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Abstract

The effects of latent iron deficiency combined with parenteral subchronic or acute cadmium exposure during
pregnancy on maternal and fetal tissue distribution of cadmium, iron and zinc, and on fetal viability were evaluated.
Timed-pregnant Sprague-Dawley rats were fed on semisynthetic test diets with either high iron (240 mg kg) or low
iron (10 mg kg), and concomitantly exposed to 0, 3 or 5 mg cadmium (as anhydrous CdCl2) per kilogram body
weight. Animals were exposed to cadmium from gestation day 1 through 19 by subcutaneously implanted mini
pumps (Subchronic exposure) or on gestation day 15 by a single subcutaneous injection (Acute exposure). All rats
were killed on gestation day 19. Blood samples, selected organs and fetuses were removed and prepared for element
analyses by atomic absorption spectrometry. Low iron diet caused decreases in maternal body weight, maternal
and fetal liver weights, placental weights and tissue iron concentrations. By cadmium exposure, both subchronic
and acute, tissue cadmium concentrations were increased and the increase was dose-related, maternal liver and
kidney zinc concentrations were increased, and fetal zinc concentration was decreased. Cadmium concentration in
maternal liver was additionally increased by low iron diet. Acute cadmium exposure caused lower maternal body
and organ weights, high fetal mortality, and decreased fetal weights of survivors. In conclusion, parenteral cadmium
exposure during pregnancy causes perturbations in essential elements in maternal and fetal compartments. Acute
cadmium exposure in the last trimester of gestation poses a risk for fetal viability especially when combined with
low iron in maternal diet.

Introduction

Cadmium is a toxic metal with ability to accumulate
into body during lifetime. Aside from occupational
exposure, general population is chronically exposed to
low level of cadmium from food and drinking water.
Another important sources are parenteral exposures to
cadmium inhaled from the main stream in active ciga-
rette smokers, and from the environmental tobacco
smoke in both smokers and non-smokers (Blanuša
et al. 1991; Järup et al. 1998; Bhattacharyya et al.
2000; Nordberg et al. 2000; Piasek et al. 2001).

Iron is essential for life and toxic in excess. Iron
deficiency, latent and overt, continues to be one of
the most prevalent single-nutrient deficiencies affect-
ing approximately 20% of the human populations in
both developed and developing countries (Schümann
et al. 1998; Monsen 1999; Beard 2000, 2001). In
long term, iron status is fundamentally dependent on
iron absorption and genes encoding proteins that are
necessary for iron metabolism (DiDonato & Sarker
2000). Regulatory mechanisms are developed for ef-
ficient transport of iron into cells. A divalent metal
transporter (DMT1), the first mammalian transmem-
brane iron transporter, a key factor in the uptake of
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dietary iron, has been recently discovered (Andrews
et al. 1999). Most recent findings indicate that DMT1
is a nonspecific metal transporter, which can also me-
diate the uptake of cadmium and probably other toxic
metals into human absorptive enterocytes (Tallkvist
et al. 2001; Park et al. 2002).

Intake of dietary iron depends on biological
bioavailability and physiological demands and loss.
Women are population groups with higher iron de-
mands during their reproductive years and increased
blood loses caused by menstruation and/or pregnancy.
In small infants, iron demand is increased by rapid
growth, which increases the intestinal iron transfer.
In both groups iron deficiency is favored by a diet
which contains insufficient or low available iron. The
major liabilities of iron deficiency include defects in
psychomotor development in infants, impaired ed-
ucational performance in school children, increased
perinatal morbidity, depressed immunobiological re-
sponse, and impaired work ability (e.g., Cook 1999;
Beard 2000, 2001).

Iron and zinc are most bioavailabe from many of
the same foods and their absorption is inhibited by
many of the same dietary substances, such as phy-
tate, certain dietary fibers and calcium. Deficiencies of
iron and zinc are common, they can occur simultane-
ously, and even mild-to-moderate deficiencies impair
neuropsychologic function (Sandstead 2000).

Rat has been widely accepted as a model for study-
ing iron deficiency because it mirrors iron metabolism
in man in most respects. In experimental animals, iron
deficiency has been induced by means of a semisyn-
thetic diet and a scrupulous elimination of all iron
containing materials from the feed and/or by bleeding
(Hamilton & Valberg 1974; Valberg et al. 1976).

The concentration of iron in the diet is known to
have impact on the absorption of cadmium and its
disposition in organs and tissues. Population groups
with reduced body stores of iron, zinc and/or cal-
cium absorb more cadmium than those with replete
stores of iron and other essential elements. As a re-
sult, these populations seem to be more susceptible
to adverse health effects of cadmium than those on
more nutritious diets and with similar cadmium in-
takes (Berglund et al. 1994; Järup et al. 1998; Reeves
& Chaney 2001). Animal experiments have shown
that under iron deficiency and concomitant oral cad-
mium exposure, amount of duodenal mucosal cad-
mium, transfer of cadmium from the intestinal mucosa
to the body, and the proportion of absorbed cad-
mium deposited in the liver and kidneys are increased

(Hamilton & Valberg 1974; Ragan 1977; Flanagan
et al. 1978; Valberg et al. 1976; Kollmer & Berg 1989;
Blanuša et al. 1993; Tandon et al. 1993, 1994; Reeves
& Chaney 2001; Park et al. 2002).

Women generally show higher concentrations of
cadmium in the blood, urine and kidney than men,
especially cigarette smokers or those habitually eating
a diet rich in cadmium (shellfish, high-fiber meals).
Higher risk of cadmium toxicity can be expected dur-
ing their reproductive years due to ‘physiological’
deficiency of iron and/or other essential elements. This
can be explained by higher absorption rate of cadmium
due to lower-to-empty iron body stores during repro-
ductive age (Flanagan et al. 1978; Berglund et al.
1994; Järup et al. 1998; Akesson et al. 2002). The
findings of increased cadmium body burden in women
mostly acquired during reproductive age when they
are prone to essential element (calcium, iron, zinc)
deficiencies contributed to elucidate the etiopatho-
genetic mechanisms of high incidence of osteomalacia
in Japanese women with the history of multiple preg-
nancies, so called Itai-itai disease (Tschuchiya 1978;
Bhattacharyya et al. 2000).

It has been proved by both human and animal stud-
ied that very little cadmium crosses the placenta to
the fetus as it is actually accumulated in the placental
tissue. Cadmium in the placenta may interact with es-
sential elements and placental capacity to transfer iron
and other nutrients may be inhibited, which can lead
to fetal and neonatal iron deficiency and anemia af-
ter birth (Carmichael et al. 1982; Goyer 1995; Piasek
et al. 1996).

Mineral supplementation has protective effect
against cadmium accumulation and toxicity in rats fed
inorganic cadmium salt (Groten et al. 1991, 1992;
Matek Sarić et al. 2002). Groten et al. (1991) found
that the protective effect of combined mineral sup-
plementation was mainly due to the presence of the
ferrous ion (Fe2+). When compared to the other essen-
tial elements, calcium/phosphorus and zinc, Fe2+ pro-
tected most effectively against intestinal absorption of
cadmium from cadmium-metallothionein, decreasing
cadmium uptake by 80% (Groten et al. 1992).

On the other hand, intestinal absorption of various
metals, such as cadmium, zinc, cobalt, manganese and
copper, can impair intestinal iron absorption and in-
crease iron deficiency in both man and animals. Oral
cadmium exposure (such as by contaminated food-
stuffs or industrial wastes) may reduce availability
of dietary iron for absorption. Investigations on ex-
perimental animals have shown that iron absorption
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is strongly inhibited by cadmium, and oral cadmium
causes anemia even under sufficient iron in the diet
(Hamilton & Valberg 1974; Sansi & Pond 1974; Val-
berg & Hamilton 1976; Petering et al. 1979; Radi
& Pond 1979; Sugawara et al. 1984, 1988; Schäfer
& Forth 1984; Schäfer & Elsenhans 1985; Schäfer
et al. 1990; Sugawara & Sugawara 1991; Oishi et al.
2000). Iron and cadmium most probably compete at
the binding sites of the iron intestinal transfer system
(Schäfer & Forth 1984;. Bhattacharyya et al. 2000;
Tallkvist et al. 2001; Park et al. 2002). It was recently
found in growing rats that cadmium inhibits iron ab-
sorption only at low to normal levels of dietary iron,
and at high levels of cadmium intake, iron and cad-
mium are largely absorbed by other, non-competitive
mechanisms (Crowe & Morgan 1997).

If concentrations of daily cadmium intake continue
to rise, population groups with low iron reserves, first
of all women of reproductive age and growing chil-
dren, will be at higher risk for toxic cadmium effects
than those with replete iron stores. There are gener-
ally insufficient data on the nutritional iron deficiency
and concomitant cadmium exposure by either oral or
parenteral route of exposure (e.g., through cigarette
smoke) during perinatal period that involves expectant
mother and both unborn and newborn baby. The aim of
this investigation was to evaluate in animal models the
effects of combined latent nutritional iron deficiency
and parenteral cadmium exposure during pregnancy
on cadmium, iron and zinc distribution in maternal and
fetal organs as well as on fetal viability. We compared
these biomarkers after continuous (subchronic) versus
single (acute) cadmium exposure to the same cadmium
doses in pregnancy.

Materials and methods

Animals

Adult cycling Sprague-Dawley female rats (Charles
River Breeding Laboratories, Raleigh, NC), 60 day-
old, and weighing 200–300 g at arrival were used.
Animals were housed two per cage in clear plas-
tic cages (20 × 25 × 47 cm) with laboratory grade
heat-treated pine shavings as bedding and maintained
under controlled temperature (20 ◦C), humidity (40–
60%), and light (12:12 h light:dark cycle; lights out
at 6:00 p.m. eastern time). The rats were allowed free
access to the research diets and tap water.

All required principles of laboratory animal care
and use according to the institutional research guide-

lines on the protection of animal welfare were fol-
lowed.

Diets

Semisynthetic pelleted research diets Teklad (TD,
Madison, WI, USA) were used. Feed contained either
240 mg iron (Fe) kg (TD 93273) (High Fe diet group)
or 10 mg Fe kg (TD 80396) (Low Fe diet group). At the
beginning of the investigation, animals were weighed,
ranked, and assigned to one of the two dietary groups.

Estrous cycles synchronization

After two-weeks on different feeding regime, to obtain
timed-pregnant rats, the animals were synchronized in
the estrous cycles by subcutaneous (s.c.) injection of
luteinizing hormone-releasing factor (LHRH) agonist
(DES-Gly10, D-Ala6 Pro N HET9, Sigma Chemical
Co., No. l-4513). A single s.c. 80 µg dose of LHRH
in 0.1 ml per rat was administered according to the
method described earlier (Cukierski et al. 1991). Ap-
proximately 110 h after injection, the females were
let to mate over night. Next morning sperm positive
(pregnant) females were detected by vaginal smear cy-
tology. Day of sperm positive finding was assigned as
gestation day 1.

Cadmium exposure

Part of the animals fed on either high or low iron
diet (as described above) was concomitantly exposed
to cadmium during pregnancy. Anhydrous cadmium
chloride (CdCl2, Fisher Scientific Co., NJ 07410,
USA, No. C10) dissolved in 0.9% NaCl (physiological
saline) solution (USP, sterile diluent, Abbott Labo-
ratories, North Chicago, IL 60064, USA, No. NDC
0074-4888-50) was used. Doses of cadmium (Cd)
were: 0 (control, administered physiological saline),
3 mg Cd kg body wt or 5 mg Cd kg body wt. Cadmium
solutions in either dose were administered parenterally
(subchronically or acutely) during pregnancy.

Experimental design

Two experiments were performed with the same feed-
ing regime and different exposure duration to one of
the three cadmium doses during pregnancy.

Subchronic cadmium exposure. In the first experi-
ment, pregnant rats fed on either high or low iron
diet were exposed to cadmium from gestation day
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1 through 19. Cadmium was administered by surgi-
cally sc. implanted osmotic mini pumps (MP 2ML4
ALZET� , ALZA Co., Palo Alto, CA, USA) in the
intrascapular region of each rat under short-term light
anesthesia (with intraperitoneally administered 50 mg
kg body wt of sodium pentobarbital). Nominal per-
formance of used pumps (at 37 ◦C) were: reservoir
volume 2.0 ml, maximal exposure duration 28 days,
constant pumping rate of the compound 2.5 µg h. Pro-
ducer’s instructions for filling the pumps were strictly
followed to obtain the exposure to the total dose of 0
(control), 3 or 5 mg Cd kg body wt over 19 days of
pregnancy.

Acute cadmium exposure. In the second experiment
pregnant rats fed on either high iron or low iron di-
ets were administered 0, 3 or 5 mg Cd kg body wt
cadmium on gestation day 15 by a single sc. injection.

In both experiments a sample size was at least six
animals in each group. Body weights were recorded
on experiment day 0 (beginning of the feeding regime
with different iron content), on experiment day 15
(gestation day 1), and last day of each experiment, that
is, on gestation day 19. On the termination of each
experiment, rats were anesthetized in CO2 (Piasek &
Laskey 1994), exsanguinated by cardiac puncture, and
blood and selected organs were removed. Following
tissues were taken for trace element analyses: blood
(3–5 ml), liver (three parts; one from each lobe, in
total 1–2 g), right kidney, ovaries (composite sam-
ples of all left ovaries from each group), placentas
(composite samples of 4–6 maternal and fetal placen-
tal portions from both uterine horns to get minimum
0.5 g tissue) and whole fetuses (two samples per
mother rat, one from each end of the uterine horns).
In the first experiment (Subchronic cadmium expo-
sure) elements were also analyzed in the fetal liver
(composite samples from 4–6 fetuses taken from both
uterine horns), and adrenal glands were removed and
their fresh weights were recorded as an indicator of
potential surgically-induced stress.

Trace element analysis

Fresh (wet) weights of whole organs were recorded.
Tissue samples (except blood) were blotted on a fil-
ter paper, homogenized in 1–2 ml deionized water
and dried at 105 ◦C. Samples were then dry ashed
at 450 ◦C in a muffle furnace (Blanuša & Breški
1981) in quartz glass crucibles and dissolved in 2%
nitric acid. Concentrations of cadmium in maternal

liver and iron and zinc in all tissues were analyzed
by flame atomic absorption spectrometry (F-AAS)
(Varian, AA375, Australia). Cadmium in all other
samples was analyzed by electrothermal atomic ab-
sorption spectrometry (ET-AAS) (Varian SpectrAA
300A, Australia) with a graphite tube atomizer (GTA
96). Deuterium background correction was applied in
all measurements. The limit of detection by F-AAS
was 0.012 µg g wet wt for cadmium 0.15 µg g wet wt
for iron and 0.04 µg g wet wt for zinc, and by ET-
AAS it was 0.08 ng g wet wt for cadmium. Tissue
cadmium values in the control groups were close to
respective detection limit, they could not be detected
with accuracy, and therefore these findings have not
been shown in the paper.

Required recommendations on tissue collection,
sample preparation and quality assurance for applied
analytical techniques for metal analyses in biologi-
cal samples were strictly followed (Piasek & Laskey
1994; Piasek et al. 2001; Matek Sarić et al. 2002).
The accuracy and precision of element analysis were
tested by means of certified standard reference mate-
rial (SRM). Bovine Liver SRM 1577b (from National
Institute of Standards and Technology, USA) was pre-
pared and analyzed by the same procedure as the
samples from the experiments. For cadmium, iron and
zinc in Bovine Liver SRM analyzed values were 0.55,
184 and 127 µg g (certified values are 0.50, 184 and
127), respectively.

Statistical analysis

Data were analyzed using both one-way and two-way
analyses of the variance (ANOVA) in the general lin-
ear model procedure (PROC GLM) by The Statistical
Analysis System (SAS, Cary, NC, USA). Within each
dietary group (High Fe group and Low Fe group), dif-
ferences were analyzed among 0, 3 and 5 mg Cd kg
exposed groups, and for tissue cadmium concentra-
tions only between 3 and 5 mg Cd kg exposed groups.
Where the data appeared to have a linear trend, post
hoc PROC GLM was used to test for linearity. Two
main treatment effects were evaluated for each bio-
marker: main effect of iron (Fe) and main effect of
cadmium (Cd). Potential Fe × Cd interactions were
also determined. In all analyzes the least significant
difference method was used to separate means at the
level of significance P < 0.05.
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Results

General effects

At autopsy on gestation day 19 (end of each experi-
ment), in the rats fed on low iron diet were noticed
pale livers, ovaries, placentas and fetuses comparing
to the same tissues in rats fed on high iron diet and
irrespective of cadmium exposure.

In the first experiment (Subchronic cadmium ex-
posure), during the course of the experiment in three
rats (all fed on low iron diet and exposed to 0, 3 and
5 mg Cd kg, respectively) osmotic pumps were partly
extruded. The pumps were surgically re-fixed and skin
re-sutured. After that, in one animal (on low iron, 0 mg
Cd kg) the pump remained still partially exposed, and
one rat (on low iron, 3 mg Cd kg) eventually died.

In the second experiment (Acute cadmium expo-
sure), by acute cadmium exposure to 5 mg Cd kg on
gestation day 15, at autopsy four days later, almost
all placentas were destroyed and fetuses died in both
dietary groups. Therefore element analyses and statis-
tical evaluations of biomarkers in placental and fetal
tissues at acute dose of 5 mg Cd kg were hardly pos-
sible (as indicated in the tables by lower number of
samples or no samples at all).

Body and fresh organ weights

Subchronic cadmium exposure. There was no effect
of cadmium exposure during 19 days of pregnancy on
maternal body weights (Table 1, upper part). Mean
body weights in the rats fed on low iron diet were
significantly lower than in rats fed on high iron diet
(indicated by main iron effect on whole body weight
marked with ‘a’). There was no effect of subchronic
cadmium exposure on fresh organ weights. By low
iron diet fresh weights of the maternal and fetal liver
were decreased, and weight of maternal portion of the
placenta was increased.

An interesting observation should be mentioned. In
one mother rat (on high iron diet, exposed to 3 mg
Cd kg) kidney, adrenal, ovary and uterine horn on the
left side were missing. Consequently, wet weights of
these organs on the right side were approximately two-
fold higher (kidney 2.9 g, ovary 0.123 g, adrenal gland
0.105 g) than in other rats with ‘normal’ paired or-
gans (kidney ∼1.3 g, ovary 0.06–0.07 g, adrenal gland
0.08 g). This ‘side findings’ had no relevance to the
experimental results as the data were excluded from
statistical analysis.

Acute cadmium exposure. Due to acute cadmium ex-
posure, reduced maternal body weights and maternal
liver weights, increased right kidney weights, and de-
creased ovarian and placental (fetal portion) weights
were found (Table 1, lower part). The effect of cad-
mium on decreased ovarian weight was linear. Weights
of remaining live fetuses at 3 mg Cd kg dose were
significantly lower than in controls. Low iron diet
was again (as in the first experiment) associated with
significantly reduced maternal liver weight.

Tissue cadmium concentrations

Subchronic cadmium exposure. By continuous 19-
day exposure during pregnancy, concentrations of cad-
mium were increased in all analyzed tissues. Most
of the increases were significantly dose-related (Ta-
ble 2, upper part, marked with asterisks). Low iron diet
caused additional cadmium increase in the maternal
liver (Table 2, main iron effect marked with ‘a’).

Acute cadmium exposure.
With exception of maternal kidney, single adminis-
trations of the same cadmium doses were associated
with higher cadmium concentrations in measured tis-
sue compartments than with continuous (subchronic)
exposure to the same cadmium doses (Table 2). There
was about a 10-fold increase in tissue cadmium in ma-
ternal portions of the placent as and five to 10-fold
increase in fetal portions of the placent as in rats ex-
posed to 3 mg Cd kg dose. At this cadmium dose, this
increase in cadmium concentrations in the fetuses was
about 30 times. After acute exposure, there was again
main effect of iron in the diet on increase in cadmium
concentration in maternal liver, as it was observed
after continuous 19-day cadmium exposure (Table 2,
lower part, marked with ‘a’).

Tissue iron concentrations

In both experiments, low iron diet caused decreased
iron concentrations in all analyzed tissues of both
maternal and fetal origin (Table 3, main iron effect
marked with ‘a’).

Subchronic cadmium exposure. Continuous cad-
mium exposure during 19 days of pregnancy caused
changes in fetal iron with increased values of iron
concentration in fetal body and liver at both cadmium
doses (3 and 5 mg kg).
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Acute cadmium exposure.
Single cadmium administration increased iron con-
centration in the maternal liver (Table 3, lower part,
marked with ‘b’). In fetal body, iron concentration
was significantly decreased and a significant Fe × Cd
interaction was determined (Table 3, marked with ‘c’).

Tissue zinc concentrations

By both subchronic and acute cadmium exposures,
concentrations of zinc in maternal liver and kidney
were significantly increased (Table 4). Concentrations
of zinc were decreased in fetal portion of the placenta,
whole fetus and fetal liver after subchronic, and in
whole fetus after acute maternal cadmium exposure.

Low iron diet in the first experiment (Subchronic
cadmium exposure) was associated with significant in-
creases in zinc concentration in both maternal and fetal
liver. It caused decreases in zinc concentration in fetal
portion of the placenta and whole fetus (Table 4, upper
part).

Discussion

Exposure to cadmium via food and drinking wa-
ter presents an important route in general population
(Blanuša et al. 1991; Järup et al. 1998; Akesson
et al. 2002). Gastrointestinal absorption of ingested
cadmium in adults is rather low (about 1–6%). How-
ever, as it has been shown in humans, about 50%
of the cadmium inhaled via cigarette smoke could be
absorbed (Järup et al. 1998; Jin et al. 1998). Par-
enteral route via main-stream cigarette smoke and/or
environmental, second-hand tobacco smoke present a
route of increasing concern in general population, es-
pecially in its most vulnerable high at risk groups –
women in reproductive age and growing children –
for a variety of cadmium health effects. The major-
ity of literature data on cadmium toxicokinetics and
interaction of cadmium and iron (and other essential
elements) so far have been obtained under condition
of oral (enteral) route of cadmium exposure. Such data
on parenteral route of cadmium exposure are lacking,
and in a view of above mentioned facts, their relevance
is undoubtful.

We found in our earlier investigation that par-
enteral exposure to the same cadmium doses (3 and
5 mg kg as a single s.c. injection) caused target organ
cadmium accumulation with concomitant decreases
in tissue iron and perturbations in ovarian steroido-
genesis that were related to the reproductive stage

(Piasek & Laskey 1994). Present investigation was
aimed to give more insight in toxicokinetics and ef-
fects of cadmium in both maternal and fetal tissue
compartments after parenteral route comparing bio-
markers of subchronic and acute exposures. We had
on mind that during pregnancy uptake and retention
of metals (both essential and toxic) are increased due
to specific physiological state with higher nutritional
demands. Parenteral cadmium administration enabled
us to maintain exact exposure levels under strictly
controlled conditions during particular periods of ges-
tation. By this route of exposure we avoided duodenal
cadmium absorption and its interaction on intestinal
level (competition with trace elements in the process
of mucosal uptake), which has been mostly studied
so far. We evaluated post-absorptive interactions of
cadmium, iron and zinc in blood and other tissue
compartments.

It has been shown that different routes and doses of
cadmium intake influence the intestinal distribution of
cadmium, metallothionein and trace metals differently.
Elsenhans et al. (1994) reported that parenteral (s.c.)
administration of cadmium did not change intestinal
iron, zinc and copper concentrations. At the same
time authors found that high dietary concentrations of
cadmium increased mucosal metallothionein and cad-
mium concentrations longitudinally from duodenum
to the ileum, while intestinal mucosal concentrations
of iron decreased and of copper increased. These find-
ings are consistent with other data suggesting that only
non-metallothionein bound cadmium, luminally or su-
perficially present in the intestine, can interfere with
absorption of essential elements (Schäfer & Elsen-
hans 1985; Bremner 1987; Elsenhans et al. 1994).
However, it is possible that cadmium, iron and other
essential elements interact from the cadmium transfer
site through the basolateral membrane of the intesti-
nal mucosa. Sugawara & Sugawara (1991) found that
even when cadmium was administered parenterally,
there was a measurable cadmium concentration in the
intestine. This finding speaks in favor that interactions
of parenterally administered cadmium and essential
elements are possible even on the intestinal level.

After intestinal absorption, an early burst of
cadmium appears in blood where it behaves much
like free cadmium ions injected parenterally (Bhat-
tacharyya 2000). From this point on we can fol-
low fate of cadmium in the body irrelevant of the
route of exposure. Three major biochemical reac-
tions involving cadmium in blood have been hypoth-
esized: liver deposition (possibly from circulating
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cadmium-albumin), kidney deposition from circulat-
ing cadmium-metallothionein and cadmium transfer
to red blood cells. Other unidentified reactions are
possible, as most of the cadmium that enters blood
has already been deposited in tissues. After oral ex-
posure, the small intestine, as a primary organ, may
be more important in handling cadmium then the liver,
and after parenteral administration, the kidney rapidly
but not extensively takes up cadmium ions. Cadmium
is generally taken by all segments of the proximal
tubules (Dorian et al. 1995), and 80–90% goes to the
liver. The liver plays a very active and important role in
rapidly clearing cadmium ions from the blood (Crowe
& Morgan 1997; Jin et al. 1998; Bhattacharyya 2000).
This mechanism is considered to serve as an impor-
tant protective pathway for the body, sparing organs
such as kidney and bone from continued exposure
to cadmium. During pregnancy, in cadmium-injected
rats, hepatic cadmium could be mobilized and trans-
ferred to the kidney and placenta by an increase in
plasma cadmium-metallothionein (Chan & Cherian
1993). Thus pregnancy may induce a high risk of
cadmium nephrotoxic effects in women with previous
chronic cadmium exposure, similar to Itai-itai dis-
ease cases in Japan (Tschuchiya 1978; Bhattacharyya
2000).

Cadmium accumulation and disposition under our
experimental conditions generally followed the path-
ways described above. Concentrations of parenter-
ally administered cadmium in tissues were ordered:
kidney>liver>fetal placenta>maternal placenta>
blood>>fetal liver>whole fetus by subchronic ex-
posure, and liver>kidney>fetal placenta>maternal
placenta>blood>>whole fetus by acute exposure of
cadmium. Cadmium accumulated in highest propor-
tion in the kidney after longer (subchronic) and in the
liver followed by the kidney after short-term (acute)
exposure that is consistent with the data reported in the
literature (e.g., Crowe & Morgan 1997; Jin et al. 1998;
Bhattacharyya 2000). Of the reproductive tissues, fetal
part of the placenta accumulated more cadmium than
the maternal portion, and fetal liver and whole fetus
had least cadmium concentrations, as has been ob-
served in earlier investigations (e.g., Sonawane et al.
1975; Ahokas & Dilts 1979; Piasek & Laskey 1994;
Trottier et al. 2002).

In our investigation cadmium accumulation and
distribution were evaluated under condition of latent
iron deficiency. Low iron in diet was associated with
significant and dose-related increase in cadmium con-
centration in the maternal liver. This finding indicates

that parenterally administered cadmium interacts with
dietary iron on the level of cadmium accumulation
in the liver. Other investigators have also found in-
creased cadmium body burden mostly in the liver of
cadmium-exposed human and animal females associ-
ated with iron deficiency (Hamilton & Valberg 1974;
Ragan 1977; Flanagan et al. 1978; Kollmer & Berg
1989; Schäfer et al. 1990; Tandon et al. 1993, 1994).

Iron metabolism is influenced differentially by dif-
ferent administration route of cadmium. In chroni-
cally cadmium-exposed male mice, Sugawara et al.
(1984) found that concentration of iron in the liver was
decreased after oral cadmium administration (up to
200 mg Cd l for 45 days in drinking water). After par-
enteral cadmium exposure (to 1 mg Cd kg week during
7 weeks by s.c. injection), liver iron was increased.
Only in the rats parenterally exposed to cadmium,
ceruloplasmin activity was stimulated with concomi-
tant increase in both hepatic copper and iron. Fetal
liver accumulation of iron has also been found in rats
after maternal low-protein diet during pregnancy (Nai-
smith & Binns 1978). Ashby et al. (1980) also found
that liver iron tended to increase with parenteral cad-
mium dosage. In a recent paper Oishi et al. (2000)
reported the differences in hepatic iron related to the
route of cadmium administration in female rats. They
found decreased iron concentrations after oral and not
affected iron concentrations in the liver after parenteral
(intravenous) cadmium exposure. Our results on ef-
fect of parenteral cadmium exposure on tissue iron
concentrations corroborate the above-presented data.

Iron and zinc compete during intestinal absorption,
but their post-absorptive interactions are less clear
(Lönnerdal 2000; Donangelo et al. 2002). Iron can
have a negative effect on zinc absorption if given to-
gether in a supplement, and no effect was observed
when the same amounts are present in a meal as for-
tificants. Recently Donangelo et al. (2002) reported
that the use of iron supplements in women with mar-
ginal iron status improves iron indices with no effect
on zinc concentrations. They also found that modest
use of zinc supplement improves zinc indices but also
appears to induce a cellular iron deficiency and may
further reduce iron status. Effects of dietary iron on
tissue zinc concentrations were found in our investiga-
tion (in the first experiment) in both maternal and fetal
compartments.

Interactions of cadmium and zinc have been widely
studied in experimental animals under condition of
oral ingestion of cadmium. It has been shown that
cadmium may inhibit zinc activities at many stages,
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interfering with its absorption, distribution to different
tissues, transport into cells and/or transport into sev-
eral intracellular structures (Petering et al. 1979; Bin
& Garfinkel 1994; Oishi et al. 2000; Lönnerdal 2001;
Satarug et al. 2001). Summarizing data on cadmium-
zinc interactions in the organism, based mainly on
the experimental data from literature, Brzóska &
Moniuszko-Jakoniuk (2001) concluded that these in-
teractions were found even at exposure levels and
tissue concentrations corresponding to environmental
and occupational exposure in humans. Interactions of
cadmium and zinc in postmortem human tissue sam-
ples were evaluated only in a few studies. Blanuša
et al. (1985) found significantly higher concentrations
of cadmium and zinc in human kidney cortex in ciga-
rette smokers (including previous smokers) than in
non-smokers (mean ± SD of cadmium and zinc con-
centrations in smokers were 225±87 and 328±65, and
in non-smokers 74±33 and 234±48 µg g dry tissue
wt). Recently Satarug et al. (2001) assessed changes
in zinc and copper concentrations in tissues of human
livers, kidneys and lung associated with environmental
exposures to cadmium. The results indicate increased
sequestration of zinc and copper in the liver having
more than 1 µg g wet tissue wt of cadmium, and in
kidney cortex having more than 26 µg g wet tissue wt
of cadmium.

Results from our earlier investigations and other
authors’ data in the pregnant rats exposed to cad-
mium per os show cadmium accumulation and zinc
retention in maternal organs accompanied by zinc de-
privation in fetal and/or pup organs and impaired fetal
growth (Sorell & Graziano 1990; Piasek et al. 1996;
Whelton et al. 1997; Brzóska & Moniuszko-Jakoniuk
2001). Cadmium-induced increase of zinc concentra-
tions in maternal liver and kidneys is possibly due to
metallothionein induction, and the effect of maternal
cadmium exposure on fetal and neonatal weight may
be due to fetal cadmium accumulation, fetal zinc de-
privation, or both. Present results on disposition of
zinc in maternal and fetal tissue compartments after
parenteral cadmium exposure corroborate the above
findings in cadmium-exposed humans and animals.
Ashby et al. (1980) found that parenteral acute ad-
ministration of cadmium to male rats resulted in in-
creased liver zinc concentrations directly in response
to cadmium administration at all applied doses (0.1–
1.5 mg kg s.c.). Oishi et al. (2000) observed elevated
cadmium and zinc concentrations in the liver and kid-
neys of female rats regardless of cadmium dose and
route of exposure.

In conclusion, our results show that parenteral
route of cadmium exposure during pregnancy causes
perturbations in essential trace elements in both mater-
nal and fetal organs. Acute cadmium exposure poses a
risk for fetal viability in the last trimester of gestation,
especially when combined with low iron in maternal
diet.
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