd concentration is the particular Cd
concentration after long term renal Cd




Table 4. Renal effects afier long term oral exposure in relation to renal cadmium levels

Species Admini- Cd Dose, Reported findings Renal cortex | Reference
stration Duration before concentr.
effect
Rat CdCl, in water | 50-200 mg/l water, | Renal histological changes | 44-180 Kawai et
. 8.5 months at all doses levels mg'kg al., 1976
Female CdCl, in diet |10 and 50 mg/kg | High mortality at 22 weeks. | 91 and 224 | Sugawara
wistar rat diet, 41 wecks After 41 weeks: severe mglkg & Sugawara
tubule lesions at 50 mg/kg, 1974
slight effects at 10 mg/kg
Female CdCl, in water | 200 mg/1 Proteinuria at 8 month . 200 mg/kg | Bernard et
wistar rat & months Histology at 11 months al., 1981
revealed no lesions
Male unspecified 50 mg/l, 90 days | Necrotic tubular cells 15 mg/kg Revis, 1981
Sprague- [ Cd-salt in normal diet
Dawley water, high 30 mg/kg
rat and low high protein
protein diets
Male unspecified Cd | 50 mg/l, 24 weeks | Tubular necrosis, 60 mg/kg Aughey ct
wistar rat | sait in water glomerular fibrosis, cell al., 1984
hypertrophy
Male CdCl, in diet | 300 mg/kg diet, Aminoaciduria and 200 and 300 | Nomiyama
rabbit 4 and 10 months | enzymuria at after 4 mg/kg et al., 1975
months. Proteinuria and
glucosuria at 10 months
Male CdC), in diet | 3-100 mg/kg in B-microglobulinaria and 560-635 Nomiyama
Rhesus diet for 30 months | aminoaciduria in week 40, | mg/kg in et al., 1982
monkey glycosuna from week 60 week 10-60

accumulation at which the amount of free (non
Mt-bound) cadmium is high enough to cause
cytotoxicity (Nordberg et al., 1985; Foulkes et
al., 1990).

It has to be emphasized that acute nephrotoxicity
due to parenteral administered bolus amounts of
CdMt has only little relevance to the progressive
repal accumulation of Cd in chronically exposed
animals where the plasma CdMt levels are much
lower. Whether the difference in renal toxicity
between inorganic Cd salt and CdMt also applies
to the oral route has not yet been investigated.

It seems possible that part of the CdMt in food
(i.e. exogenous CdMt) might also reach the
kidneys intact (see section 3.2). This might be
relevant for assessing the health risk of
biologically incorporated Cd.

Effects on the liver and the
haematopoietic system

Several studies have shown that signs of anaemia
after long-term oral exposure to cadmium
develop in male rats (Wilson et al. 1941, Pond
and Walker, 1972; Prigge et al., 1977).
Although nephrotoxicity is regarded as the
characteristic effect, decreased haemoglobin
concentration and decreased packed cell volume
are ameng the early signs of chronic, peroral
toxicity of Cd (Elinder et al., 1986).

As discussed in section 2, after oral exposure to
high Cd levels Cd-transport across the intestinal
wall will be saturated and Cd bound to albumin
in the blood will accumulate in the liver.
Consequently, hepatic metallothionein will be
induced, which then acts as a Cd-scavenger and
decreases Cd toxicity. Therefore, overt signs of
acute toxicity in the liver are most likely related
to non-metallothionein bound Cd.
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Studies of Dudley (et al., 1985) have shown that

Cd is an effective hepatotoxin after chronic

parenteral exposure. Moreover, other studies
(Tanaka et al., 1981; Cain and Griffiths, 1980)
have demonstrated that chemically induced
hepatotoxicity in animals previously exposed to
Cd, causes leakage of CdMt from the liver,
which will be taken up in the Kkidneys (see
section 2.2).

Dudley (et =zl., 1985) emphasized that Cd-
induced hepatotoxicity may play a role in the
nephrotoxicity seen in rats after long term
exposure to Cd. However, the regulatory role of
the liver is restricted when small amounts of Cd
are ingested via the food, because the majority
of the metal bypasses the liver and accumulates
directly in the kidneys (section 2.2). It seems
therefore not surprising that in mammals the
level of Cd in the renal cortex is much higher
than in liver (Elinder, 1985b).

4.2 OBSERVATIONS IN MAN

There is an extensive data base of case-reports
from Cd alloy factories, in the U.K., USA and
Japan and nickel cadmium factories or cadmium
production plants in the UK, Sweden, Japan and
Belgium (Lauwerijs et al., 1980; Fielder and
Dale, 1983; Kjellstrom, 1986; Foulkes, 1986,
Ros and Slooff, 1988). In workers exposed to
Cd for prolonged period the principal organs
affected are the kidneys and lung. It is important
to point out that, similar to the results with
animals, in most long-term studies in humans,
renal effects preceded or occurred simul-
taneously with other effects and seem to develop
at lower doses than those needed to produce
prostatic cancer or lung cancer (XKjellstrom,
1986; Foulkes, 1990)., Moreover, the
relationship between Cd exposure and lung or
prostatic cancer remains arbitrary (Sullivan and
Waterman, 1988).

The most extreme cases of human toxicity after
environmental Cd exposure have been those with
renal dysfunction and bone symptoms, often
diagnosed as "Itai itai disease”. This disease
occurred in epidemic proportions among the
inhabitants of the Fuchu area in Japan, who
ingested chronically Cd contaminated rice. In
several of these cases the Cd intake through nce
ranged from 500-2000 ug/day. The etiology of
the disease does not only point in the direction
of Cd-exposure, but the poor nutrition of the
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patients (low protein, Ca, Fe and Vitamin D)
also was a necessary factor for the development

of the high incidence of bone effects in that
particular area. Since the improvement of the
nutrional status of the local population and the
decrease of the Cd contamination of food the Itai
itai disease has disappeared (Kjellstrom, 1986b).

Similar to what has been found in animal
studies, proteinuria in humans is characterized
by an increased excretion of low molecular
weight proteins such as B-microglobuline retinol
binding protein and/or metallothionein (Bernard
and Lauwerijs, 1991). Moreover, urinary
excretion of N-acetyl-B-glucosaminidase (NAG)
as indicator of renal dysfunction is also
suggested to be a reliable indicator of Cd
exposure in humans (Nogawa et al., 1983;
Mutti, 1989; Kawada et al., 1989).

Dose-response relationship

The critical renal concentration used in the risk
assessment of Cd is 200 mg Cd/kg tissue and is
mainly based on epidemiological studies with
young, healthy workers in industry and on
laboratory experiments with animals. In both
cases the data concern exposure to inorganic Cd.
It is difficult to extrapolate critical renmal Cd
levels to a critical daily intake level since Cd
risk estimates are seriously hampered by
uncertainties in both the assumptions (percentage
absorption, intake levels, dietary form, etc.) as
well the data base used for the calculations. For
example, based on pharmacodynamic models
(Kjellstrom and Nordberg, 1978; Kjellstrom,
1986¢) it is estimated that an oral intake of 300-
400 pg/day will cause renal dysfunction after
lifetime exposure. On the other hand
epidemiologic studies from Japan (Nogawa et
al., 1989) suggest that renal damage will occur
at a daily Cd intake of 100-200 pg/day.

Thus, safety-limits should be wused very
cautiously (Kjellstrdm, 1986; Ros and Slooff,
1988; Archibald and Kosatsky, 1991).

The provisionable tolerable weekly intake
(PTWI} recommended by the World Health
Organization (WHO) is 0.4-0.5 mg based on a
tolerable intake of 1 ug/kg/day (60-70 pug
Cd/day; WHO, 1972). An oral daily intake of 1
ug Cd/kg in non-smokers for 50 years will lead
to a mean cortex concentration of circa 50
mg/kg.




An average diet provides at least 100-250
pg/week and smoking of 20 cigarettes per day
provides between 2-Sug of absorbed cadmium,
which corresponds to 50-300 pg/week via oral
intake. Smokers are therefore close to the WHO
limit for tolerable Cd intake (Kjellstrom, 1986c).
Inhabitants of the Dutch Kempen -eating
vegetables of their own gardens, show a higher
daily intake than the PTWI of Cd of 400-500
pg/week (Copius Peereboom-Stegeman and
Copius Peereboom, 1989). Inhabitants of the
Kempen therefore may incur a higher health risk
than the general Dutch population. This might be
supported by the finding that renal function tests
have indicated an increased excretion of RBP
and NAG in the inhabitants of the Kempen
(Kreis et al., 1987). Recent findings in Belgium
have shown that almost 10% of the general
population showed a Cd excretion higher than 2
#g/24 hours corresponding to an renal cortex
level of 50 mg/kg at the age of 50 {Buchet et
al., 1990). These Cd excretion levels are at least
in 10% of the cases correlated to slight renal
dysfunction (tested a.o. by the renal excretion of
NAG and B,-microgichuline). This is inconsis-
tent with the fact that a renal Cd concentration
of 200 mg Cd/kg is believed to cause a higher
incidence of renal dysfunction. The authors
suggest that the difference might be due to the
healthy worker effect leading to underestimates
of the health risk for the general population
(Buchet et al., 1990). The results have not been
confirmed yet by other industrialized countries.

5 ANALYTICAL ASPECTS: ISOLATION AND
QUANTIFICATION OF METALLOTHIONEIN

The protein metallothionein was first isolated
from equine renal cortex (Margoshes and Vallee,
1957) and further characterized by Kagi and
Vallee (1960, 1961). Since then, the most
common techniques used in isolation of the
protein are gel-filtration and ion-exchange
chromatography.

To quantitate Cd binding proteins in mammalian
tissue most studies make use of metal saturation
techniques, gel-filtration techniques and immuno
assays (Webb, 1986; Richards, 1989). The

metal saturation assays appeared to be similar in
precision and recovery of Mt to assays that
directly measure the protein moiety, such as
radioimmunoassays (Dieter et al.,, 1985).
Molecular biology techniques have been

Mt mRNA levels

to quantitate
(Hamer, 1986; Peterson and Mercer, 1988).

In the last years clear analytical improvements
have been made to study Mt heterogeneity. For

developed

instance, the use of reversed phase high
performance liquid chromatography systems has
been applied to characterize different Mt
isoforms expressed by different organs and
animal species (Klauser et al., 1983; Richards
and Steele, 1987; van Beek and Baars, 1988).
Although RP-HPLC does not achieve a detection
sensitivity comparable with RIA techniques, its
advantage over RIA and the other Mt-assay
techniques is that it can, in one step, provide
information concerning concentration of
isometallothioneins in the tissue. Moreover the
application of RP-BPLC to the isolation and
characterization of Mt isoforms has
demonstrated its superior capability in resolving
additional isoforms not previously detected using
conventional techniques. Lastly, the difference in
chromatographic behaviour of different isoforms
on HPLC offers the unique possibility to study
simultaneously the metabolic fate of administered
Mt and endogenous Mt. Figure 2 shows
chromatograms of a reversed-phase HPLC
system, demonstrating the UV-spectra of Mt-
isoforms purified from liver of various species.
The spectral analysis shows that different
isoforms have similar UV spectra,

6 OBJECTIVES AND APPROACH

The main source of human Cd exposure is the
diet and in the diet Cd is to a large extent
associated with the protein  metallothionein.
However, health risk assessment of Cd is mainly
based on oral studies with inorganic Cd salts.
Therefore information is required on the
difference in bioavailability and toxicity between
inorganic Cd salts and CdMt. The main
objectives of the studies described in the present
thesis were:

- To compare toxicity of inorganic Cd and CdMi
in rats and in cell cultures of target organs,

- To compare the dose-dependent kinetics of Cd-
uptake from CdMt and inorganic Cd

- To establish differences in metabolic pathways
between CdMt and CdCl, to predict disposition
and toxicity at environmentally relevant doses.

The following approach was used to accomplish

25



az2ed

2c

N\ \\\\\\\\\\\\A

\\\\\\\\

ES

5 208

Fig. 2. Reversed-phase HPLC elution profile on a Hypersil ODS (250x6mm) column of purified hepatic CdMi
isoforms. The separation was performed using 10 mM-sodium phosphate (solvent 1) and 10 mM phosphate
buffer in acetonitrile (40:60, v/v solvent 2) as eluting solvents. Mi-samples were eluted with a linear gradient of
O-5% solvent 2 in 3 min and from 5 to 20% solvent 2 in 15 min with a flow rate of 1 ml/min. UV-spectrum
(200-300nm) was determined with a diode-array spectrofotometer. X-axis =retention time, Y-axis=Absorbance,
Z-Axis=UV-spectrum. A. Rat CdMi isoform-2, B= Pig CdMt isoform-2, C= Horse CdMt

26




these objectives. In Chapter 2 a 4-week feeding
study in rats is described to detect differences in
early signs of toxicity between CdCl, and CdMt.
The purpose of the studies described in Chapter
3 was to establish the kinetics of the Cd uptake
and to investigate the dose-dependent renal
disposition of both CdCl, and CdMt. This study

provides more insight into the observed
differences in  toxicity between CdMt and
CdCl,. Chapter 4 deals with the Cd-

accumulation and toxicity of CdMt and CdCl, in
cell culture of the target organs. It shows
differences in sensitivity between both Cd-forms
at a cellular level. Chapter 5 describes studies
on interaction of minerals with the accumulation
and toxicity of CdCl,. The study identifies those
minerals which are most effective inhibitors of
Cd uptake. The aim of Chapter 6 was to
investigate the interaction of minerals with the
absorption of CdMt. The resuits of Chapter 5
and 6 together provide information on the
metabolic uptake routes of CdMt and CdCl,.
Chapter 7 deals with the metabolic fate of
CdMt in the intestine and Kidneys after oral and
intravenous administration. The study puts the
findings on differences in toxicity, disposition
and mineral interaction between CdMt and
CdCl, into perspective.

The long-term diet study of Chapter 8 was one
of the end-points of the thesis to determine the
nephrotoxicity after the chronic feeding of
inorganic Cd and CdMt.

The outcome of these studies is discussed in the
"Concluding remarks” within the frame work of
the nsk assessment for the human consumer.
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