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The Absorption of Nonferrous Metals in Iron Deficiency *

SIMEONPOLLACK, JAMESN. GEORGE,RICHARDC. REBA, RICHARDM. KAUFMAN,
ANDWILLIAM H. CROSBYt

(From the Department of Hematology, Walter Reed Army Institute of Research,
Washington, D. C.)

Iron is unique among inorganic nutriments be-
cause primary control of body homeostasis resides
with absorption, not with excretion (1). How-
ever, the pathway by which iron is transported in
the gut is not necessarily unique; it may be shared
with cations whose absorption waxes and wanes
in parallel with that of iron, but whose total body
balance is maintained by ready excretion. The
question of whether the transport system by which
iron is absorbed is truly unique initiated the pres-
ent series of experiments.

Methods

The absorption of various cations in iron deficiency
was tested in groups of Walter Reed Carworth Farms
strain rats rendered iron deficient by bleeding or main-
tained on an iron-deficient diet.' The rats' weights
ranged from 210 to 370 g. Control and experimental
animals were chosen randomly from a homogeneous
group for each experiment and were prepared as follows.

In one group of rats 3.5 ml of blood was removed each
of 3 successive days by bleeding from the orbital plexus.
Control rats and bled rats were both maintained on stand-
ard rat biscuit diets. Rats were fasted 24 hours before
study. The experiment was conducted on the seventh
day following the initial bleeding.

A second group of rats was maintained on an iron-
deficient diet, compounded of casein and sucrose with vi-
tamin, mineral, and fat supplements (Table I) for 13 days
before study. Control rats were maintained on a diet of
the identical formula except that 93.5 mgof FeSOc7 H20
was added to each 100 g of the iron-deficient diet (2).
The diet was served in porcelain dishes. The rats were
fasted 1 day before study and dosed 14 days after begin-
ning the iron-deficient diet.

The dosing solution consisted of distilled water con-
taining 5 jemoles and approximately 1 Aec of the cation

* Submitted for publication December 14, 1964; ac-
cepted May 17, 1965.

tAddress requests for reprints to Chief, Dept. of He-
matology, Walter Reed Army Institute of Research,
Washington, D. C. 20012.

1The principles of laboratory animal care as promul-
gated by the National Society for Medical Research were
observed.

being tested in a total volume of 0.5 ml. Dosing solu-
tions were freshly made. The isotopes and their salts
studied were as follows: Cs'Cl, MgCl2C 6 H20, Mn4Cl2-
4 HO, Hg" (NO3) 2 H2O, FeWCla, Co'Cl2 - 6 H20, Zn'Cl,
Ca47C12, and Cu"4(NO3)2 3 H20. The isotopes were ob-
tained commercially.2 The carrier salts used were the
same as the isotope salts. Hg(NO3)2-H20 was dissolved
by the addition of HNOs. The FeCl3 was reduced by the
addition of 1.6 mg ascorbic acid to each 5 jsmoles of fer-
ric salt.

The dosing solution was given through a blunt needle
passed down the esophagus with the rat under light ether
anesthesia. The rat was then placed in a 1-quart, vented
ice cream container and kept there for 6 hours. At the
end of this time the boxed rat was killed with chloro-
form and counted in a large, well-type liquid scintillation
counter.3 After this the rat's gastrointestinal tract was
carefully removed from esophagus to rectum. The rat
carcass was returned to its box and a second count was
obtained. Percentage absorption of the isotope was com-
puted by dividing the second count by the first. Ab-
sorption measured in this manner includes only counts
remaining in the eviscerated carcass. Isotope absorbed

TABLE I

Iron-deficient diet for rats

Sucrose
Casein
Salt mix
Wesson oil mix
Vitamin mix

Salt mix
CaCO3
K3PO4
KCl
NaCl
MgCO3
MgSO4.7 H20
NaF
CuS04
MnSO4
AlKSO4
KI

72.0
20.0

4.0
3.0
1.0

55.350
21.750
11.400

7.050
2.550
1.650
0.100
0.090
0.035
0.017
0.008

2 Oak Ridge National Laboratories, Oak Ridge, Tenn.;
Isoserve, Cambridge, Mass.

3 Armac counter, Packard Instrument Co., La Grange,
Ill.
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and returned to the gut does not contribute to the final
count. Isotope absorbed and excreted in the urine re-
mains in the counting box and is included in the final
estimate of absorption.

The intestinal transit time of the various salts as used
was tested with carmine red as a marker; in no in-
stance was the dye found to have passed beyond the ce-
cum at 6 hours.

Correction for decay was obviated by the negligible
time lapse between first and second counts of each ani-
mal. The shortest lived of the isotopes used (Cu", tj 12.8
hours) was associated with a maximum of 2% decay in
the interval between the first and second counts (10 min-
utes). Ca'7 decay yields a low energy gamma-emitting
isotope (Sec); the counts from Sc7 were excluded by
adjusting the lower window of the scintillation counter.

Results and Discussion

The percentage of absorption of cesium, mag-

nesium, mercury, zinc, calcium, manganese, co-

balt, iron, and copper in normal rats and rats ren-

dered iron deficient by bleeding is shown in Table
II. Only the absorption of manganese, cobalt,
and iron was increased in the iron-deficient rats.
Bled animals absorbed almost twice as much man-

ganese and almost three times as much cobalt as

their normal counterparts. The absorption of iron
was increased approximately fivefold.

It is apparent that the iron-deficient gut, which
has an increased ability to absorb iron, does not
undergo a nonspecific change rendering it more

readily penetrable to all cations. It is also ap-

parent that the percentage of absorption of the
cations tested bears no simple relation to ionic
size (3). In testing these cations we suspected

TABLE II

Absorption of 5 Mmoles of cation

Bled rats Control rats p*

Cs137 74.6 0.9t(10)t 74.2 + 1.3 (10) NS
Mg2' 28.9 5.2 (10) 28.8 7.4 (10) NS
Hg's 6.8 1.0 (9) 6.2 1.3 ( 9) NS
Zn6" 10.6 6.8 ( 9) 8.8 i 3.1 (10) NS

5.9 4i 4.9 ( 8) 7.8 5.1 (12) NS
Ca47 44.0 i 18.6 (12) 39.9 12.1 (13) NS
Cu" 6.5 5.7 (13) 7.8 7.1 (15) NS
Mn" 4.7 2.5 ( 8) 2.5 :4 1.4 ( 9) <0.05
Co6" 28.7 i 11.3 ( 9) 10.4 3.0 ( 8) <0.001
Fe"A 37.7 i 11.1 ( 3) 7.91i 4.9 ( 9) <0.001

* Statistical comparison is made by the two-tailed t test.
NSmeans not significant at the 0.05 level.

t Mean i 1 SD.
t The numbers in parentheses are the number of rats in

the group tested.

TABLE III

Absorption of 5 pmoles of cation

Deficient diet rats Control diet rats p*

Cs137 78.4'I 4.6t (12)t 76.7 :1 2.6 (11) NS
Mg28 45.2 4ad 8.1 (11) 42.1 ± 5.3 (12) NS
Hge3 8.4 4 5.0 (12) 11.2 4 7.0 (12) NS
Zn65 20.6 i 5.9 (10) 14.5 1 6.7 (10) -<.05
Ca47 34.3 1 7.2 (12) 35.0 1 7.7 (12) NS
Cu" 5.8 1 2.2 (15) 6.2 d 1.8 (14) NS
Mn" 5.7 4i 2.6 (12) 3.5 ± 1.9 (14) <0.02
Co6" 34.8 4 7.8 (12) 18.4 h 5.8 (10) <0.001
Fe" 27.8 i 12.8 (12) 9.2 4- 7.3 (11) <0.001

* Statistical comparison is made by the two-tailed t test.
NS means not significant at the 0.05 level.

t Mean i1: 1 SD.
t The numbers in parentheses are the number of rats in

the group tested.

that copper and iron absorption might be linked
because the copper content of the liver in hemo-
chromatosis is markedly elevated (4), but copper
absorption was not significantly increased in bled
rats.

Bleeding depletes total body iron, but it does
more than this, reducing total body protein and
the various trace elements contained in whole
blood as well. Consequently, there is no guaran-
tee that bled animals behave as they do solely be-
cause of iron deficiency. However, iron absorp-
tion can be increased in rats by placing them on
iron-deficient diets. In so doing there is no reason
to suspect depletion of any nutriment except iron.
The iron-deficient diet (Table I) we use causes
rats to increase their iron absorption significantly
after only 4 days and markedly after 14 days (2).

The experimental group of rats was maintained
on this diet. The control group of rats was main-
tained on the identical diet except that iron was
added. The absorption of the various cations
tested is listed in Table III. After 2 weeks on the
iron-deficient diet the rats absorbed twice as much
cobalt and about half again as much manganese as
their counterpart controls. In both the bleeding
and feeding experiments the increased absorption
of cobalt and manganese was statistically signifi-
cant. The other cations' absorption was un-
changed, with the exception of zinc, the absorption
of which was increased in animals consuming the
synthetic iron-deficient diet, but not in bled ani-
mals. The reason for this discrepancy is not
apparent.
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TABLE IV

Absorption of Co60 and Mn54 given with Fe

Co60 (5 jumoles) 21.2 o10.7t (16)*
Co60 (5 pmoles) +iron (40 pmoles) 15.5:1 6.5 (15) 0.1 >p >0.05
Mn" (5 jumoles) 2.04 1.2 (10)
Mn54 (5 ,umoles) +iron (40,umoles) 2.6h 2.1 (10) p <0.5

* Statistical comparison is made by the two-tailed I test.
t Mean 1 SD.
$ The numbers in parentheses are the number of rats in the group

tested.

It is apparent that iron deficiency is associated
with increased intestinal absorption of cobalt and
manganese. This effect could derive from a

shared pathway of transport. Competitive inhibi-
tion of cobalt and manganese absorption by iron
was sought to support this supposition. It was

not found in the dose range investigated (Table
IV). These data are of limited significance, since
competitive inhibition would not be demonstrable
in any system till the system had been taxed to
near its capacity (5). Since large doses of inor-
ganic iron have gross toxic effects on the gastro-
intestinal tract (6), any effect on intestinal ab-
sorption by amounts of iron larger than those al-
ready used would be ambiguous. Cobalt and man-

ganese in large doses are also toxic (7, 8). For
these reasons further tests of competition between
these cations were not made.

The chemistry of cobalt, manganese, and iron is
similar. Their ionic radii are similar, and they
tend to coordinate with six ligands and form octa-
hedral complexes (3). These similarities are pos-

sibly responsible for their similar behavior during
absorption from the intestine.

The biological significance of increased cobalt
and manganese absorption when iron absorption
is increased is uncertain. Hemochromatosis is a

disease in which this overlap could be of im-
'portance. The cirrhosis of hemochromatosis has
not been explained; large doses of parenteral iron
given to animals do not lead to cirrhosis (9).
Manganese or cobalt can produce cirrhosis when
given parenterally (10-13), but the possibility of
their involvement in the cirrhosis of hemochro-
matosis has received scant attention (4).

The present study adds to these other observa-
tions showing interrelationships between cobalt,
manganese, and iron metabolism: the erythro-

poietic effect of cobalt (14), manganese incorpora-
tion into hemoglobin (15), the complementary re-
lationship between manganese and iron in sub-
cellular fractions of rat liver (16), and the inter-
ference of large amounts of dietary manganese
with iron absorption (17).

Summary

1. The intestinal absorption of cobalt and man-
ganese was increased in rats rendered iron defi-
cient by bleeding and diet.

2. The intestinal absorption of cesium, mag-
nesium, mercury, calcium, and copper was not in-
creased in iron-deficient rats. Zinc absorption
was increased in rats consuming an iron-deficient
diet but was unchanged in bled rats.

Acknowledgment

We wish to thank Miss Donna J. Wicker for expert
technical assistance.

References

1. McCance, R. A., and E. M. Widdowson. Absorption
and excretion of iron. Lancet 1937, 2, 680.

2. Pollack, S., R. M. Kaufman, and W. H. Crosby.
Iron absorption: the effect of an iron-deficient diet.
Science 1964, 144, 1015.

3. Heslop, R. B., and P. L. Robinson. Inorganic Chem-
istry. A Guide to Advanced Study, 2nd ed. New
York, Elsevier, 1963, p. 591.

4. Butt, E. M., R. E. Nusbaum, T. C. Gilmour, and
S. L. Didio. Trace metal patterns in disease states.
I. Hemachromatosis and refractory anemia. Amer.
J. clin. Path. 1956, 26, 225.

5. Wilbrandt, W., and T. Rosenberg. The concept of
carrier transport and its corollaries in pharmacol-
ogy. Pharmacol. Rev. 1961, 13, 109.

6. Goodman, L. S., and A. Gilman. The Pharmacologi-
cal Basis of Therapeutics, 2nd ed. New York,
Macmillan, 1958, p. 1462.

7. Handovsky, H., H. Schulz, and M. Staemmler. tUber
akute und chronische Schwermetallvergiftungen.
Naunyn-Schmiedeberg's Arch. exp. Path. Pharmak.
1926, 110, 265.

8. Lazarus, S. S., M. G. Goldner, and B. W. Volk.
Selective destruction of pancreatic alpha cells by
cobaltous chloride in the dog. Metabolism 1953, 2,
513.

9. Brown, E. B., D. E. Smith, R. Dubach, and C. V.
Moore. Lethal iron overload in dogs. J. Lab.
clin. Med. 1959, 53, 591.

10. Villaret, M., I. Bertrand, L. Justin-Besancon, and R.
Even. Les cirrhoses cobaltiques. C. R. Soc. Biol.
(Paris) 1931, 108, 956.

1472



NONPERROUSMETALABSORPTIONIN IRON DEFICIENCY

11. A. Cajano. Sulle lesioni del fegato nella intossicazione
cronica sperimentale con cobalto. Folia med.
(Napoli) 1951, 34, 8.

12. Hurst, E. W., and P. E. Hurst. The etiology of
hepatolenticular degeneration. Poisoning with
manganese, chloroform, phenylhydrazine, bile and
guanidine. J. Path. Bact. 1928, 31, 303.

13. Findlay, G. M. The experimental production of bili-
ary cirrhosis by salts of manganese. Brit. J. exp.

Path. 1924, 5, 92.
14. Goldwasser, E., L. 0. Jacobson, W. Fried, and L. F.

Plzak. Studies on erythropoiesis. V. The effect

of cobalt on the production of erythropoietin.
Blood 1958, 13, 55.

15. Borg, D. C., and G. C. Cotzias. Incorporation of
manganese into erythrocytes as evidence for a

manganese porphyrin in man. Nature (Lond.)
1958, 182, 1677.

16. Thiers, R. E., and B. E. Vallee. Distribution of
metals in subcellular fractions of rat liver. J. biol.
Chem. 1957, 226, 911.

17. Hartman, R. N., G. Matrone, and G. H. Wise.
Effect of high dietary manganese on hemoglobin
formation. J. Nutr. 1955, 57, 429.

1473


