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ABSTRACT
Absorption and Accumulation of Cadmium from Cereal Grains

Anncatherine Moberg Wing
The Departments of Pathology, Nutritional Research and Oral Radiology and 

the Biophysics Laboratory, University of Umeå, S-901 87 Umeå, Sweden

Cadmium (Cd) is a potentially toxic trace element. Cereal grains contribute one-third to 
one-half of the Cd exposure via the diet. Among cereal grains, wheat generally contains the 
highest Cd concentration and the bran and germ fractions contain more Cd than the 
endosperm. An increase in the consumption of unrefined grains may cause an increase in 
the body burden of Cd if an increase in the exposure to Cd via the diet leads directly to 
increased Cd absorption and accumulation. However, there is evidence that certain factors 
may reduce the availability of Cd for absorption from the diet.

The purposes of these studies were to refine an atomic absorption spectrometric method for 
measuring the accumulation of Cd from diets with low, naturally occuring concentrations 
of Cd, to evaluate the extent to which Cd is accumulated from different milling fractions of 
wheat and from different cereal grains, and to determine to what extent the presence of 
certain minerals and mineral-binding factors in the diet and the iron (Fe) status of the 
individual affect Cd accumulation from cereal grain diets.

The results of the method studies showed that the amount of Cd in the liver and kidneys of 
rats after six weeks on different diets and the retention of 109Cd in these organs three weeks 
after the ingestion of 109Cd-labelled test meals of the diets were in agreement on the 
fractional and total accumulation of Cd from the diets.
To a first approximation, the accumulation of Cd in the liver and kidneys in rats appears to 
be the product of the separate effects of the concentration of Cd in the diet which is 
available for absorption and the Fe status of the rats.
The Cd concentration in grains varied by a factor of five between whole wheat and rye and 
the amounts of Cd accumulated in rats from diets with whole grains were nearly 
proportional to the Cd concentrations in the grains.
The fractional accumulation of Cd was lower in rats given diets with whole grains or wheat 
fractions high in fiber and phytic acid than in rats fed endosperm wheat diets. This lower 
fractional Cd accumulation did not compensate for the high Cd concentrations in whole 
wheat and wheat bran.
The fractional accumulation of Cd in the liver of rats is inversely related to their Fe status. 
The fractional Cd accumulation in the liver of rats with low Fe status was as much as ten 
times that in rats with high Fe status. The Cd accumulation in the kidneys appears to be 
even more sensitive to Fe status.
The accumulation of Cd in human placenta supports these conclusions. Women who eat 
diets with less cereal grain fiber and who also maintain their Fe stores during pregnancy 
generally accumulate less Cd in the placenta than those who eat more grain fiber and/or 
have lower Fe status.

On the basis of these results, it is recommended that as much as possible of the dietary fiber 
from cereal grains should derive from grains with low Cd concentrations. It is also 
imperative that the diet provide sufficient Fe and other nutrients to promote Fe status and 
thereby limit Cd accumulation.
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PREFACE

This thesis is based on the following articles. In this summary, they will be 
referred to by their Roman numerals:

L Moberg, A., Hallmans, G., Sjöström, R. and Wing, K. (1987) The Effect of 
Wheat Bran on the Absorption and Accumulation of Cadmium in Rats. 
British Journal of Nutrition 58: 383-391.

ü. Moberg Wing, A. (1993) The Effect of Whole Wheat, Wheat Bran and Zinc 
in the Diet on the Absorption and Accumulation of Cadmium in Rats. 
British Journal of Nutrition 69: 199-209.

HL Moberg Wing, A., Wing, K., Tidehag, P., Hallmans, G. and Sjöström, R. 
(1992) The Effect of the Iron Status in Rats on the Accumulation of 
Cadmium from Diets with and without Wheat Bran.
Nutrition Research 12: 1205-1215.

IV. Moberg Wing, A., Wing, K., Hallmans, G. and Sjöström, R. The 
Accumulation of Cadmium in Rats Fed Diets with Different Cereal 
Grains. Submitted for publication to the British Journal of Nutrition.

V. Moberg Wing, A., Wing, K., Tholin, T., Hallmans, G., Sandström, B. 
and Sjöström, R. (1992) The Relation of the Accumulation of Cadmium 
in Human Placenta to the Intake of High-Fiber Grains and Maternal 
Iron Status. European Journal of Clinical Nutrition 46: 585-595.

4



ABSTRACT

Cadmium (Cd) is a potentially toxic trace element. Cereal grains contribute 
one-third to one-half of the Cd exposure via the diet. Among cereal grains, 
wheat generally contains the highest Cd concentration and the bran and 
germ fractions contain more Cd than the endosperm. An increase in the 
consumption of unrefined grains may cause an increase in the body burden 
of Cd if an increase in the exposure to Cd via the diet leads directly to 
increased Cd absorption and accumulation. However, there is evidence that 
certain factors may reduce the availability of Cd for absorption from the diet.

The purposes of these studies were to refine an atomic absorption 
spectrometric method for measuring the accumulation of Cd from diets 
with low, naturally occuring concentrations of Cd, to evaluate the extent to 
which Cd is accumulated from different milling fractions of wheat and from 
different cereal grains, and to determine to what extent the presence of 
certain minerals and mineral-binding factors in the diet and the iron (Fe) 
status of the individual affect Cd accumulation from cereal grain diets.

The results of the method studies showed that the amount of Cd in the 
liver and kidneys of rats after six weeks on different diets and the retention 
of 109Cd in these organs three weeks after the ingestion of of 109Cd-labelled 
test meals of the diets were in agreement on the fractional and total 
accumulation of Cd from the diets.
To a first approximation, the accumulation of Cd in the liver and kidneys in 
rats appears to be the product of the separate effects of the concentration of 
Cd in the diet which is available for absorption and the Fe status of the rats. 
The Cd concentration in grains varied by a factor of five between whole 
wheat and rye and the amounts of Cd accumulated in rats from diets with 
whole grains were nearly proportional to the Cd concentrations in the grains. 
The fractional accumulation of Cd was lower in rats given diets with whole 
grains or wheat fractions high in fiber and phytic acid than in rats fed 
endosperm wheat diets. This lower fractional Cd accumulation did not 
compensate for the high Cd concentrations in whole wheat and wheat bran.
The fractional accumulation of Cd in the liver of rats is inversely related to 
their Fe status. The fractional Cd accumulation in the liver of rats with low 
Fe status was as much as ten times that in rats with high Fe status. The Cd 
accumulation in the kidneys appears to be even more sensitive to Fe status. 
The accumulation of Cd in human placenta supports these conclusions. 
Women who eat diets with less cereal grain fiber and who also maintain 
their Fe stores during pregnancy generally accumulate less Cd in the 
placenta than those who eat more grain fiber and/or have lower Fe status.

On the basis of these results, it is recommended that as much as possible of 
the dietary fiber from cereal grains should derive from grains with low Cd 
concentrations. It is also imperative that the diet provide sufficient Fe and 
other nutrients to promote Fe status and thereby limit Cd accumulation.

Key words: cadmium accumulation - cereal grains - dietary fiber - iron status - pregnancy
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INTRODUCTION

Cadmium (Cd) is generally regarded as a non-essential, potentially toxic, 
trace element. The Cd concentration in the environment has increased 
considerably during the 20th century. Food and tobacco smoke are the major 
sources of Cd exposure to humans not living or working in areas with air 
pollution (Elinder, 1985a). Earlier it was believed that only high doses of Cd 
constituted a serious health problem (Friberg et al, 1986). However, there is 
increasing evidence that chronic exposure to relatively low Cd doses may 
also be detrimental to health.

Kuhnert et al (1987a,b) demonstrated the Cd concentrations in the maternal 
blood and placenta in women who smoke (1.33 and 12.0 n g /g  ww 
respectively) to be higher than those in women who had never smoked (0.8 
and 8.1 n g /g  ww). They also found a positive correlation between the birth 
weight and the zinc status of new-born children and negative correlations 
between the zinc status of the new-born and the Cd concentrations in the 
blood and placentae of mothers who smoke. A person who smokes about 10 
cigarettes per day is exposed to 1 - 2 |i.g C d/day from this source (Elinder, 
1985a). As the absorption of Cd via the respiratory tract is approximately 
25 - 50 % (Nordberg et al, 1985), the amount of Cd absorbed by the body from 
smoking 10 cigarettes/day should be between 0.25 and 1 |ig Cd/day.

As the biological half-time of Cd is very long, up to 30 years in some tissues 
in humans, Cd accumulates in the body throughout life (Nordberg et al, 
1985). The Cd content in the kidneys, for example, has been shown to 
increase steadily until age 45 - 50, after which the concentration in the 
kidney cortex decreases (Elinder, 1985b). Buchet et al (1990) found that 10 % 
of a cross-section of the population of Belgium excreted at least 2 |ig C d/day 
in the urine and that 10 % of these individuals showed indications of 
possible renal tubular dysfunction. This level of Cd excretion corresponds to 
a Cd burden of about 50 |ig C d /g  fresh kidney cortex, a level which can be 
reached in non-smokers after 50 years of dietary intake of 1 pg C d/kg  body 
weight daily (Buchet et al, 1990).
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In the U. S. in 1982, the average intake of Cd via the diet was calculated to be 
28 pg/day (Gartrell et al, 1986). In Europe, the average total Cd intake via the 
food has been calculated to be between 10 and 25 pg/day. These values 
represent 15 - 50 % of World Health Organisation's (WHO) recommended 
maximum intake of 400 - 500 pg Cd/week (Nilsson & Wallgren, 1987). The 
fractional intestinal absorption of Cd in humans is normally 3 - 7 %, but it 
may be as high as 20 % in individuals with low iron (Fe) stores (Nordberg 
et al, 1985). Thus, depending on the Cd intake and Fe status, the amount of 
Cd absorbed from the European diet would be between 0.3 and 5 pg C d /day, 
which is of the same order of magnitude as the amount of Cd absorbed/day 
by heavy smokers.

Cereal grain products contribute approximately 35 % of the Cd in the U. S. 
diet (Gartrell et al, 1986) and 45% of the Cd in the Swedish diet (Nilsson & 
Wallgren, 1987). Of the most commonly consumed grains, wheat generally 
has the highest Cd concentration. In the wheat grain, the Cd concentration 
is highest in the germ and bran fractions (Jorhem et al, 1984). The increasing 
Cd concentration in the soil combined with increased acidity has resulted in 
increasing Cd concentrations in crops, including cereal grains (Nilsson & 
W allgren, 1987). WHO and other health organisations recommend 
increasing the proportions of complex carbohydrates and dietary fiber in 
Western diets as there is much evidence that this would be beneficial to 
health (WHO, 1990). If this increase in complex carbohydrates and dietary 
fiber is derived from unrefined cereal grains, particularly from high-fiber 
fractions of wheat, the Cd exposure via the diet should increase and 
approach and, in time, even exceed the recommended maximum intake of 
Cd via the diet.

As low Fe status has been shown to increase the absorption and 
accumulation of Cd (Flanagan et al, 1978), women with anemia or low Fe 
stores should risk a higher body burden of Cd. The average total body 
burden of Cd in women who have never smoked is higher than that in 
men who have never smoked, which may well be due to the fact that Fe 
status is generally lower in women than in men (Buchet et al, 1990). The 
need for Fe increases during pregnancy and, as a result, the fractional 
absorption of Fe is usually increased in the latter part of pregnancy 
(Svanberg, 1975). Thus it is likely that Cd absorption increases during
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pregnancy, especially in women with depleted Fe stores. This hypothesis is 
supported by the results of a study in mice in which the fractional 
absorption and retention of 109Cd in pregnant mice was 2.4 times greater 
than that in non-pregnant mice (Bhattacharyya et al, 1986).

Iron is not the only dietary factor which has been seen to affect the amount 
of Cd accumulated from the diet. The concentrations of fiber, phytic add , 
zinc (Zn), calcium (Ca) and protein in the diet have all been shown to affect 
the accumulation of Cd (Omorio & Muto, 1977; Jackl et al, 1985; Welch et al, 
1978; Washko & Cousins, 1976; and Omorio & Muto, 1977, respectively). 
However, in most of these studies, interest was focused on the ability of the 
nutrients to prevent the toxic effects of Cd and the Cd doses were much 
higher than the Cd exposure from an ordinary human diet, so high that 
they affected appetite, growth and nutritional status. Moreover, information 
on nutrient intake and its effects on nutritional status was limited in these 
reports. Thus, there is little useful information in the literature on the 
effects of dietary factors on the intestinal absorption and accumulation of 
naturally occuring, low Cd concentrations in the diet and it is not self- 
evident that results from studies with toxic or near toxic Cd exposure can be 
extrapolated to determine the Cd accumulation from ordinary human diets.

It is also difficult to compare the results of different studies in the literature 
due to the fact that experimental designs and methods for measuring Cd 
accumulation vary greatly among them. Subjects have been given a single 
dose of Cd as a salt in solution by intubation (Min et al, 1991) or in a meal 
(Flanagan et al, 1978) or exposed to Cd continually over a period of time in 
the food (Welch et al, 1978) or drinking water (Flanagan et al, 1978). In many 
studies in the literature, the amount of Cd accumulated in the body as a 
whole or in selected organs has been measured using atomic absorption 
spectrometry (AAS). While there are very few problems with this method 
when the Cd doses and the resulting accumulated Cd concentrations are 
high, the risk for systematic errors, particularly the loss of Cd or 
contamination with Cd during sample preparation and the interference 
from the sample matrix in Cd determinations using AAS, increases 
markedly with decreasing Cd concentrations. It is possible that some of the 
data in the literature on organ or body Cd concentrations resulting from low
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Cd exposure are erroneous due to contamination but it is not possible to 
determine which data may be in error. In some studies, the diet Cd has been 
labelled with a radioisotope of Cd and the fractional absorption and 
accumulation of Cd has been measured as the fractional retention of the Cd 
radioisotope. This method may also have limitations and systematic errors, 
the most serious of which is the possibility that the exogenous radioisotope 
of Cd does not mix with all the Cd endogenous to the diet and, as a result, its 
absorption and retention may not representative for all the Cd in the diet 
(Welch & House, 1980).

The studies reported in the literature have presented evidence that several 
dietary factors, such as the concentrations of Cd, Fe, Zn, Ca, fiber and phytic 
acid, as well as the Fe status of the individual can affect the accumulation of 
Cd, but it is very difficult to decide which of these factors may be important 
to the accumulation of Cd from ordinary human diets on the basis of these 
data. In order for such data to be valid and accurate, the studies must be 
designed according to a few straightforward principles. The Cd must be 
adm inistered to the subjects at naturally occuring concentrations in a 
natural form as part of an ordinary, composite diet. The experimental 
period must be long enough to allow sufficient time for dietary factors to 
affect nutritional status and, in turn, the absorption and accumulation of 
Cd. The experimental period must also allow sufficient time for the 
differences in Cd accumulation from different diets to be demonstrable. The 
measure chosen for the absorption and accumulation of Cd must be valid 
for the purposes of the study and the method must be accurate and reliable 
at these low Cd concentrations.

In the studies in this thesis, the rats were fed composite grain diets ad 
libitum  for an period of 5 - 6 weeks. The expectant mothers were given 
nutritional advice with special emphasis on ways to improve Fe utilization 
from the diet, but they ate a diet of their own choosing during the 
approximately 40 weeks of pregnancy. A refined AAS method was used for 
determining the concentrations of Cd in the diets fed to the rats and the Cd 
accumulated in the liver and kidneys of rats and in the human placentae. 
The accuracy and reliability of this method were tested using references for 
Cd in liver and wheat and by comparing the results with those obtained 
using a radioisotope method in the same rats.
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AIMS OF THE THESIS

The aims of the separate studies in this thesis were:

1) to refine and test an AAS method for the measurement of the naturally 
occuring, low concentrations of Cd in grain diets and the resulting low 
concentrations of Cd accumulated in the liver and kidneys of rats fed 
these diets as well as the low Cd concentrations in the placentae of 
women not exposed to extraordinary amounts of Cd;

2) to determine the effects of variation in the concentrations of Cd, Zn and 
the fiber complex in grain diets on the accumulation of Cd in the liver 
and kidneys of rats;

3) to demonstrate the strength of the effect of the Fe status in rats on 
their accumulation of Cd from grain diets;

4) to compare the amounts of Cd accumulated from diets with different 
milling fractions of wheat and different cereal grains; and

5) to determine the effects of the concentration of high-fiber cereal grains 
in the diet and the Fe status of the individual on Cd accumulation in 
the human placenta.

The aim of the summary of this thesis is to combine the results of the 
separate studies in rats in order to determine the relative importance of the 
concentrations of the fiber complex as well as other factors in the diet and 
the Fe status of the individual for the accumulation of Cd in the liver and 
kidneys of rats and to compare the combined results with the results of the 
study of Cd accumulation in the human placenta.
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Achilles: I  zoili Be glad to indulge Both of you, i f  you und first oBCige 
me, By telling me the meaning o f these strange expressions,
'dio lis m' and çductionism'.

CraB: (Holism is the most natural thing in the world to grasp. It's
simply the 6elief that "the whole is greater than the sum of its parts', 
djp one in his right mind could reject holism.

Anteater: Ü&ductionism is the most natural thing in the world to
grasp. It's simply the Belief that "a whole can Be understood 
completely i f  you understand its parts, and the nature of their 'sum', 
dip one in her [eft Brain could rejut reductionism.

!"Douglas %. (Hofstadter: Çôdel, ‘Escher, ‘Bach: An Eternal Qolden (Braid.
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RESULTS

Study I. The results of Study I were contradictory with respect to the possible 
effects of the fiber complex on the availability of Cd for absorption and 
accumulation from different milling fractions of wheat. The absorption of 
109Cd from test meals and its retention in the liver and kidneys of rats 
demonstrated a 42 and 21% reduction of the fractional absorption of Cd in 
the respective organs from a composite diet with wheat bran compared to 
that from a diet with endosperm wheat. However, the Cd contents of the 
liver and kidneys after six weeks on these diets could not confirm this 
difference in the availability of Cd from wheat bran and endosperm wheat. 
The results of Study I were taken as evidence of systematic errors in at least 
one of the methods used for the measurement of Cd accumulation.

Study II. The procedures used in the preparation of the liver and kidney 
samples for the determination of Cd content using AAS were revised to 
minimize the risk of contaminating the liver and kidney samples with Cd. 
A method study (Expt 1) was performed in order to determine the time 
necessary between the administration of the 109Cd-labelled test meal and the 
measurement of the retention of 109Cd in the liver and kidneys to allow the 
absorption of 109Cd to be complete. The retention of 109Cd in the liver and 
kidneys three weeks after the test meal and the total Cd content in these 
organs after six weeks on the diets (Expt 2) were in agreement in 
demonstrating the Cd in whole wheat and wheat bran to be 30 - 40 % less 
available for absorption than the Cd from endosperm wheat. Despite the 
lower fractional availability of Cd for absorption from diets with wheat bran 
or whole wheat, the total amount of Cd accumulated was still 30 - 50% 
greater in the liver and 10 - 30% greater in the kidneys than that 
accumulated from an endosperm wheat diet due to the much higher Cd 
concentrations in the high-fiber wheat diets. The addition to the endosperm 
diet of Cd or Zn to the highest levels in the whole wheat and wheat bran 
diets did not significantly affect the fractional accumulation of Cd in the 
liver and kidneys. The results also showed the Cd contents of the liver and 
kidneys in rats fed the same diet for several weeks to be accurate measures 
of the accumulation of Cd in these organs from different wheat grain diets.
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Study III. Groups of rats with low, marginal and high Fe status were fed 
diets with endosperm wheat or wheat bran. The inclusion of wheat bran in 
the diet increased the am ount of Cd accumulated in the liver by 
approximately the same fraction in all three Fe status groups. The amount 
of Cd accumulated from both the bran and endosperm diets in the high Fe 
status rats was about 40% less than the Cd accumulated from the respective 
diet in the low and marginal Fe status rats. Rats with high Fe status 
accumulated about the same amount of Cd from the bran diet as the rats 
with low or marginal Fe status accumulated from the endosperm diet.

Study IV. Groups of rats were fed diets with different grain flours and 
powdered milk. Those fed the whole wheat diet accumulated much more 
Cd in the liver and kidneys than any other group, twice that accumulated in 
the group fed oats or barley, three times that in the endosperm wheat diet 
group and four times that in the group fed the rye diet. The accumulation of 
Cd was almost directly proportional to the Cd concentration in the diets. 
The calculated fractional Cd accumulation was highest in the barley and rye 
groups which had the lowest Fe status due to the lower Fe concentrations in 
their diets. The variation in the fractional Cd accumulation among the diet 
groups could not with any certainty be demonstrated to be related to the 
variation of the concentration of other factors in the diets.

Study V. The accumulation of Cd in the placentae of 32 women was found 
to be related to the intake of cereal grain fiber and the Fe status of the 
subjects. The women who ate less than the median amount of grain fiber 
(< 1.27 g/MJ) and at the same time maintained their Fe status through the 
third trimester of pregnancy (> 15 (ig ferritin/1 serum) accumulated on the 
average nearly half as much Cd in the placenta as those women who ate 
more grain fiber and/or had lower Fe status.

There are a number of discrepancies among the results of the separate 
studies. The fraction of 109Cd accumulated from a wheat bran diet in Study I 
and that from both the whole wheat and wheat bran diets in Study II were 
lower than that from the respective endosperm w heat diets in the 
respective study, indicating a lower availability of Cd for absorption in the 
high-fiber fractions of wheat. However, in Studies III and IV, no effect of the 
fiber complex on the availability of Cd for absorption could be clearly
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Figure 1. The mean Cd accumulated in the liver per day in each of the diet groups in 
Studies I - IV plotted against the respective Cd concentration in the diet. The vertical bars 
represent the standard errors of the means.

demonstrated. In Study HI, the effect of high Fe status in reducing the 
accumulation of Cd was dramatic while, in Study IV, the effect of Fe status 
was apparent but was clearly subordinant to the effect of the variation in 
diet Cd concentration and perhaps other factors among the diets.

In each of the separate studies in rats, the Cd concentration in the diet 
appeared to be the most important factor in determining the total amount 
of Cd accumulated in the liver. In Figure 1, the average Cd accumulation in 
the liver (Cd content - 6.2 ng, the average amount of Cd found in the livers 
of 3-week old rats) in each of the experimental groups of rats in Studies II, in  
and IV normalized for the length of the exposure to the diets are all plotted 
against the respective Cd concentration in the diets. If the data points in 
Figure 1 had not been labelled to show the study from which they derive, 
the relationship of Cd accumulation to diet Cd concentration would be 
totally lost in this figure. It is evident that factors other than the diet Cd 
concentration, such as the fiber and phytic acid concentrations in the diet 
(Studies I & H) and the Fe status of the rats (Study HI), have effects on the 
accumulation of Cd which are strong enough to overshadow the effect of 
the diet Cd concentration in Figure 1.
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Study I Endosperm wheat + Cd X
Wheat bran I

Study II
109 Cd test meal 

Rat chow |Endo i
Exp. 1

109 Cd test meals 
Endosperm wheat X
Whole wheat X

Study II Wheat bran X
Exp. 2 Endosperm wheat + Cd X

Endosperm wheat + Zn X

141

Endosperm wheat

Experiment time (days) 
2l| 28| 35j_______ 42|

109 Cd test meals
I

Low Fe - Endosperm wheat
Marginal Fe - Bran

Marginal Fe - Endo

Marginal Fe - Bran
Study III Marginal Fe-Endosperm wheat

Marginal Fe - Endo

Marginal Fe - Bran
High Fe - Endosperm wheat

Marginal Fe - Endo

Endosperm wheat
Whole wheat

Study IV Oats
Barley
Rye

4| 5| 6|

Figure 2. A scematic representation of the experimental designs in Studies I - IV.

7| 8| 9| 
Age of the rats (weeks)
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DISCUSSION

The purpose of this thesis summary is to combine the results of the 
separate studies in order to determine the relative strengths of the effects 
of various dietary factors and the Fe status of the individual on the 
accumulation of Cd in the body. In doing so, it will first be necessary to 
compare the results of the separate studies and to attempt to explain 
discrepancies among them. As some of the chaos in Figure 1 may be 
attributable to differences in the designs of the studies, the composition of 
the diets or the growth of the rats, it will be necessary to examine the 
studies for differences in these parameters before the results of the separate 
studies can be combined.

Cadmium accumulation in the liver and kidneys of rats

Animals and experimental design

The designs of the experiments in Studies I - IV are presented schematically 
in Figure 2. On arrival at the laboratory, the male, albino rats of the Sprague- 
Dawley strain (Anticimex, Sollentuna, Sweden) used in Studies I - IV were 
all 3-week old weanlings. In accordance with the particular aims of each 
study, the rats were fed diets based on different milling fractions of wheat 
(Studies I - IV) and different cereal grains (Study IV) for different periods of 
time. The rats were allowed free access to the diets and deionized water 
throughout the experiments except during a 12-hour fast before being fed 5 g 
test meals labelled with ^ C d  in Studies I and II. In Studies I, II (Expt 2) and 
IV, the rats in each experimental group were given one diet for the duration 
of the experiment. In Study n  (Expt 1), the rats were maintained on ordinary 
lab chow pellets for the first two weeks and then fed an endosperm wheat 
diet for one week before they were given a 5 g 109Cd-labelled test meal of the 
same endosperm wheat diet. In Study DI, the rats were fed an endosperm 
wheat diet with one of three Fe concentrations for the first 22 days in order 
to establish three groups with low, marginal and high Fe status. The rats 
were then fed either an endosperm wheat or a wheat bran diet with 
marginal Fe concentration for 12 days.
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N utrition  and  nu tritiona l s tatus

The sources of diet components are presented in Table 1. The grain products 
comprised one-half of the weight of the diets in Studies I, II and IV and one- 
third of the diet in Study HI. The grain products consisted of pulverized 
crispbreads made from different milling fractions of wheat in Studies I - HI 
and different grain flours in Study IV. While the basic diets in Studies I, II 
and in  were semi-synthetic with milk protein and potato starch as sources of 
protein and carbohydrate, the diets in Study IV contained milk powder as a 
source of both. Maize oil and vitamins were added to the diets in all four 
studies. A mineral mixture was added to the diets in Studies I - HI, but not to 
that in Study IV, as the aim of Study IV was to determine the effects of the 
naturally occuring mineral concentrations in the different grain diets.

The results of the analyses of the components in these diets are presented in 
Tables 2 a and 2 b. The energy contents of the diets were similar in all diets, 
but the distribution of energy among protein, fat and carbohydrate in the 
diets in Study IV is different from that in the diets in Studies I, II and HI. 
The protein content of the diets in Study IV was higher than that in Studies 
I, n  and IH. The higher protein content was accompanied by a lower fat 
content, except in the oats diet which had a lower carbohydrate content.

While the rats in Studies II and HI grew about 5 g /day, those in Study IV 
grew more than 6 g /day  and the group fed the oats diet in Study IV grew 
more than 7 g /day  (Table 3). Male laboratory rats of this age usually grow 
between 5 and 5.7 g /day  when fed standard laboratory chow (Warner & 
Breuer, 1972). The diets in Studies II and III were marginal in protein 
(11.2 -12.6 energy %) compared to the rats’ requirement of 13.2 energy % 
(Warner & Breuer, 1972), while those in Study IV contained protein in 
excess of the rats' requirements (21 - 25 energy %). In addition, the oats diet 
contained as much fat as the diets in Studies I - III while the other four diets 
in Study IV contained almost half as much fat. The fact that the rats in 
Studies I, n  and HI, except the endosperm group in Study n  (Expt 2), grew as 
well as rats fed lab chow despite the marginal protein content in their diets 
may be due to the relatively high fat content in these diets (22.0 - 25.7 
energy %). Thus the differences in growth among the studies can most 
likely be ascribed to these differences in nutritional value of the diets 
(Warner & Breuer, 1972). In all groups, the liver and kidney weights were 
proportional to the body weight.
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Table 1
The composition of the diets in Studies I « IV (g/kg)

Cereal grain product Basic diet
Pulverized Flour Milk protein Non-fat Vegetable oil
crisp bread and dry milk Minerals

STUDY potato starch, powder Vitamins
50

i n 500 420 25
5

69
m 330 560 34

7
50

IV 500 445 0
5

The concentrations of dietary fiber (Table 2a) and phytic acid (Table 2b) 
differed considerably among the diets within each study as a result of their 
aims and designs. The concentrations of fiber and phytic ad d  varied in 
parallel, except in the barley diet in Study IV which was relatively high in 
fiber but not phytic acid. The diet Ca concentrations were adequate to the 
rats' requirements and differed very little among the studies. The Zn 
concentrations in the diets varied moderately but were at adequate levels in 
all diets. The [Ca] • [Phytic add] /  [Zn] molar ratios (0.06 - 2.16 mol/kg) were 
not large enough to effect the availability of Zn for growth and 
development (Davies & Olpin, 1978).

As a result of the aims of the separate studies, the Fe concentrations in the 
diets varied considerably among the studies as well as among groups within 
Studies III and IV resulting in significantly different Fe status. The blood Hb 
and liver Fe concentrations, which were used as indicators of Fe status in 
Studies I - IV ,  are plotted against the diet Fe concentration in Figure 3. 
In rats fed diets with low Fe concentrations, both the liver Fe and the blood 
Hb concentrations were nearly directly proportional to the diet Fe 
concentration. In rats fed diets with adequate or more than adequate Fe 
concentrations, the liver Fe concentration continued to be proportional to 
the diet Fe concentration while the Hb concentration was at a maximum. 
The groups fed diets with whole wheat and oats in Study IV have a higher 
final Hb concentration than other groups in Studies I - IV which were fed
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Table 2 a
Major components in the diets in Studies I - IV

STUDY 
Diet Groups

Energy
MJ/kg

Protein
Energy %

Fat
Energy %

Carbohydrate
Energy %

Fiber
g/MJ

I
Endosperm wheat 17.8 11.1 23.7 65.2 1.9
Endo+Cd 17.8 11.1 23.7 65.2 1.9
Wheat bran 16.0 13.9 21.9 64.2 6.9

n
Endo wheat 17.9 11.2 22.5 66.3 1.3
Whole wheat 17.4 12.0 24.1 63.9 3.4
Wheat bran 17.0 12.9 25.7 61.4 4.8
Endo+Cd 18.0 11.4 22.4 66.2 1.2
Endo+Zn 18.0 11.2 22.0 66.9 1.1

III*
Low Fe Endo 17.5 12.1 21.4 66.4 1.5

Bran 17.5 12.1 21.4 66.4 1.5
16.6 13.8 23.3 62.9 4.8

Marg Fe Endo 17.5 12.1 21.4 66.4 1.5

Bran 17.5 12.1 21.4 66.4 1.5
16.6 13.8 23.3 62.9 4.8

HighFe Endo 17.5 12.1 21.4 66.4 1.5

Bran 17.5 12.1 21.4 66.4 1.5
16.6 13.8 23.3 62.9 4.8

IV
Endo wheat 17.0 21.6 15.1 63.4 1.4
Whole wheat 16.1 24.7 15.7 59.6 4.7
Oats 16.9 23.7 22.7 53.6 4.1
Barley 15.7 21.7 13.9 64.4 5.4
Rye 16.3 21.2 15.4 63.3 3.7

* Two values for the same group and variable represent the diets fed to the rats during the first 22 and 
last 12 days of the experiment respectively.

# The value for the Cd concentration in the endosperm wheat diet with added Zn (Endo+Zn) presented
in the original paper (11.7 ng/kg), was probably too low. The value for the endosperm wheat diet 

(15.6 pg/kg) was used in the calculations made in this summary.
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Table 2b
Subcomponents in the diets in Studies I - IV

STUDY Phytic add Caldum Zinc Iron Cadmium
Diet Groups mmol/kg gAg mg/kg mg/kg Hg/kg

I
Endosperm wheat 1.0 5.6 21.5 125.0 16.0
Endo+Cd 1.0 5.6 23.0 125.0 33.1
Wheat bran 8.6 5.6 39.8 145.0 31.3

n
Endosperm wheat 0.3 5.6 24.0 125.0 15.6
Whole wheat 4.2 5.6 29.2 134.0 35.4
Wheat bran 7.6 5.8 42.7 147.0 29.3
Endo+Cd 0.3 5.6 23.4 125.0 34.8
Endo+Zn 0.3 5.6 42.9 125.0 15.6*

III*

Low Fe Endo 1.0 7.3 37.0 7.3
19.5

10.5
113+

Bran 1.0
7.1

7.3
7.5

37.0
41.2

7.3
19.5

10.5
31.2

MargFe Endo 1.0 7.3 37.0 20.0
19.5

11.3
11.3+

Bran 1.0
7.1

7.3
7.5

37.0
41.2

20.0
19.5

11.3
31.2

High Fe Endo 1.0 7.3 37.0 77.0
19.5

12.9
11.3+

Bran 1.0
7.1

7.3
7.5

37.0
41.2

77.0
19.5

12.9
31.2

IV
Endosperm wheat 2.2 6.3 24.2 44.0 11.8
Whole wheat 7.3 6.3 36.5 20.9 33.6
Oats 6.9 6.5 36.5 26.9 15.1
Barley 3.2 6.3 27.9 14.4 12.7
Rye 6.4 6.3 30.5 13.8 6.1

+The value for the Cd concentration in the endosperm wheat diet during the last 12 days in Study m 
presented in the original paper (105 Mg/kg) was incorrect. The value should have been 11.3 Mg/kg/ the 
same value as that for the endosperm wheat diet with marginal Fe concentration (Marg Fe Endo), 
which was fed to the rats during the 22 first days of the experiment.
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Table 3
Group means for body weight, food intake and 

food efficiency ratio in Studies II - IV

Body weight Calculated Food*
Initial Increase Increase Final food efficiency

STUDY per day intake ratio
Diet Groups g g g/day g g

n
Endosperm wheat 53.2 190.7 4.5 243.9 610 0.31
Whole wheat 48.8 209.9 5.0 258.7 630 0.33
Wheat bran 51.3 212.1 5.1 263.4 640 0.33
Endo+Cd 50.6 206.9 4.9 257.5 610 0.34
Endo+Zn 50.2 214.7 5.1 264.9 610 0.35

m
Low Fe Endo 53.8

169.0
115.2
64.5

5.2
5.4

169.0
233.5

270
210

0.43
0.31

Bran 52.9
167.2

114.3
62.4

5.2
5.2

167.2
229.6

270
220

0.42
0.28

MargFe Endo 51.1
178.7

127.6
59.6

5.8
5.0

178.7
238.3

270
210

0.47
0.28

Bran 54.3
183.5

129.2
62.7

5.9
5.2

183.5
246.2

270
220

0.48
0.29

High Fe Endo 54.9
182.3

127.4
60.6

5.8
5.1

182.3
242.9

270
210

0.47
0.29

Bran 54.7
181.7

127.0
58.4

5.8
4.9

181.7
240.1

270
220

0.47
0.27

IV
Endosperm wheat 52.1 230.8 6.6 282.9 510 0.45
Whole wheat 51.7 237.3 6.8 289.0 530 0.45
Oats 53.6 255.6 7.3 309.2 510 0.50
Barley 52.2 220.4 6.3 272.6 530 0.42
Rye 54.5 227.2 6.5 281.7 550 0.41

* Food efficiency ratio = body weight increase /  food intake.
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Figure 3. The mean Fe concentration in the liver and the mean Hb concentration in blood 
plotted against the respective Fe concentration in the diet in each diet group in Studies I - IV. 
The line represents a least squares fit to the means for the groups fed endosperm wheat diets.

diets with approximately the same Fe concentrations. The higher protein 
concentrations in the diets in Study IV may have promoted erythropoiesis 
better than the diets in Studies I - III which were marginal in protein. 
The mean liver Fe concentrations in the groups fed diets with endosperm 
wheat and oats in Study IV were greater than those in groups fed other diets 
with about the same Fe concentration. The endosperm wheat flour used in 
Study IV was that which was commercially available in Sweden and it was
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supplemented with Fe (Ferrum Reductum®). It would appear that, despite 
its high Fe and protein concentrations, the endosperm diet was lacking in 
something essential to erythropoiesis (Pike & Brown, 1984) and that the Fe 
was accumulated in the liver instead. The oats diet not only promoted 
erythropoeisis but also increased Fe storage in the liver. This may be due to 
the high concentrations in oats of certain amino acids such as lysine, 
histidine and cysteine (Livsmedelstabeller, 1986) which may enhance Fe 
absorption (Ragan, 1983).

The Cd concentrations in the diets varied between 6 and 35 pg/kg. With the 
exception of a few cases in which Cd was added to diets with endosperm 
wheat to achieve the Cd level in a whole wheat or wheat bran diet, the Cd 
concentrations in the diets derived almost exclusively from the naturally 
bccuring, low Cd concentrations in the cereal grains.

Calculations of fractional cadmium accumulation

As we were interested in comparing the total Cd accumulation from 
different diets under different circumstances, we chose to use the Cd content 
in the liver and the kidneys as measures of Cd accumulation. However, it is 
obvious from the chaos in Figure 1 that several factors must affect Cd 
accumulation concomitantly. It will thus be difficult to demonstrate the 
effect of any single factor on Cd accumulation if Cd accumulation is not 
normalized for one or more factors first. As the effect of the diet Cd 
concentration was apparent in each of the separate studies, Cd accumulation 
should first be normalized for this variable. Calculating the fractional Cd 
accumulation by dividing Cd accumulation by the Cd intake will normalize 
not only for the diet Cd concentration but also for the differences in the 
lengths of the studies and the daily food intake among the studies and 
among groups in the same study.

As the food intake was not measured in these experiments, except during 
one short period in Study HI, food intake must be calculated. Data from the 
literature on the relation of food intake to the energy content of the diet and 
the age of growing laboratory rats (Warner & Breuer, 1972) were used to 
calculate the expected food intake for each of the experimental groups in 
Studies H, HI and IV (Table 3). The food efficiency ratios (FER=body weight 
increase/food intake) were also calculated for comparison with calculations
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in the original articles in which different FER were assumed. In the original 
article to Study III, we presented data on food intake during the second 
period of the experiment. These data represent an indirect measure of food 
intake using the excretion of a non-absorbable radionuclide-labelled marker 
for the food. These data were most likely subject to systematic errors and 
they have therefore been replaced by the calculated values in this summary.

As no effect on food intake has been demonstrated in rats when the protein 
or fat content of the diet has been altered within the ranges in the diets used 
in these studies (Warner & Breuer, 1972), the calculated food intake has not 
been adjusted for differences in protein or fat content among the diets. The 
presence of fiber in the diet causes the rats to eat more to meet their energy 
needs (Warner & Breuer 1972). The concentrations of fiber in the diets used 
in these studies were between 2 and 9 weight % and the total energy was 
reduced accordingly. The calculation of food intake was made on the basis of 
the available energy in each diet and thus the calculations take into account 
the differences in the fiber concentrations of the diets.

The Zn concentration in the diet is known to affect appetite when the 
concentration of Zn which is available for absorption is below the rats' 
requirement (Hallmans et al, 1989). As the Zn concentrations in the diets in 
these studies were more than adequate, even taking the concentrations of 
phytate and Ca into account (Davis & Olpin, 1978), there is no reason to 
suspect that food intake varied with the Zn concentration in these studies. 
Reduced weight gain due to reduced appetite has also been seen in rats with 
Fe deficiency (Dhur et al, 1990). The Fe status in one of the groups of rats in 
Study HI was intentionally made low and these rats grew about 6 % less than 
those in the marginal or high Fe status groups (Table 3). In Study IV the rats 
in the barley and rye diet groups showed blood Hb and liver Fe 
concentrations similar to those in the marginal Fe status subgroups in 
Study HI and the rats in the group fed the barley diet gained about 5 % less 
weight than the groups fed the endosperm wheat, whole wheat and rye 
diets. While these differences in weight gain may be the result of differences 
in food intake in these groups, the calculation of food intake has not been 
adjusted for differences in Fe status as the Fe status was not as low as that 
which has been shown to cause a reduction in appetite in rats (Dhur et al,
1990). If the food intake should have been corrected for Fe status, the
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Figure 4 a. The fractional Cd accumulation in the liver after six weeks on the diets plotted 
against the fractional retention of 109Cd in the liver three weeks after the rats were fed a 
109Cd-labelled test meals of the respective diet in Study II, Expt 2.
Fractional Cd accumulation = (Final Cd content - Initial Cd content) /  (Food intake • [Cdldiet)- 
The line represents identical values for both variables.

calculated food intake for these groups would at most be about 6 % too 
high and thus the error in the calculated fractional Cd accumulation 
would be underestimated by the same small fraction.

In Figures 4 a and 4 b, the mean calculated fractional Cd accumulation in 
the liver and that in the kidneys of the five experimental groups in 
Study II are plotted against the respective groups mean fractional 109Cd 
accumulation in the liver and kidneys. The two measures are in nearly 
complete agreement on the fractional Cd accumulation from the different 
diets despite the differences among them with respect to their Cd, Zn, fiber 
and phytic acid concentrations. Their agreement confirms the calculations 
of the fractional Cd accumulation using the calculated food intake and the 
diet Cd concentration. As the concentrations of fiber, phytic acid, Zn and 
Cd in the diets in Study II varied considerably, it is likely that this 
conclusion is also valid for the diets in Studies in and IV.
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Figure 4 b. The fractional Cd accumulation in the kidneys after six weeks on the diets plotted 
against the fractional retention of 109Cd in the kidneys three weeks after the rats were fed a 
^Cd-labelled test meals of the respective diet in Study H, Expt 2.
Fractional Cd accumulation = (Final Cd content - Initial Cd content) /  (Food intake • [Cdldiet)* 
The line represents identical values for both variables.

Diet iron concentration and iron status

One of the differences among the studies which should explain some of the 
variation in Cd accumulation is the difference in Fe status of the rats. Low 
Fe status has been shown to cause an increase in the absorption of Cd in 
mice and humans (Flanagan et al, 1978) and this effect was apparent in the 
results of Studies HI and IV. A commonly used measure of Fe status is the 
serum ferritin concentration. The serum ferritin concentration in humans 
has been shown to be proportional to the body's Fe stores, particularly those 
in the liver, spleen and red bone marrow (Cook & Skikne 1989). Conversely, 
the liver Fe concentration should be proportional to the serum ferritin 
concentration and could be used to represent it. Cook et al (1991b) have also 
shown that the logarithm of fractional Fe absorption is negatively, linearly 
related to the logarithm of the serum ferritin concentration with a slope of 
- 0.88, indicating that fractional Fe absorption is approximately inversely 
proportional to the Fe status as represented by the serum ferritin 
concentration.
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Figure 5. The logarithm of the mean fractional Cd accumulation in the liver in each diet 
group in Studies II - IV plotted against the logarithm of the respective group mean Fe 
concentration in the liver. The line representing the least squares fit to the means is drawn.

A logical hypothesis for the relationship of Cd absorption to Fe absorption 
would be that Cd follows Fe as a contaminant when the ratio of Cd to Fe in 
the diet is low. The C d/Fe molar ratios in the diets used in these studies 
were in the range 10‘5-1 0 '3. The fractional accumulation of Cd would be 
expected to be nearly the same as the fractional absorption of Cd as Cd is 
excreted from the body very slowly (Nordberg et al, 1985). In Figure 5, the 
logarithm of the mean fractional Cd accumulation in the liver in each of 
the diet groups of Studies n, HI and IV is plotted against the logarithm of the 
group mean Fe concentration in the liver on the hypotheses that fractional 
Cd absorption and accumulation in the liver follow fractional Fe absorption, 
that the liver Fe concentration and the serum ferritin concentration 
represent the same Fe stores in the body, and that rats and humans are 
similar in these respects.

The logarithm of the group mean fractional Cd accumulation in the liver 
increases linearly with the decreasing logarithm of the Fe status (Fig. 5). The 
fractional Cd accumulation in the liver in the groups with the lowest Fe 
status is about ten times that in the groups with the highest Fe status!
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Table 4
The ratios for the accumulated amount 
of Cd in the kidneys and liver measured 

by AAS and 109Cd retention.

Kidney/Liver Kidney/Liver
Cd ratio Cd ratio

STUDY determined by measured as
Groups AAS 109Cd retention

n
Endo wheat 0.35 0.37
Whole wheat 0.30 0.31
Wheat bran 0.30 0.31
Endo+Cd 0.38 0.34
Endo+Zn 0.40 0.38

IV
Endo wheat 1.32
Whole wheat 1.16

Oats 1.19
Barley 1.44
Rye 0.95

The slope of the linear least squares fit to the group means is - 0.93, which is 
very close to the value of - 0.88 given by Cook et al (1991b) for the 
relationship of the logarithm of the fractional Fe absorption to the 
logarithm of the serum ferritin concentration in humans. The slope 
indicates that the fractional Cd accumulation is approximately inversely 
proportional to Fe status as represented by the liver Fe concentration.

The kidney/liver ratios for Cd accumulation in Studies n  and IV are 
presented in Table 4. The kidney/liver ratios for the accumulation of 109Cd 
in the five groups in Study II are also presented and they are very similar to 
the ratios of Cd accumulation in the respective groups. The rats in Study II 
had a much higher Fe status than those in any group in Study IV and the 
kidney/liver Cd ratios are about 30 % of those in the groups in Study IV. 
Thus, there is an indication that high Fe status protects the kidneys from Cd 
accum ulation even more than it protects the liver. However, the 
kidney/liver Cd ratio is not inversely related to Fe status among the diet 
groups in Study IV. Perhaps there are too many differences among the diets 
in Study IV for the differences in Fe status to dominate this ratio.
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A lower kidney/liver Cd ratio has also been observed with higher Fe status 
in mice (Flanagan et al, 1978). In the same study, soluble subcellular 
fractions of the liver and kidneys were applied to Sephadex G-75 columns. 
In mice with high Fe status (120 mg Fe/kg diet), 96 % of the soluble Cd in 
the liver and 99 % of that in the kidneys were found in a high molecular 
weight protein fraction. In mice with low Fe status (4 mg Fe/kg diet), only 34 
and 84 % of the soluble Cd in the liver and kidneys respectively were found 
in the high molecular weight fraction. The remainder of the soluble Cd was 
found in a low molecular weight fraction which was determined to be 
metallothionein. While the identity of the high molecular fraction was not 
determined, it may well have been ferritin. Kochen et al (1975) have shown 
that ferritin not only stores excess Fe but also stores undesirable metals such 
as Cd. Huebers et al (1987) found that most of the Cd in the intestinal 
mucosa was bound to ferritin in rats given a diet with adequate Fe. In 
Fe-deficient rats, most of the Cd was bound to metallothionein.

Increased exposure to Cd has been shown to increase the amount of Cd in 
the liver to a greater degree than in the kidneys, and the kidney/liver Cd 
ratio decreases with increasing Cd exposure (Nordberg et al, 1985). In the 
studies in this thesis, the kidney/liver Cd ratio was not affected by the 
variation in Cd concentration in the diet and the higher Cd absorption seen 
in the low Fe status groups resulted in a higher, not lower, kidney/liver Cd 
ratio. Thus, the level of Cd exposure or its variation among the groups in 
these studies must have been too low to cause increased fractional Cd 
accumulation in the liver and the effect of low Fe status on the fractional 
accumulation of Cd must be different from the effect of high diet Cd 
concentration.

In Study U, the fractional retention of 109Cd in the liver and kidneys of rats 
killed three weeks after ingestion of a 109Cd-labelled test meal in Expt 2 was 
40 % higher than that in rats killed 48 hours after the test meal in Expt 1. 
In the original paper, the explanation offered for this difference was that it 
represented a redistribution of 109Cd in the body after 48 hours. While this 
may well be the case, there was an important difference in the design of 
these two experiments which could have been responsible for at least some 
of this difference. In Expt 2, the rats were given the 109Cd-labelled test meal 
after three weeks on the same diet as the test meal (Fig. 2). This diet 
contained 125 mg Fe/kg (Table 2 b). In Expt 1, the rats were fed the test meal
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after one week on this diet. During the first two weeks at the laboratory, they 
had been fed standard lab chow with a much higher Fe concentration, 
~ 200 mg Fe/kg. Thus the rats in Expt 1 were fed a diet with an average Fe 
concentration of about 175 mg Fe/kg and the liver Fe concentration should 
have been about 190 |ig Fe/g  ww (Fig. 3). In Figure 5, the logarithm of the 
average of the fractional Cd accumulation at 24 and 48 hours in the liver 
and the kidneys in Expt 1 is plotted against the logarithm of this liver Fe 
concentration and the point is seen to be relatively close to the expected 
value. Thus, not only can much of the variation in the Cd accumulation 
among the separate studies but also much of the apparent discrepancy in the 
results of the two experiments in Study II be explained by differences in the 
Fe status of the groups of rats.

Dietary fiber complex

In Figure 5, there is still some unexplained variation among the group 
means for the accumulation of Cd in the liver. Another factor which should 
affect the fractional accumulation of Cd in the liver and kidneys is the 
dietary fiber complex (different types of dietary fiber, phytic add  and similar 
mineral-binding factors). In Studies I and n, there was a 30 - 40 % reduction 
in the availability of Cd for absorption from whole wheat and wheat bran 
diets compared to endosperm wheat diets. This effect was not manifest in 
the results of Studies III and IV. In order to explain this apparent 
contradiction and test the hypothesis that the high concentrations of the 
dietary fiber complex in whole grains impairs the absorption of minerals 
such as Cd, the data in Figure 5 have been replotted in Figure 6 with the 
values for the fractional Cd accumulation from the high and low fiber diets 
indicated w ith different symbols. It is clear that the fractional Cd 
accumulation in the liver from the high-fiber diets in all three studies is less 
than that from similar diets with low concentrations of fiber and phytic add. 
The difference between the least squares fit lines represents a reduction in 
the availability of Cd from high-fiber diets compared to low-fiber diets of 
approximately 35 %, which is very similar to the results with l° 9Cd in 
Studies I and ü.

There is more variation around the least squares fit line for the means of 
the Cd accumulation in the high-fiber groups than there is around the line 
for the low fiber groups. Whereas the low-fiber groups were all fed diets 
with endosperm wheat, the high-fiber groups were fed either whole grain
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wheat, oats, barley or rye or wheat bran mixed with endosperm wheat. Thus 
the high fiber diets were more heterogeneous. Another difference is that the 
rats fed the bran diet in Study HI were fed an endosperm wheat diet for the 
first 22 days of the 34-day experiment. The dietary fiber complex was present 
in their diets for less than half the experimental period and its effect cannot 
be expected to be as great as it would have been if the rats had been fed the 
bran diets for the entire 34 days. In the original article to Study HI, there was 
no difference in the calculated fractional accumulation of Cd between bran 
and endo subgroups with similar Fe status. In Figure 6 there is a difference 
between pairs of subgroups due to the fact that the food intake used in the 
calculation of fractional Cd accumulation was adjusted for the lower energy 
content in the bran diet. The inclusion of bran in the diet also affected the 
liver Fe concentration which, in turn, resulted in a greater effect of the fiber 
complex on Cd accumulation when it is compared to the expected value for 
a group fed endosperm wheat having the same Fe status as the bran group. 
Thus, the components in the fiber complex may have both a direct 
inhibiting effect on Cd accumulation and an indirect enhancing effect to the 
degree that they reduce the absorption of Fe.

In the original analysis of the data from Study IV, there was no clear effect of 
the fiber complex on the accumulation of Cd in the liver and kidneys. 
In Figure 6, the group means for the Cd accumulation in the liver of the 
whole wheat, barley and rye groups are relatively close to the least squares 
fit line for the high-fiber groups. The mean for the oats group is greater than 
expected and fell between the lines for the low- and high-fiber groups. As 
oats contains higher concentrations of L-cysteine and L-histidine than the 
other grains (Livsmedelstabeller, 1986), it is possible that these amino adds 
enhanced the accumulation of Cd (Kiyozumi et al, 1982) as well as that of Fe 
(Ragan, 1983) in this group.

Components of the fiber complex in cereal grains, such as different types of 
dietary fibers and phytic acid, have been shown to affect Cd absorption and 
accumulation in different ways. Kiyozumi et al, (1982) fed rats diets 
containing 100 mg C d/kg and 5 % fiber for seven days. While cellulose had 
no significant effect on the fractional Cd accumulation in the body, lignin 
significantly decreased the absorption of Cd to the body, espedally the liver 
and kidneys. Schäfer et al (1986) found an increased absorption of Cd with
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Figure 6. The same data as in Figure 5 with symbols indicating the diets with high and low 
concentrations of the fiber complex respectively. Lines representing least square fits to the 
means for the groups fed high and low fiber diets are drawn separately.

cellulose in the diet and a decreased absorption with bran. Jackl et al (1985) 
demonstrated the absorption and retention of 109Cd, administered by gavage 
as CdCl2, to be reduced by 50 % in the liver and 20 - 50 % in the kidneys in 
rats fed lab chow with a normal phytate concentration (0.29 %) compared to 
rats fed a low phytate diet (0.1 %). A similar reduction was seen when the 
l09Cd Wets administered as 109Cd3 *phytate instead of 109CdCl2 no matter 
which diet they were fed. In vitro studies have shown Cd to be bound to 
cereal grains in the order wheat > barley > rye = oats (Persson et al, 1987,
1991). Thus it is not at all surprising that the strength of the effect of the so- 
called fiber complex in our studies was different for diets with different 
grains and that it was different for Cd accumulation in the liver and in the 
kidneys.

Diet zinc concentration

In Study n, one of the endosperm diets was supplemented with Zn to the 
level of the bran diet and no effect was seen on the fractional or total 
accumulation of Cd or the kidney/liver Cd ratio. In Study IV, the Zn 
concentrations in the diets with different grains ranged from 21.5 to
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Table 5 a
The group means for the blood Hb and liver Fe concentrations, and the 
calculated fractional and total Cd accumulation in the liver and kidneys

STUDY 

Diet Groups

H>

g n

Fe liver 

pg/g ww

Fractional Cd acc

Liver Kidneys
% %

Accumulated Cd

Liver Kidneys 
ng ng

n
Endosperm wheat 140.5 0.18 0.06 16.8 5.9
Whole wheat 135.6 0.11 0.04 25.5 7.7
Wheat bran 153.6 0.11 0.03 21.3 6.4
Endo+Cd 149.3 0.16 0.06 33.7 13.0
Endo+Zn 146.7 0.16 0.06 14.9 5.9

m
Low Fe Endo 77.9 27.6 0.97 50.2

Bran 75.8 27.3 0.86 83.4
MargFe Endo 110.8 33.3 0.87 47.4

Bran 99.0 31.2 0.76 75.8
High Fe Endo 125.1 71.2 0.48 28.0

Bran 117.6 62.2 0.42 43.8

IV
Endosperm wheat 125.4 110.0 0.38 0.50 23.2 30.6
Whole wheat 131.9 38.8 0.44 0.51 79.5 92.4
Oats 136.5 67.7 0.39 0.47 30.0 35.7
Barley 99.4 31.0 0.48 0.69 33.0 47.5
Rye 86.7 28.9 0.55 0.52 18.1 17.3

42.9 m g/kg  diet and there was no apparent effect on the Cd absorption 
(Table 5 a) or the kidney/liver Cd ratios (Table 4). Zinc has been shown to 
interact with Cd absorption both at low and high Zn levels. In a study of 
Welch et al (1978), Cd absorption in Zn-depleted rats was higher than that in 
Zn-adequate rats. Lamphere et al (1984) showed that high doses of Zn 
(600 m g/kg  diet) decreased Cd accumulation in the liver, kidneys and 
muscle of calves fed a diet with a concentration of 50 mg C d/kg. Rats 
pretreated with a single dose of 100 mg Zn/kg body weight 24 hours before 
5 mg C d/kg body weight labelled with 109CdCl2  was given retained 30 % less 
109Cd in the liver and kidneys together than a group of rats which was not 
pretreated with Zn. Moreover, the kidney/liver 109Cd ratio was higher in 
the pretreated group than in the control group. The authors attributed the 
decreased Cd absorption and altered Cd distribution to the increased
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Table 5b
The group means for the calculated total Cd intake 
and the Cd concentrations in the liver and kidneys

STUDY 
Diet Groups

Cd intake 

M-g Hg/kg bw

Cd Concentration

liver Kidneys 

ng/g ww ng/g ww

n
Endosperm wheat 9.5 39.0 3.2 5.3
Whole wheat 22.3 86.2 3.8 5.9
Wheat bran 18.8 71.2 3.3 4.9
Endo+Cd 21.2 82.4 4.9 8.7
Endo+Zn 9.5 35.9 2.6 4.7

m
Low Fe Endo 5.2 22.3 7.2

Bran 9.7 42.2 12.0
Marg Fe Endo 5.4 22.8 7.3

Bran 9.9 40.3 10.7
High Fe Endo 5.9 24.1 4.7

Bran 10.4 43.1 6.7
IV

Endosperm wheat 6.1 21.6 3.2 15.2
Whole wheat 18.0 62.4 9.8 46.6
Oats 7.7 24.7 3.7 16.3
Barley 6.9 25.3 5.1 25.6
Rye 3.3 11.7 3.1 9.9

m etallo th ionein  concentration in the in testinal m ucosa in the 
Zn-pretreated rats (Min et al, 1991). While, the absorption and accumulation 
of Cd may be increased in Zn-depleted subjects, it does not appear to be 
affected in subjects with adequate Zn status fed grain diets with naturally 
occuring Zn and Cd concentrations.

Diet calcium concentration

As the dietary Ca concentrations in Studies I - IV were at adequate levels 
and there was very little variation among the diets (5.6 - 7.3 %; Table 2 b) no 
effect on the absorption and accumulation of Cd was expected and none was 
seen. In the literature, there are conflicting results concerning the effect of 
Ca on the absorption and accumulation of Cd. Washko & Cousins (1976) 
have shown that decreasing the Ca concentration in the diet to 0.1 %
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increases Cd absorption in rats compared with rats fed 0.6 % Ca. Rose & 
Quarterman (1984) demonstrated that a relatively high concentration of Ca 
(1.2 %) in the diet also increases the Cd absorption compared with rats fed a 
diet with 0.6 % Ca. Both of these results are theoretically possible. A very 
low Ca concentration in the diet should result in maximum fractional Ca 
absorption, which might allow other divalent cations such as Cd to be 
absorbed indiscriminately. If a diet with a high Ca concentration is given, 
there may be an interaction with Cd of Ca alone, or possibly Ca together 
with phytate, thereby interfering with Cd absorption. However, Ca and/or 
phytate may inhibit the absorption of other minerals such as Fe (Cook et al, 
1991a). If the interaction with Fe results in lower Fe status, the fractional 
absorption of Fe will increase and, as a result, even the fractional absorption 
and accumulation of Cd will increase.

Diet protein concentration

The protein concentrations in the diets in Studies I - IV varied between 
12 - 25 energy % (Table 2a). Despite this large variation in protein 
concentration, no difference in fractional accumulation of Cd in the liver 
between groups of rats given diets with nearly the same Cd and Fe 
concentrations can be attributed to differences in diet protein content. As we 
did not measure the absorption of Cd in the kidneys in Study HI, it is not 
possible to draw any conclusions about the effect of protein on the 
accumulation of Cd in the kidneys of rats with similar Fe status. While, 
Uthe & Chou (1979) did not see any differences in kidney/liver Cd ratio 
between rats fed diets with 10 or 20 % protein, there are conflicting results in 
the literature on the influence of protein on Cd absorption and 
accumulation. Omorio & Muto (1977) found that rats given a diet with a 
high protein concentration in the diet (25 % protein, the same level as in 
some diets in Study IV) absorbed less Cd from a diet with 200 mg C d/kg than 
rats fed the same Cd concentration in a diet w ith a low protein 
concentration (10 % protein, slightly less than that in studies I, II & III). 
Schäfer et al (1986) demonstrated the opposite effect of protein in mice. 
Increasing the diet protein content from 10 to 20 and 40 % increased the Cd 
absorption by 15 and 40 %, respectively, when Cd absorption was measured 
as the fractional retention of 5 pmol 109CdCl2 /kg  body weight after 10 days. 
The absorption from the small intestine has been shown to be decreased by 
the proteins glycinine, ß-lactoglobuline and ovalbumine while the amino 
adds L-cysteine och L-histidine increased the absorption of Cd (Kiyozumi et
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al, 1982). It appears that it is not only the quantity of protein but also the 
quality of the protein which affects Cd absorption.

There is a further possibility that protein may appear to affect the Cd 
accumulation if Cd accumulation is measured as the Cd concentration in an 
organ (Table 5 b). For example, if the liver Cd concentration in the groups 
fed endosperm wheat diets with similar diet Fe concentrations in Studies m  
and IV are compared, the group in Study III fed a marginally low protein 
diet has a higher liver Cd concentration than the endosperm group in Study 
IV fed a diet with twice the protein concentration. This lower liver Cd 
concentration is not the result of a lower fractional accumulation of Cd 
(Table 5 a) and is most likely the result of more efficient growth in Study IV 
(Table 3) as the liver and kidney weights followed the body weights in these 
studies. While the Cd concentration in the liver or kidneys is a relevant 
measure for the potential toxicity of Cd accumulated in an organ, it is not 
necessarily an accurate measure of the fractional or total Cd accumulation.

Cadmium accumulation in the whole body

In the different studies in this thesis, the absorption and accumulation of Cd 
have been measured as the Cd contents in the liver and kidneys. If the 
absorption and accumulation of Cd in the whole body is to be estimated, it is 
necessary to know what fraction of the whole body accumulation of Cd is 
represented by the Cd accumulation in these organs. Many authors have 
found that the amount of Cd in the liver and kidneys represents half or 
more of the total body burden (Kello & Kostial, 1977; Nordberg et al, 1985; 
Flanagan et al, 1978). Flanagan et al (1978) showed that about one-half of the 
whole body Cd in mice with low Fe status was present in the liver and 
kidneys together. The corresponding fraction for mice with high Fe status 
was about one-third. The 20 g mice were exposed to 28 mg Cd in their 
drinking water over a period of 16 weeks (1400 pg C d /g  final body wt) and 
Cd accumulation was measured with both atomic absorption spectrometry 
and the retention of 109Cd. Weigel et al (1987) found a much lower fraction 
of the whole body Cd in the liver and kidneys of rats. In rats with high Fe 
status exposed to a total of 184 mg Cd over a period of 8 weeks (600 pg C d/g  
final body wt), 1.49 % of the total body burden of Cd was found in the liver 
and 0.65 % in the kidneys. The liver Fe concentration was 347 m g/kg and 
the Cd kidney/liver ratio was 0.26. Rats exposed to 656 and 1558 mg Cd over
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a period of 8 weeks had 9.9% and 12.3 % of the the total body burden 
respectively in the liver and kidneys together.

Some of the variation in the distribution of Cd in the body among the 
reported studies may be explained by differences in experimental animals, 
experimental designs and methods for determining Cd accumulation. 
Moreover, it would also appear that the fraction of the body burden which is 
accumulated in the liver and kidneys increases with increasing body burden 
(Nordberg et al, 1985). In Studies I - IV in this thesis, the highest Cd exposure 
over a period of 5 - 6 weeks (Table 5) was much lower than the lowest 
exposure in the study of Weigel et al (1987). The fractional accumulation of 
Cd in the liver and kidneys together in the present studies varied between 
0.2 - 2%. In the original articles to Studies I - IV, we assumed that the 
fraction of the body burden which was in the liver and kidneys together was 
about 70 % (Kello & Kostial, 1977). Assuming that 0.2 - 2 % represents 2.4 % 
of the fractional accumulation of Cd in the body as a whole as in the group 
of rats with the lowest exposure in the study of Weigel et al (1987), the total 
fractional accumulation of Cd in the present studies would have been 
between 8 and 80 %. The upper limit of this range is very unlikely. In as yet 
unpublished studies we have found about one-third of the total body Cd in 
the liver and kidneys together, which is in agreement with the results of 
Flanagan et al (1978) in mice. Using this fraction, the range of fractional Cd 
accumulation in the liver and kidneys together in the present studies would 
represent a total fractional Cd accumulation of between 0.6 and 6 %.
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Cadmium accumulation in the human placenta

In Studies n  - IV, Cd accumulation in the liver and kidneys of rats was 
directly proportional to the concentration of available Cd in the diet and 
nearly inversely proportional to the rats' Fe status. The substitution of 
high-fiber fractions of wheat for endosperm wheat in the diet increased the 
diet Cd concentration more that it decreased the fractional availability of Cd 
for absorption and the net result was an increase in Cd accumulation. The 
aim of Study V was to determine if the accumulation of Cd in human 
placenta is to an appreciable extent influenced by the inclusion of high-fiber 
cereal grains in the diet and the Fe status of the women.

Initially 39 healthy pregnant women participated in the study. They were 
20 - 35 years old and had a history of no more than one early abortion. This 
was their first child and it was in each case a single birth. The expectant 
mothers were given nutritional advice with special emphasis on ways to 
improve Fe utilization from the diet, e.g. eating fruits or vegetables rich in 
ascorbic acid and avoiding drinking tea with meals.

Three times during the pregnancy, at 12 - 15, 25 - 28 and 35 - 40 weeks, the 
women were given a physical examination, a medical history was taken and 
the women were asked to allow a blood sample to be taken for the 
determination of the hemoglobin and serum ferritin concentrations as 
indicators of Fe status. Subjects with hemoglobin concentrations less than 
100 g/1 at any time during the pregnancy were excluded from further 
participation in the study.

At each of the three visits, the women were asked to complete a dietary 
history form which took about 30 to 40 minutes for the subjects to complete. 
The questions on the form concern the number, size and order of meals and 
the frequencies of consumption of different types of food, including snacks. 
The women were asked to describe their frequency of use and dosages of 
vitamin and mineral supplements, especially Fe supplements. The women 
were also asked about their smoking habits. For the 39 women in the 
present study the serum thiocyanate concentration was also measured and 
used as a biological marker for smoking.
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The placenta was taken at delivery and the placenta Cd concentration was 
used as a measure of Cd accumulation as it has been proposed that the 
placenta Cd concentration reflects the absorption of Cd during pregnancy 
(van Hattum et al, 1981). The placenta is an exceptional sample in that its 
exposure to Cd is limited to a well specified time period, it has no initial Cd 
content and it can be removed in its entirety at delivery. The placenta Cd 
concentration is also of interest in its own right as it is a potential risk for 
the child.

It was not possible to calculate the subjects' Cd intake as the dietary history 
form was not designed with the determination of Cd exposure in mind 
(Abrahamsson & Isaksson, 1988) and the Swedish N ational Food 
A dm inistration 's Food Com position Tables do not provide Cd 
concentrations (Livsmedelstabeller, 1986). As Cd from grains, particularly 
the high-fiber fractions of grains, is known to be responsible for a major part 
of the dietary intake of Cd (Nilsson & Wallgren, 1987), the intake of dietary 
fiber from grain products normalized for total energy intake was calculated 
from the dietary histories and used as an indirect measure for the intake of 
Cd from this dietary source. The values calculated from dietary histories 
taken during different trimesters were averaged.

Of the 39 women, 32 were included in the final analysis of the relation of 
the grain fiber intake and the maternal Fe status to the placenta Cd 
concentration. These 32 women all had serum thiocyanate levels less than 
70 pmol/1, indicating that they were not heavy smokers. Each of them had 
completed at least one dietary history and allowed a blood sample to be 
taken during the third trimester of pregnancy. As there is no given cut-off 
point between low and high grain fiber intake, the median intake 
(1.27 g fiber/MJ) was used to divide the women into low and high grain 
fiber groups for the statistical analyses. The women who had a third 
trimester serum ferritin concentration i  15 (o.g/1 were classified as having 
low Fe status. The 32 women were divided into four sub-groups using a 
combination of these two criteria. The analysis of variance in Study V 
showed the placenta Cd concentration in those women who ate less grain 
fiber and who maintained their Fe status through the third trimester to be 
significantly lower than that in the women who ate more fiber and /o r had 
lower Fe status.
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Figure 7. The logarithm of the Cd concentration in the placenta of each of the women in 
Study V plotted against the logarithm of the individual's serum ferritin concentration in the 
third trimester. The symbol shape indicates the intake of grain fiber (High > 1.27 g/MJ; 
Low < 1.27 g/M)) and the shading indicates whether or not the individual regularly took 
Fe supplements and the Fe dose (High à 100 mg Fe/day; Low < 100 mg Fe/day). The line 
represents the least squares fit to the data for the women in the low grain fiber group.

In Figure 7, the logarithm of the placenta Cd concentration is plotted against 
the logarithm of the serum ferritin concentration and the intake of grain 
fiber and dietary Fe supplements is indicated by the symbols. As the placenta 
Cd concentration is a measure of the total, not the fractional, Cd 
accumulation, the intake of grain fiber should not be seen as a potential 
inhibiting factor for Cd absorption but as a source of Cd intake. It was 
expected that the women who ate more than the median intake of cereal 
fiber had accumulated more Cd in the placenta. Thus the symbols in the 
figure representing higher intake of grain fiber were expected to be found 
above those with lower fiber intake, which was clearly not the rule.

The straight line in the figure represents a least squares fit to the Cd 
concentration in the placenta of the 16 women who ate diets with less than 
the median cereal grain fiber concentration. While the Cd concentrations in 
most of the placentae from the 16 women in the lower grain fiber group lie 
close to this line, those from the 16 women in the higher grain fiber group
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are distributed almost equally above and below the line. This may be due to 
the fact that a higher intake of cereal fiber does not necessarily imply a high 
Cd intake. The ratios of Cd to fiber concentrations in the five diets in 
Study IV (|i.g C d/g  fiber) ranged from 0.49 in endosperm wheat to 0.07 in rye. 
It is possible that the placenta Cd concentration values for women in the 
higher grain fiber group which lie below or near the line are from women 
who ate more rye and barley. Unfortunately, we cannot calculate such 
values from the analyses of the dietary histories. As five of these seven 
women did not maintain their Fe stores despite the fact that they reported 
taking S 100 mg Fe supplement per day, it is possible that Fe interacted with 
Cd in the intestinal mucosa and impaired its absorption or that the 
absorption of both Cd and Fe was in some way limited in these women. It is 
also possible that the plasma volume increase which occurs during 
pregnancy was greater in these seven women causing their serum ferritin 
values to be too low (Chesley, 1972). It has recently been suggested that a 
combination of the serum ferritin and serum  transferrin receptor 
concentrations be used as a more accurate measure of Fe status during 
pregnancy (Carriaga et al, 1991).

The accumulation of Cd in an organ appears to be the product of the Cd 
concentration in the diet, its availability for absorption from the diet, the 
fractional absorption of Fe, and perhaps even Zn, the amount of blood 
perfusing the organ, the concentrations in the organ of Cd-binding proteins 
such as metallothionein or ferritin and, finally, the rate of degradation of 
the Cd-binding proteins. Even earlier exposure to Cd can be important if the 
Cd accumulated in some organs or tissues is later released to the blood. The 
weight of an organ also affects its Cd concentration. As nutritional factors 
play a role in each of these steps and as there was large variation in the 
composition of the women's diets, it is not surprising that there is a large 
am ount of unexplained variation in Figure 7. On the contrary it is 
surprising that any single factor should have as pronounced an effect as Fe 
status appears to have on the accumulation of Cd in the placenta.
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CONCLUSIONS

Cadmium accumulation in the liver and kidneys of rats
To a first approximation, the accumulation of Cd in the liver and kidneys in 
rats appears to be the product of the separate effects of the concentration of 
Cd in the diet which is available for absorption and the Fe status of the rats.

The Cd available for absorption is the product of the diet Cd concentration 
and its fractional availability, which is determined by the concentrations of 
other minerals and mineral-binding factors in the diet.

In high-fiber milling fractions of wheat, the proportion of the Cd which is 
available for absorption and accumulation is about one-third less than that 
in endosperm wheat. As the reduced fractional availability of Cd in the 
high-fiber fractions does not compensate for their higher Cd concentrations, 
the total Cd available for absorption from the high-fiber fractions of wheat is 
greater than that from endosperm wheat.

Both the fractional Cd availability and the total Cd concentrations available 
for absorption from whole grain barley or rye are lower than that from 
endosperm wheat. The fractional Cd availability and total Cd concentration 
available from whole grain oats are intermediate between those from 
endosperm wheat and the high-fiber fractions of wheat.

The fractional accumulation of Cd in the liver of rats is inversely related to 
their Fe status. The fractional Cd accumulation in the liver of rats with low 
Fe status is as much as ten times that in rats with high Fe status. The 
accumulation of Cd in the kidneys appears to be even more sensitive to Fe 
status and, in rats with low Fe status, the ratio of Cd accumulated in the 
kidneys to that accumulated in the liver is generally much higher than that 
in rats with high Fe status.

The accumulation of Cd may be related to other dietary factors but their 
effects were of minor importance in explaining the variation in the results 
of these studies.
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Cadmium accumulation in the hum an placenta
The accumulation of Cd in the human placenta lends further evidence to 
the conclusions draw n from the accumulation of Cd in the liver and 
kidneys of rats. The Cd concentration in human placenta appears to be 
inversely related to the Fe status of the individual. Women who maintain 
their Fe stores during pregnancy accumulate less Cd in the placenta than 
those who have less satisfactory Fe status. While women who eat diets with 
relatively low concentrations of cereal grain fiber accumulate less Cd in the 
placenta, those who eat more grain fiber do not necessarily accumulate 
more Cd, perhaps due to the fact that some high-fiber grains, such as rye and 
barley, do not contribute more Cd to the diet than does endosperm wheat.

On the basis of these results, it is recommended that as much as possible of 
the dietary fiber from cereal grains should derive from grains with low Cd 
concentrations. It is also imperative that the diet provide sufficient Fe and 
other nutrients to promote good Fe status in order to lim it the 
accumulation of Cd in the body.

Indications for future studies
The dependency of Cd accumulation on the combined effects of the Cd 
concentration in the diet, the availability of Cd for absorption and the Fe 
status of the individual should be tested prospectively. At the same time, 
the strengths of the effects of nutrients other than Fe should also be assessed 
in order to obtain a more complete model for the accumulation of Cd from 
composite diets containing naturally occuring concentrations of Cd. The 
differences in their effects on the Cd accumulation in the liver and kidneys 
and their relation to total Cd accumulation in the body should also be 
studied further.

The model's ability to predict the Cd accumulation in human placenta 
should then be tested. Such a study will require a larger sample of women 
and accurate measurements of the Cd concentrations and Cd availability in 
a variety of foods, the intake of not only Cd but also other factors which are 
believed to affect Cd accumulation, the exposure of the individuals to 
tobacco smoke including so-called passive smoking, the body burden of Cd 
at the beginning of pregnancy and the Fe status throughout pregnancy.
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