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The subcellular distribution of copper, zinc and iron in liver and
kidney. Changes during copper deficiency in the rat
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1. The subcellular distribution of copper, zinc and iron was investigated in liver and kidney
homogenates from Cu-deficient and control rats. The supernatant fraction contained most
Cuand Zn in control animals, but the highest proportion of Fe was in the microsomal fraction.

2. Cu deficiency reduced the concentration of the metal in all fractions, but the depletion
was most severe and developed most rapidly in the supernatant fraction, indicating that the
soluble cytoplasm is the site of Cu storage in the cell. The Fe content of the liver increased
during Cu deficiency with Fe being deposited preferentially in the mitochondria.

3. All the Cu and most of the Zn in liver and kidney supernatant fractions occurred in four
protein-containing fractions that were of similar molecular weights in both organs. A
fraction of molecular weight 30000 was primarily concerned with Cu storage in mature rats.

4. The reduction in liver Zn during Cu deficiency appeared to be the result of impaired
intestinal absorption and it is suggested that a small amount of Cu facilitates the absorption of
Zn.

The importance of the liver in providing a mobilizable reserve of copper that can
be released to other tissues during Cu deficiency is well established (Dempsey,
Cartwright & Wintrobe, 1958; Dowdy, 1969; Owen & Orvis, 1970). Recent investiga-
tions in the rat showed that the kidney acts in a similar way, although to a lesser
extent (Alfaro & Heaton, 1973), and also indicated that zinc and iron may accumulate
in the liver during Cu deficiency.

This work has been developed by studying the changes occurring at the cellular
level and the present paper reports the distribution of these metals among the main
subcellular fractions of liver and kidney from Cu-deficient and control rats. The
supernatant fraction proved to be the true storage site for Cu and its association with
proteins in the soluble part of the cell is considered.

EXPERIMENTAL
Animals and diets

Two groups of twenty-four weanling male Wistar albino rats weighing about
50 g were randomly selected and fed with Cu-deficient (o4 mg/kg diet) and control
(50 mg/kg diet) diets for up to 126 d. The animals were housed, three to a cage, in
stainless-steel cages and all received an amount of food equal to that consumed by
the least hungry cage of Cu-deficient rats; this gave an initial intake of 7 g progres-
sively rising to 12 gfrat per d. Glass-distilled water that had been subsequently
deionized was provided ad Iib. The cages were cleared with EDTA to remove traces
of Cu and the synthetic diets were prepared by mixing (g/kg): casein 200; sucrose
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660; arachis oil 80; cod-liver oil 20; salt mixture containing major minerals and trace
elements 40; and purified vitamins, as described previously (Alfaro & Heaton, 1973).
The diets contained 12 mg Zn/kg and 180 mg Fe/kg, and were identical in composi-
tion except for their content of Cu.

Equal numbers of rats from both groups were killed after various periods, each
animal being taken from a different cage in the group. They were killed by cardiac
puncture under diethyl ether anaesthesia, and heparinized plasma was separated
immediately. Liver and kidneys were perfused through the aorta with 40 ml of ice-
cold isotonic medium before removal from the body. When tissues were required
for cellular fractionation the medium was o-25 M-sucrose, but when tissues were to
be used for gel filtration, they were perfused with o-075 M-potassium phosphate
buffer, pH 7-0.

After 73 and 119 d on the diets some animals from both Cu-deficient and control
groups received o5 ml of solution containing #ZnCl, (The Radiochemical Centre,
Amersham, Bucks.) by stomach-tube. On the first occasion four rats from each group,
weighing about 190 g, received 1o #Ci per rat, and on the second occasion three
different animals from each group, weighing about 350 g, received 20 uCi per rat.
The rats were fasted for 20 h before administration of the isotope and afterwards
they were kept individually for 15 d in stainless-steel metabolism cages equipped
with separators for urine and faeces to permit measurement of the urinary and faecal
excretion of %Zn.

Cellular fractionation

The liver and kidneys from each animal were homogenized with ice-cold o-25 M-
sucrose, using a Potter-Elvehjem homogenizer fitted with a Teflon pestle, to give
259% and 209, (w/v) homogenates respectively. Differential centrifugation was
carried out in duplicate to separate nuclear, mitochondrial, microsomal and super-
natant fractions using the conditions adopted by Murdoch & Heaton (1968), except
that microsomes were sedimented by centrifuging at 105000 g for 6o min. The com-
position of the particulate fractions was checked by electron microscopy. Recoveries
of Cu and Zn from the four fractions were respectively 9g9-2 + 4:3 % and 101-3%+ 2:5%
of the amounts in the original homogenate.

Separation of supernatant-fraction proteins

When proteins from the soluble part of the cytoplasm were required tissues were
homogenized with an equal volume of 0-075 M-potassium phosphate buffer, pH 7-0,
and the total homogenate was centrifuged for 6o min at 105000 g. The supernatant
fraction was removed and a measured volume (7 ml liver, 2 ml kidney) subjected to
gel filtration on Sephadex G-y75 (Pharmacia, Uppsala, Sweden) using a procedure
similar to that of Evans, Majors & Cornatzer (1970). Separations were done at
4° on 400 x 25 mm columns and elution was carried out, at a flow rate of 10 ml/h,
with 1 mm-Tris buffer, pH 8-6, which contained o-05 M-KCl. Fractions of 1 ml were
collected and their extinction at 280 nm measured automatically. The void volume
of the columns was determined with blue dextran and they were calibrated using
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four proteins of known molecular weight (Andrews, 1965). With careful standardiza-
tion of the columns, the elution volume of any one protein varied by no more than
+ 15 ml

Analytical methods

Plasma was deproteinized with hydrochloric and trichloroacetic acids as described
by Gubler, Lahey, Ashenbrucker, Cartwright & Wintrobe (1952). The dry weight of
subcellular fractions and tissue homogenates was measured after heating at 105° for
16 h; with total homogenates and supernatant fractions allowance was made for the
amount of sucrose present. Minerals were determined after wet ashing with a mixture
of nitric and perchloric acids (5:1, by vol.). The perchloric acid was of Aristar quality,
and all other reagents used in the separation and analysis of tissues were of Analar
grade whenever possible.

Cu and Zn were determined in deproteinized plasma and solutions of tissue ash
by atomic absorption spectrophotometry. Fe in tissue ash was also determined by
atomic absorption analysis, but Fe in plasma was measured colorimetrically by the
tripyridyl reaction, and the haemoglobin in blood was estimated as cyanmethaemo-
globin (Dacie & Lewis, 1963).

85Zn was measured with a gamma counter (Nuclear Enterprises (GB) Ltd, Edin-
burgh). Urine, faeces and individual tissues were analysed in a well counter, and the
activity of whole rats was determined by wrapping the animal in a polythene bag
perforated at the end and placing it in an arm counter. Corrections were made for
background readings and isotopic decay.

The statistical significance of differences was assessed by Student’s ¢ test.

RESULTS
Subcellular distribution of Cu, Zn and Fe

Batches of six rats from each of the Cu-deficient and control groups were killed
after periods of 43 and 125 d on the diets, when the mean body-weights had increased
to about 180 and 320 g in animals of both groups. The Cu concentrations in the plasma
of the first and second batches of deficient rats were o-30 and 016 x#mol/l respectively,
compared with values of 15-7—204 #mol/l in control animals, and the blood haemo-
globin concentration was also lowered in both batches of deficient rats, but there was
no significant difference in the concentrations of Zn or Fe in the plasma.

Considerable differences were observed between both the total amounts and the
subcellular distribution of the three metals in the livers and kidneys of control rats
(Table 1). In both tissues the highest proportions of Cu and Zn usually occurred in
the supernatant fraction, closely followed in liver by the nuclear fraction (Table 2),
but the microsomal fraction always contained the largest amount of Fe.

Cu deficiency greatly reduced the total amount of the metal in liver and kidney.
This was the result of a lowered concentration in all subcellular fractions of liver from
both batches of deficient rats and in all fractions of kidney from animals in the second
deficient batch (Table 1). In animals of the first batch, which were less severely deficient
after only 43 d on the diet, the supernatant fraction was the only kidney fraction with
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Fig. 1. Separation of liver and kidney supernatant fractions on Sephadex G-75. The tissues
were from the rats after 126 d on control diet. Concentrations of copper (O) and zinc (@) in
fractions of 1 ml are shown.

a statistically significant reduction in Cu concentration, suggesting that it was the site
of initial depletion. Examination of the distribution of Cu within the cells of deficient
rats (Table 2) indicates that the proportion present in the supernatant fraction of
both liver and kidney was significantly reduced in the most severely deficient animals
and the proportion in the nuclei tended to increase.

A secondary decrease in the concentration of Zn within the liver was observed in
both batches of Cu-deficient rats, but this appeared to be the result of a small loss
from all fractions that caused no change in relative distribution of the metal. The
amount of Fe in the liver increased markedly during Cu deficiency and this was
the result of increased deposition in nuclear, mitochondrial and microsomal fractions,
although the increase was proportionally most marked in the mitochondria. No
changes in either the amount or the distribution of Zn and Fe in the kidney were
observed during Cu deficiency.

Association of Cu and Zn with proteins in the supernatant fraction

Four rats from each of the Cu-deficient and control groups were killed 1 d later than
the corresponding animals used for cellular fractionation. When the tissue supernatant
fractions were subjected to gel filtration on Sephadex G-7g, most of the Cu and
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Table 4. Distribution of orally administered %5Zn in copper-deficient and
control rats after various periods on diet

(Mean values with their standard errors for four rats/group at 73 d and three/group at 119 d)

Recovery of #3Zn as 9% of dose administered
~

14 Y
%73 d on diet 119 d on diet
- A - A ~
Location of isotope Control Cu-deficient  Control Cu-deficient
Retained in body
after day 15 573 £ 25 59T k352 577+ 30 456 % 25*
Excreted in faeces:
days 1-7 373 44 349* 50 37735 503k 28*
days 8-15 530 £ 0060 458 + 024 357+ 043 261 + 016
Excreted in urine:
days 1—7 068 + 006 079 x 009 067 + 007 o080 + o10
days 8-15 042 + 008 054 + 008 044 + 002 055 + 003

Value significantly different from control: *P < o-05.

Zn was eluted together in four main fractions (Fig. 1). The positions of elution of the
fractions were similar for material from both liver and kidney, and the metal-con-
taining fractions, which have been designated A, B, C and D in order of their removal
from the columns, absorbed radiation of wavelength 280 nm, suggesting that the
metals were associated with protein. From the calibration of the columns, fraction A
contained material with a molecular weight in excess of 75000, because it was only
slightly retarded by the gel, and fractions B, C and D corresponded to molecular
weights of approximately 65000, 30000 and 10000 respectively. These four fractions
contained 99101 9, of the Cu placed on the columns, but about 159, of the Zn in
both liver and kidney supernatant fraction was eluted much later in a 5th fraction
designated E. This also had strong extinction at 280 nm, suggesting that the Zn was
associated with peptides or other materials of lower molecular weight.

The distribution of Cu and Zn among these fractions appeared to vary with the
maturity of the control rats. The proportions of Cu and Zn in the supernatant fraction
associated with fraction D were significantly lower in the liver and kidneys of the
second batch of control rats than in the first (P < o-o1). Conversely the proportion
of Cu in fraction C and Zn in fraction B rose with increasing age (P < 0-03) in both
tissues (Table 3).

The decreased concentration of Cu in the liver supernatant fraction of deficient
animals was due to a reduction in all fractions when compared with control animals
of the same age. The reduction was, however, proportionally most marked in fraction C,
which contained the major part of the supernatant-fraction Cu in mature rats, and least
in fraction A, thus increasing the proportion of the metal in that fraction. Little
difference was found in the distribution of Cu among the protein fractions of kidney,
where the reduction in supernatant-fraction Cu concentration was less severe than in
the liver.
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Metabolism of Zn during Cu deficiency

Cu deficiency was found to reduce the concentration of Zn in the liver (Table 1)
and the metabolism of a trace quantity of orally administered $Zn was therefore
investigated at two intervals during the depletion period. Severely deficient rats
given %Zn at 119 d excreted significantly more $Zn in the faeces during the 1st week
after administration of the isotope and retained less in the body than did control
animals (Table 4), but no such difference was observed at an earlier stage of deficiency.
Measurements made on individual organs from the second batch of animals showed
a reduced incorporation of isotope into the livers of Cu-deficient rats, which was
mainly due to a decrease in the proportion of ®Zn present in the supernatant fraction.

DISCUSSION

The results of this investigation indicate that the main reserve of Cu in rat liver and
kidney is located in the soluble part of the cell cytoplasm. The supernatant fraction
of both tissues contained the highest proportion of Cu in control animals, in agreement
with the findings of Edwards, Olson, Heggen& Glenn (1961) in adult Wistar rats, and Cu
deficiency caused proportionally the greatest reduction in concentration of the metal
in this part of the cell (Table 2), indicating that the major loss occurred from here.
Moreover, Cu depletion in the kidney occurred most rapidly in the supernatant fraction
(Table 1), which confirms it as the true site of Cu storage, and this conclusion is con-
sistent with the findings of Gregoriadis & Sourkes (1967) and Mills & Mitchell (1971).
It does appear, however, that the maturity of the animal and the strain of rat both
affect the distribution of Cu within the cell (Gregoriadis & Sourkes, 1967; Evans,
Myron, Cornatzer & Cornatzer, 1970; Hermann & Kun, 1961).

All the Cu and most of the Zn in liver and kidney supernatant fraction was associated
with four distinct protein-containing fractions that were of similar molecular weights in
both organs (Fig. 1). These fractions were probably not homogeneous, but fraction C,
which had a molecular weight of approximately 30000, appears to be analogous to
cytocuprein, a Cu and Zn metalloprotein isolated from human liver, brain and
erythrocytes by Carrico & Deutsch (1969, 1970). Similarly fraction D, with a molecular
weight of about 10000, may contain metallothionein, which has been obtained in a
highly purified form from equine and human renal cortex (Kigi & Vallee, 1961;
Pulido, Kigi & Vallee, 1966). Evans & Cornatzer (1970) also found Cu and Zn asso-
ciated with a protein of similar molecular weight in rat liver, kidney and duodenum,
but we are not aware of any metalloproteins that could correspond to fractions A and
B, which had molecular weights in excess of 75000 and about 65000 respectively,
although Davies, Bremner & Mills (1973) have recently reported Zn associated with
a fraction of molecular weight 65000 in rat-liver supernatant fraction. Unfortunately the
amounts of material available in the present study were insufficient to permit further
investigation.

The distribution of Cu and Zn among these four fractions in control animals was
rather different, and it also varied with the age of the rat. The largest proportion of
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supernatant-fraction Cu was associated with fraction C in both liver and kidney from the
second batch of control animals, but Zn was fairly evenly distributed among fractions
A, B and C, all of which contained more than fraction E (Table 3). In the younger
animals of the first batch, however, fraction D contained a significantly higher pro-
portion of the Cu and Zn in both tissues. It is recognized that intracellular Cu under-
goes some redistribution between mitochondria and cytoplasm during the maturation
process (Gregoriadis & Sourkes, 1967; Evans, Myron et al. 1970; Porter, 1970), and
the present observation suggests this is associated with changes in the protein-binding
of Cu within the cytoplasm itself.

The decreased concentration of Cu in the liver supernatant fraction from severely
deficient animals was due principally to a reduction in the metal associated with fraction
C. This contained the major proportion of soluble Cu in the tissues of mature rats and it
may therefore be the fraction primarily concerned with the storage of cellular Cu in
adult animals.

Secondary effects of Cu deficiency on Zn and Fe metabolism were observed in the
liver but not in the kidney. Cu deficiency caused the deposition of additional Fe in
most liver fractions, but the accumulation was proportionally most marked in the
mitochondria. Gregoriadis & Sourkes (1967) found that Cu accumulated preferentially
in the mitochondria and nuclei of Fe-deficient rats, and it therefore appears that the
mitochondria are closely involved in the interaction of Cu and Fe metabolism.

The decreased concentration of Zn in the liver of Cu deficient rats appeared to be
the result of an impaired intestinal absorption of the metal. The increased faecal
excretion and decreased retention in the body of orally administered %Zn was well-
defined in rats severely deficient in Cu (Table 4), although no difference was found
at an earlier stage of depletion. Antagonism between Cu and Zn, with a high intake of
either metal inhibiting absorption of the other, is well established (Lee & Matrone,
1969; Starcher, 1969; Van Campen, 1970), but the present observation suggests that
a minimum level of Cu is necessary in the body to facilitate the absorption of Zn. This
hypothesis provides an explanation for several puzzling observations, such as the
increase in liver Zn after giving Cu to pigs on a low-Cu diet (Suttle & Mills, 1966),
and our previous finding (Alfaro & Heaton, 1973) that rats on suboptimum intakes of
Cu accumulate Zn in the liver when animals on a severely deficient intake do not.
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