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Summary
The nutritional factors which affect lead absorption
have been studied. Synthetic diets of known composi-
tion were compounded to contain 0-075% Pb as
PbCl2 labelled with 203Pb. Rats were exposed to lead
for periods of 48 hr. The dietary intake was then
measured and the absorption of lead determined by
means of a whole-body counter. Lead absorption was
increased by high fat, low mineral, low protein and
high protein diets but was decreased by high mineral
diet. Low fat, low fibre, high fibre, low vitamin and
high vitamin diets had no effects on lead absorption.
Introduction
The major source of lead for the unexposed human

population is its diet. It has been calculated that the
average daily intake of lead of an adult is 300 ,ug
from food and beverages (Barry and Mossman,
1970) and of this, about 10% is absorbed (Kehoe,
1961). There is evidence that various dietary factors
will influence the absorption of lead from the
gastrointestinal tract. Milk has been found to in-
crease lead absorption from the gastrointestinal
tract in rats (Kello and Kostial, 1973). Calcium and
phosphorus added to rat diets decreased the accumu-
lation of lead in femurs and kidneys (Sobel et al.,
1940; Six and Goyer, 1970). Conversely, low dietary
iron has been shown to enhance lead uptake from the
gastrointestinal tract in rats (Six and Goyer, 1972).
Protein has also been found to affect lead absorption
and toxicity (Baerstein and Grand, 1942) so that
rats fed both low-protein and high-protein diets had
an increased lead uptake (Milev, Satler and Minden,
1970). Vitamins C and D may each modify the
absorption of lead. Thus a low intake of Vitamin C
may enhance the severity of plumbism (Pillemer
et al., 1940). Vitamin D added to the diet will
increase lead toxicity (Sobel et al., 1940) although
this has been denied (Tompsett, 1939). Conflicting
reports exist about the effect of increased dietary
fat on lead absorption. Tompsett (1939) found no
relationship between dietary fat and lead absorption
but Weyrauch and Necke (1932) reported an increase
in lead absorption with increased dietary fat. The
common food additives, 'alginates', have been

reported to diminish lead uptake from the intestine
of newborn rats (Kostial, Simonovic and Pisonic,
1971a) but this has not been confirmed (Harrison
et al., 1969; Carr, Nolan and Durakovic, 1969).
The experimental designs used in previous studies

have not been uniform and interpretation of their
data is difficult. Many variables will influence lead
absorption. Using carrier-free 212Pb, Forbes and
Reina (1972) showed that age and weight affect lead
absorption in rats, with immature rats absorbing
more lead than do mature animals. The chemical
and physical form of lead has been reported to
modify its absorption and toxicity (Fairhall and
Sayers, 1940). Recently this has been confirmed in
our laboratory (Barltrop and Meek, 1975). Carrier-
free isotopes of lead have been used in some studies
(Milev et al., 1970; Kello and Kostial, 1973;
Kostial et al., 1971a, 1971b) but it is not known
whether carrier-free lead behaves like stable lead
in the gut under all experimental conditions. Com-
parison therefore requires careful control of the age
and weight of the experimental animals, the chemical
and physical form of the lead supplied and specific
activity of any isotope used.

In this paper, a systematic study of the effect of
individual dietary factors on lead absorption from
the gastrointestinal tract of the rat is reported. This
work was undertaken using diets compounded in
this laboratory and containing 0-075% lead as
PbCI2 labelled with 203Pb. The effects of varying
fibre, vitamin, protein, fat and mineral content of a
synthetic diet on the absorption of lead are presented.

Materials and methods
Male Wistar albino rats of 100-115 g body weight,

aged 30-32 days, were used. Each experimental
group comprised six animals but each rat was
housed individually. The experimental diets and
de-ionized water were given ad libitum for 48 hr but
food and water intake over the experimental period
was recorded.
The control diet was compounded in the labora-

tory as in Table 1. Other diets were prepared by
varying the proportion of different constituents.
The protein and fat content was varied by adjusting
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TABLE 1. Composition of control diet

Protein Casein 20-0
Fat Corn oil 5-0
Fibre Cellulose 3-0

Molasses 5-0
Carbohydrate Sucrose 28-0

Corn starch 33-0
Minerals* 5-35
Vitaminst 0-62
PbCI2 0.101

100-0

* The mineral mix provided the following
quantities of nutrient in g/kg of diet: NaH2PO4
. 2H2O, 25-13; CaCO,, 17-5; MgCI2. 6H2O,
5-43; KCI, 3-43; NaCI, 1-27; MnSO4. H2O,
0-168; FeSO4. 7H2O, 0-105; ZnCO3, 0-050;
CuSO4, 0-020; (NH4)6 Mo724 . 4H2O, 0-005
and KIO8, 0-0003.

t The vitamin mix provided the following
per kilogram of diet: vitamin A, 19,800 i.u.;
vitamin D, 2300 i.u.; vitamin E, 7 i.u.; choline
chloride, 4-65 g; ascorbic acid, 991 mg; p-
aminobenzoic acid, 110 mg; inositol, 110 mg;
niacin, 99-1 mg; calcium pantothenate, 68 mg;
menadione, 49 mg; thiamine hydrochloride,
22 mg; pyridoxine hydrochloride, 22 mg; ribo-
flavin, 22 mg; folic acid, 1-98 mg; D-biotin,
0-44 mg; vitamin B12, 0-029 mg.

the content of casein and corn oil in the diet. Fibre
was varied using different proportions of cellulose.
Corn starch and sucrose content were then adjusted
to make the diets isogravic and isocaloric. With the
exception of diets containing fat in the range 15-
40 %, feeds were prepared by moulding into sticks and
heating at 100°C for 20 min. The high fat diets were
fed in powder form to the rats kept in individual
glass metabolic chambers. Each diet contained
0-075% Pb as PbCl2, labelled with 203Pb to a
specific activity of approximately 100 nCi/mg Pb.
The experimental period of 48 hr, age and weight
of experimental animals and lead concentration of
0-075 % in the food were determined in preliminary
studies (Barltrop and Meek, 1975).

After the end of the experimental period, the rats
were killed by ether anaesthesia and counted in a
Packard Armac small-animal whole-body counter.
Approximately 3 ml of blood was obtained by
venepuncture and collected into heparinized vials.
After counting, each carcass was dissected and the
gastrointestinal tract, kidneys, spleen, liver and
femur were removed. The lead content of residual
food, carcass without the gastrointestinal tract,
carcass without any organs, whole liver, kidneys,
spleen and femur were determined by measurement
of the gamma-emission of 203Pb. Residual food,
carcass and liver were counted in the Packard Armac
whole-body counter. Specimens of blood, kidneys,
spleen and femur were counted in a Hewlett-

Packard Auto-Gamma counter. The ingested dose
was determined by the difference between the food
given and the residual food. Lead content of the
carcass and individual organs was expressed as
percentage of ingested dose.

Results
The values for lead retention by animals fed on the

control diet are given in Table 2. Whole-body
retention was only 0-65 % of the ingested dose com-
pared with the value of 10% that has been reported
for human adults (Kehoe, 1961). Of the organs,
liver had the greatest retention of lead with pro-
gressively lesser values in kidney, femur and blood
respectively.

TABLE 2. Controls*. Lead in organs as %
ingested dose

x- ±s.d.

Blood (0-20 ±0-05) x 10-2
Femur (2-08 ±0-51) x 10-2
Kidneys (2-82 i0-50)x 10-2
Liver (6-62 i1-20) x 10-2
Whole body without gut 0-65 ±012

* n = 11.

TABLE 3. Effects of different diets on lead absorption
(ratio of mean retention experimental : control)

Diet Blood Kidneys Femur Liver

Low protein 5-1 2-5 2-8 2-2
High protein 1 3-7 2-6 1
Low fat 1 1 1
High fat 9-6 7-6 4-8 4-2
Low minerals 17-7 11.9 13-7 8-8
High minerals 0-2 0-2 0.1 0.1
Low fibre 1 1 1 1
High fibre 1 1 1 1
Low vitamins 1 1 1 1
High vitamins 1 1 1 1

The effects of various experimental diets on lead
distribution between the organs are given in Table 3.
All results which are not significantly different from
the control are presented with the experimental:
control ratio as 1. In the low factor diets, the nutri-
tional factor concerned was omitted while in the
high factor diets it was increased three- to four-fold.
Low protein, high fat and low mineral diets increased
the blood lead concentration and high mineral diet
decreased it (Fig. 1). The lead concentration of liver
showed a similar relationship. In the kidneys and
femurs, however, a high protein diet was also asso-
ciated with an increased lead content. Low fat, low
fibre, high fibre, low vitamin and high vitamin diets
had no effect on lead absorption.
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FIG. 1. Mean blood lead concentration as % ingested dose+s.d. for diets of varying
composition relative to control diet (n = 6).

Protein
Detailed studies of the effects of varying dietary

protein confirmed the findings in the preliminary
investigations (Table 4). Diets containing 10% and
15% protein had no effect on lead absorption but
diets containing 0% and 5% protein increased the
lead concentration in all the organs studied. Con-
versely, doubling the recommended protein content
to 40% by weight resulted in greater lead concen-
tration in the kidneys (Fig. 3) but had no effect on
blood, liver and femur. Further increases in dietary
protein content to 80% increased the lead concen-
tration in both kidneys and femur but did not pro-
duce any significant effects in the blood (Fig. 2) and
liver.

Fat
Data showing the relationship between tissue lead

and varying dietary fat are given in Table 5. De-

TABLE 4. Effects of dietary protein on lead absorption
(ratio of mean retention experimental : control)

Diet (% protein) Blood Kidneys Femur Liver

0 5-1 2-5 2-8 2-2
5 2-2 2-8 3-3 3-0
10 1 1 1 1
15 1 1 1 1
20 (control) 1 1 1
40 1 2-0 1 1
50 1 1.9 1-3 1
60 1 3-7 2-6 1
80 1 2-5 1-5 1

creasing the dietary fat content from 5% to 0 and
2-5% did not affect the lead content of the tissues
studied. By contrast, increasing the fat content to
10, 15, 20 and 40% resulted in increased lead content
of the tissues. There was a progressively increasing
effect on lead concentration in carcass and organs
from 10% to 40% dietary fat. The effects of 15%
and 20% dietary fat did not differ significantly
from each other. The values for blood and kidneys
are given in Figs 4 and 5.
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FIG. 2. Mean blood lead concentration as % ingested
dose ±s.d. for diets of varying protein content relative
to control diet (n = 6). * Control.
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FIG. 3. Mean kidney lead concentration as % ingested
dose ±s.d. for diets of varying protein content relative
to control diet (n = 6). * Control.
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FIG. 4. Mean blood lead concentration as % ingested
dose ±s.d. (x 102) for diets of varying fat content.
(n = 6). * Control.
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FIG. 5. Mean kidney blood lead concentration as % of
ingested dose ±s.d. (x 102) for diets of varying fat
content (n = 6). * Control.

Minerals
In order to identify the individual minerals

responsible for increasing lead uptake from the gut,
each of the minerals selected was omitted sequentially
from the diet (Table 6). Initially, the response to the
omission of major and minor components was
determined. Diets deficient in calcium, phosphates,
magnesium, sodium, potassium and chloride resulted
in a marked increase in lead absorption but exclusion
of iron, manganese, copper, zinc, iodine and molyb-
denum from the diet had no effect. Further studies
showed that sodium, potassium and chloride had no
effect on lead uptake. Diets without added calcium
or phosphates resulted in increased tissue lead con-
centrations which appear to be additive. A low
dietary magnesium resulted in increased lead reten-
tion in the tissues but to a lesser extent than either
calcium or phosphates alone.

Increasing the total mineral content of the diet
four-fold resulted in an 80% decrease in lead reten-
tion in blood, 50% in kidneys and 90% in femur and
liver. The individual minerals responsible for this
effect are currently under investigation in' this
laboratory.

TABLE 5. Effects of dietary fat on lead absorption (ratio of mean
retention experimental : control)

Diet (% fat) Blood Kidneys Femur Liver Carcass

0 I 1 1 1 1
2-5 1 1 1 1 1
5 (control) I I I I1
10 1.9 2 1-5 1-5 1-8
15 9-6 7-5 4-8 4-2 5-2
20 7-9 5-5 4-6 4-4 4-2
40 13-6 14-2 10-8 7-1 8-9
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TABLE 6. Effects of dietary minerals on lead absorption (ratio of mean retention
experimental: control)

Diet Blood Kidneys Femur Liver Carcass

Low total minerals 17-7 11-9 13-7 8-8 11-8
High total minerals 0-2 0-5 0.1 01
Low Ca, P04, Mg, K, Na, Cl 17-7 14-9 10-7 8-2 11.0
Low Fe, Mn, Cu, Zn, I, Mo 1 1 1 1 1
Low calcium 6-2 4-4 3-4 4-0 3-1
Low phosphate 2-7 3-0 2-1 1.9 1-8
Low calcium and phosphate 9-7 7-4 4-9 3-8 4-4
Low magnesium 2-7 1-6 1-6 1-7 1-7
Low K, Na, Cl 1 1 1 1 1

Discussion
The results show that nutritional factors have a

marked effect on the absorption of lead from the
gastrointestinal tract. Previous data on the apparent
high absorption of lead from the gastrointestinal
tract in suckling rats compared with adult rats
(Pentschew and Garro, 1966; Kostial et al., 1971a, b)
may thus be partly explained by the nature of their
diet rather than functional immaturity of the gut.
Cow's milk has been used as a prophylactic for

lead poisoning but this view has been questioned by
Kello and Kostial (1973) who found enhanced lead
uptake in rats when milk was added to the animals'
diet. The findings of this paper suggest that the high
fat and protein content of milk might be expected
to increase lead absorption but the effect would be
counteracted by the high mineral content.

There are three possible mechanisms by which
nutritional factors could affect the absorption of
lead from the gut. Firstly, by the binding of lead to
a poorly absorbed factor or its derivatives thus
rendering the lead unavailable for absorption;
secondly, by the interaction of the factor with the
cellular processes regulating lead absorption;
thirdly, modification of the metabolic status of
tissues with an affinity for absorbed lead. At present,
the data presented in this paper cannot distinguish
between these possibilities. Since the experimental
period used in this study was acute and the diets
isocaloric, metabolic adaption is unlikely to account
for the results obtained. The effects observed are
more likely to be due to the nutritional factors acting
directly on lead absorption from the gut.

It is not known whether lead absorption from the
gut involves single or multiple pathways. The results
from the protein studies seem to indicate that mul-
tiple routes might be involved since both low and
high protein intake enhanced the absorption of
lead. Similar results were obtained by Milev et al.
(1970) although they found increased lead in all the
organs of animals on a high protein diet, whereas
in this study an increased lead content was found in

only the kidneys and femurs. Gontzea et al. (1970)
suggested the hypothesis that a low protein diet
results in impaired detoxifying mechanisms of the
liver thus allowing more lead to be accumulated.
This hypothesis, however, does not explain the
enhanced lead uptake associated with a high protein
diet.

Using kidney lead retention as an index of lead
uptake, the relative importance of individual
nutritional factors can be determined. A regime
containing 40% fat will increase uptake fifteen-fold.
A mineral-deficient diet will result in a twelve-fold
increase. However, the increases in lead absorption
due to the lack of the individual minerals, calcium,
phosphates and magnesium do not summate to a
twelve-fold increase (Table 6) so that there would
appear to be a synergistic effect. Since a low calcium
diet is known to modify the absorption of other
minerals, for example magnesium (Morris and
O'Dell, 1963) and strontium (MacDonald et al.,
1952, 1955), it is probable that a common pathway
exists for the absorption of calcium and other
minerals including lead from the gut. Both low and
high protein diets will also enhance lead uptake in the
kidneys 2-5 and 3-5 times respectively.

Vitamins did not have any effect on lead uptake.
This is contrary to the findings in relatively long-
term studies where a dietary deficiency in vitamin C
(Pillemar et al., 1940) enhanced lead toxicity and an
increase in vitamin D (Sobel et al., 1940) resulted in
enhanced lead absorption. The data reported in this
paper suggest that the effect of vitamins do not
result from an action on the gut.
The only dietary regime that decreased lead up-

take was that with added minerals. These results
suggest a potential application of minerals as pro-
phylactics for lead workers and children living in
high risk situations. The marked effects of the
different nutritional factors demonstrated in this
report might in part explain the wide range of blood
lead concentrations found in community studies,
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