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Abstract. The synthesis in various tissues of the unique metal-binding protein, metallothionein, 
can be influenced by the administration of certain trace elements. Zinc and cadmium, both of 
which bind to metallothionein, are most widely recognized as potent inducers. Preliminary results 
in our laboratory suggested that iron loading causes a marked accumulation of hepatic zinc 
metallothionein. We present in this report the effects of parenteral iron administration on me- 
tallothionein concentration in various tissues. Male chicks (300-350 g) received (ip) either a 
single injection (+1 Fe) of iron (10 mg Fe/kg, as FeC13), two injections (+2 Fe) given 24-hr 
apart, three injections (+3 Fe) each given 24-hr apart, or an equivalent volume of 0.9% saline 
(control). Twenty-four hours following the final injection, chicks were killed and tissues analyzed 
for cytoplasmic zinc and metallothionein (Zn-MT). The parented administration of femc iron, 
FeCIJ, resulted in a marked tissue-specific accumulation of zinc as metallothionein. In chicks 
given +2 Fe, hepatic Zn-MT increased more than 10-fold with a third injection (+3 Fe) causing 
no further change. The concentration of Zn-MT in renal and pancreatic tissue was unaffected 
by iron loading. An increase in hepatic Zn-MT was evident prior to detectable changes in total 
hepatic iron. The administration of other ferrous iron compounds at a similar rate produced 
comparable changes in hepatic Zn-MT. Feeding excess dietary iron, however, had no effect on 
liver Zn-MT levels even though similar hepatic iron concentrations were attained. Our results 
indicated that parenteral administration, but not feeding, of various iron compounds causes a 
marked increase in zinc metallothionein, specifically in liver tissue. 

Presently, there is a considerable body of 
literature concerning the unique metal-bind- 
ing protein, metallothionein. Although iso- 
lated more than 20 years ago (l), a consensus 
regarding the biological role of this inducible 
protein does not exist. It is well recognized 
that a nutritionally required trace element, 
zinc, as well as an extremely toxic metal, cad- 
mium, both induce the synthesis of metallo- 
thionein in various tissues. Accordingly, a 
function in the metabolism of these elements 
has been suggested (2-6). In addition to zinc 
and cadmium, the synthesis of metallothi- 
onein can be influenced by other elements, 
copper and mercury (7-9), as well as steroid 
hormones ( 10- 12), stressors ( 1 3- 15), and cer- 
tain chemicals, e.g., carbon tetrachloride ( 13) 
and isopropanol (16). Although a unifying 
mechanism has not been established, there is 
little doubt that transcriptional events are in- 
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volved in the process of metallothionein in- 
duction. 

The influence of elements, other than those 
cited above, on the induction of tissue me- 
tallotionein has received less attention. The 
several studies conducted have reported 
equivocal results. Piotrowski and Szymanska 
( 17) examined the ability of 19 different metals 
to induce the synthesis of hepatic and renal 
metallothionein-like proteins. They concluded 
that cadmium, zinc, copper, and cobalt were 
capable of inducing metallothionein synthesis 
in liver while cadmium, zinc, copper, and 
mercury induced metallothionein in kidney. 
Winge et al. ( 18) reported that silver salts were 
potent inducers of both hepatic and renal me- 
tallothionein. Others have indicated that bis- 
muth (1 9) is capable of inducing renal me- 
tallothionein. A recent study by Eaton et aZ. 
(20) showed that copper and cobalt did not 
induce hepatic metallothionein but that nickel 
produced a two- and threefold increase in he- 
patic and renal metallothionein. In addition, 
and in contrast to results of Winge et aZ. (1 8), 
silver did not significantly increase renal or 
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hepatic metallothionein. Differences in the 
route of administration, dosing schedules, an- 
imal strains, and method of metallothionein 
quantitation were cited as possible causes for 
discrepancies. 

Recent preliminary work (21) in our lab- 
oratory directed toward an investigation of an 
antagonism between zinc and iron indicated 
that iron may be capable of causing a pro- 
nounced increase in zinc metallothionein, 
specifically in hepatic tissue. Other tissues 
which are sensitive to changes in zinc status, 
such as kidney and pancreas, were unaffected. 
We demonstrate in this report that parenteral 
administration, but not feeding, of various iron 
compounds causes a more than 10-fold in- 
crease in hepatic zinc metallothionein. 

Materials and Methods. Five-week-old 
male chicks (300-350 g), Leghorn strain, re- 
ceived (ip) either a single injection of iron (+ 1 
Fe) as ferric chloride (FeC13), two injections 
(+2 Fe) given 24 hr apart, three injections (+3 
Fe) each given 24 hr apart, or an equivalent 
volume of 0.9% saline (control). Each injection 
of iron was given at a rate of 10 mg Fe/kg 
body wt from a solution containing 20 mg 
Fe/ml. Feed and water were provided ad li- 
bitum throughout the experiment. Twenty- 
four hours following the final injection, chicks 
were killed by cervical dislocation and tissues 
excised, immediately placed in ice, and sub- 
sequently frozen (-20 "C). Pooled cytosol were 
prepared from separate samples of three tis- 
sues, liver, kidney, and pancreas. Each sample 
of hepatic cytosol was prepared from hepatic 
tissue from two chicks. Each pancreatic and 
renal cytosol sample was prepared from tissues 
obtained from three chicks. An equal portion 
of each tissue sample was combined (1:2 wt/ 
vol) in ice-cold buffer (0.25 M sucrose/O.Ol 
M Tris-HC1/0.01% NaN3, pH 8.6) and ho- 
mogenized using a Potter-Elvej hem glass ho- 
mogenizer. The homogenate was centrifuged 
at 100,OOOg for 1 hr at 4°C to yield a final 
supernatant (cytosol) which was collected and 
immediately stored at -20°C. 

Tissue metallothionein was isolated and 
quantitated by gel-filtration chromatography. 
Three milliliters of cytosol were applied to a 
2.5 X 50-cm column of Sephadex G-75 (me- 
dium) equilibrated in 0.0 1 M Tris-HC1/0.0 1 % 
NaN3, pH 8.6, at 4°C. Cytosol was eluted in 
the same buffer (flow rate of 0.3 ml/min) and 

collected in 3-ml fractions. The zinc content 
of each fraction was determined by atomic 
absorption spectrophotometry, AAS (AA575, 
Varian Associates, Inc., Palo Alto, Calif.). 
Fractions containing zinc metallothionein ( 1.8 
X Vo) were summed and expressed as pg Zn/ 
ml cytosol. Columns were calibrated with 
DEAE-purified rat hepatic metallothionein to 
verify the elution volume of metallothionein. 
Total cytosol zinc was also determined by AAS 
following an appropriate dilution ( 1 :20) with 
deionized water. 

To confirm the identity of iron-induced he- 
patic metallothionein eluting from G75 chro- 
matography, nondenaturing polyacrylamide 
gel electrophoresis (PAGE) was performed. 
Fractions containing the third peak from G75 
chromatography (see Fig. 2, fractions 52-65) 
were pooled and applied directly to a column 
(0.9 X 10 cm) containing anion-exchange me- 
dia (DEAE-Sephadex A25, Pharmacia Fine 
Chemicals Co., Piscataway, N.J.) equilibrated 
in 0.002 M Tris-acetate buffer, pH 7.4. The 
procedure has been previously described (22). 
The single DEAE chromatographic peak was 
concentrated by ultrafiltration using YM2 
membrane filters (Amicon Corp., Danvers, 
Mass.). An approximately equal amount of 
zinc from the DEAE concentrate of iron-in- 
jected and zinc-injected (5 mg/kg) chicks, as 
well as zinc MTA from rat liver, was subjected 
to vertical slab PAGE. The discontinuous 
buffer system described by Davis (23) was em- 
ployed using 7.5% total acrylamide and 2.5% 
Bis. Gels were cast in a vertical apparatus 
(Hoeffer Scientific Instruments, San Francisco, 
Calif.) with dimensions of 14 cm W X 12 cm 
H X 1.5 mm thick and subjected to constant 
current (20 mA) with cooling. Electrophoresis 
was terminated when the tracking dye reached 
the bottom of the gel. Gels were stained over- 
night in 0.25% Coomassie R250/7% acetic 
acid/25% methanol and destained by diffu- 
sion. 

In addition to electrophoretic analysis of 
hepatic DEAE-purified material from iron- 
and zinc-induced chicks, amino acid com- 
position analysis was conducted on the same 
samples. Samples were lyophilized in ampules 
and hydrolyzed in vacuo for 24 hr at 110°C 
in constant-boiling HC1 containing ethanethiol 
as a reducing agent. Cysteic acid was deter- 
mined following performic acid oxidation (for 
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16 hr) by the method of Hirs (24) and hy- 
drolyzed as above in constant-boiling HCl. 
All determinations were performed on a 
Beckman Model 119 C1 amino acid analyzer. 
Three replicate analyses were performed. 

Whole-tissue zinc and iron determinations 
were also conducted on liver samples. Equal 
portions of liver from two chicks were pooled 
and treated as a single sample. A total of four 
samples from each treatment were subjected 
to acid digestion using sulfuric and nitric acids. 
The zinc and iron concentration of the tissue 
digest was determined by AAS and results ex- 
pressed as micrograms per gram wet weight 
tissue. 

A second experiment was conducted to in- 
vestigate the effect of ferrous (Fe2’) iron salts 
on hepatic zinc metallothionein concentra- 
tions. Five-week-old male chicks received (ip) 
either two injections of saline (0.9% NaCl), or 
two equivolume injections of iron ( 1  mg Fe/ 
100 g body wt) as ferric chloride (FeC13), fer- 
rous sulfate (FeS04), or ferrous ammonium 
sulfate (Fe(NH4)2(S04)2). A fourth group re- 
ceived two injections of a similar volume of 
equimolar ammonium sulfate ( (NH4)2S04). 
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FIG. 1. Total zinc and zinc metallothionein content of 
liver cytosol from iron-loaded chicks. Five-week-old chicks 
were given (ip) either one injection (+1 Fe) of iron as 
ferric chloride (10 mg Fe/kg body wt), two injections (+2 
Fe) given 24-hr apart, three injections each at 24-hr in- 
tervals, or an equivalent volume of saline (control). 
Twenty-four hours following the final injection, chicks 
were killed and liver cytosol was prepared. Zinc metal- 
lothionein (Zn-MT) was determined by atomic absorption 
spectroscopy following gel filtration chromatography (G- 
75). Total cytosol zinc was also determined by AAS. Total 
Zn and Zn-MT increased significantly following one in- 
jection (+ 1 Fe) of iron. An additional significant increase 
was observed after two injections (+2 Fe) with no further 
change in +3 Fe chicks. Bar height represents a mean 
f SEM of three samples each composed of pooled tissue. 
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FIG. 2. A typical chromatogram of liver cytosol derived 
from iron-loaded or control chicks. See legend to Fig. 1 
for description of experimental treatments. Three milliliters 
of liver cytosol (1:2 w/v) was applied to a column (2.5 
X 50 cm) containing G-75 and eluted in 3-ml fractions. 
Zinc metallothionein eluted in a symmetrical peak cen- 
tered around fraction 57. Profiles from cytosol of chicks 
given three iron injections (+3 Fe) were similar to that 
from chicks given two injections (+2 Fe). 

The second injection in all groups was given 
24 hr following the initial injection. Twenty- 
four hours following the final injection, chicks 
were killed and livers excised and frozen. He- 
patic cytosol zinc and metallothionein were 
determined as previously described. 

A third experiment was conducted to de- 
termine if elevated liver iron, which is effected 
by feeding, would influence hepatic metallo- 
thionein levels. Male chicks (1 week of age) 
were fed a soy-based purified diet (25) con- 
taining either no additional iron supplement 
(basal), or 1200 or 2000 ppm added iron as 
ferrous sulfate. Chicks were fed the experi- 
mental diets for a period of 2 weeks at which 
time chicks were killed and tissues excised and 
frozen. Total liver zinc and iron analyses were 
performed by AAS following acid digestion of 
tissue. Metallothionein determinations were 
also conducted on hepatic cytosol as previ- 
ously described. 

Data were analyzed statistically by one-way 
analysis of variance and mean differences 
determined by Duncan’s Multiple-Range 
Test (26). 

Results. Iron loading caused a marked in- 
crease in hepatic zinc metallothionein (Zn- 
MT) as illustrated in Fig. 1. When compared 
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to control values, the concentration of liver 
cytosolic Zn-MT increased approximately 5- 
fold in chicks given a single injection of iron 
(+ 1 Fe). An elevation of more than 10-fold 
was observed in liver cytosol from chicks given 
two injections (+2 Fe) with no further change 
occurring in those given three injections (+3 
Fe). A typical chromatogram of liver cytosol 
from control chicks and those given + 1 Fe or 
+3 Fe is shown in Fig. 2. The change in the 
profiles of +1 or +3 Fe was exclusively in the 
last eluting peak. There was no detectable 
change in zinc concentration of fractions other 
than those containing Zn-MT. We deter- 
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FIG. 4. Polyacrylamide gel electrophoresis of DEAE- 
purified hepatic zinc-binding material from zinc- and iron- 
injected chicks. Fractions containing anion exchange peaks 
shown in Fig. 3 were concentrated by membrane filtration 
and an aliquot applied to vertical slab gels (7.5% T, 2.5% 
Bis) as described under Methods. Lane 1,0.22 pg zinc as 
rat liver metallothionein isoform A; Lane 2,0.42 pg zinc 
DEAE concentrate from +2 Fe chicks; Lane 3, 0.60 pg 
zinc DEAE concentrate from +Zn chicks; Lane 4, 13.6 
pl cytosol from “control” chicks; Lane 5, 13.6 pl cytosol 
from +2 Fe chicks; Lane 6, 13.6 pl supernate of heat- 
treated (SOOC for 5 min) +2 Fe cytosol. Dye front is 
represented by upper edge of rule. 

Fraction 

FIG. 3. Anion exchange chromatography of zinc-con- 
taining fractions from G75. The chromatograms show a 
comparison of zinc-binding material obtained from G75 
fractionation of hepatic cytosol from both zinc-injected 
(+Zn) and iron-injected (+2 Fe) chicks. Five-week-old 
chicks were given ip zinc as zinc sulfate ( 5  mg/kg) and 
killed 24 hr later. Iron was administered as described in 
Fig. 2. Fractions (52-65, Fig. 2) were pooled, and an a p  
proximately equal amount of zinc was applied directly to 
an anion exchange (DEAE-Sephadex A25) column (0.9 
X 10 cm) equilibrated in 0.002 M Tris-Acetate, pH 7.4. 
Following a wash, the columns were eluted with a gradient 
(0.002 M to 0.2 M Tris-Acetate, pH 7.4, total volume of 
100 ml) in 2-ml fractions. The zinc concentration (open 
circles) and absorbance at 280 nm (solid circles) of each 
fraction is shown. 

mined that 80-90% of the increase in cytosol 
total zinc was accounted for in Zn-MT. These 
results suggest that a maximum in the iron- 
induced accumulation of zinc metallothionein 
occurs after two administrations (ip) of iron 
in the form of FeC13 and that zinc bound to 
metallothionein accounts for the majority of 
increase in total cytosolic zinc. In a following 
study, two injections of various other iron 
compounds were used since this dose appeared 
to result in a maximum response. 

Confirmation of metallothionein as the 
third chromatographic peak from G-75 (Fig. 
2) was accomplished by anion exchange chro- 
matography, gel electrophoresis, and amino 



396 INJECTED IRON INCREASES METALLOTHIONEIN 

acid compositional analysis. Approximately 
90% of the zinc in the third peak from G75 
chromatography of hepatic cytosol from both 
zinc- and iron-injected chicks adhered to and 
later eluted (simultaneously and in a single 
peak) from DEAE columns as shown in Fig. 
3. The electrophoretic analysis of concentrate 
from these peaks is shown in Fig. 4. A single 
comigrating band was obtained with both 
samples. In addition, both exhibited mobility 
which was similar to that of rat DEAE-purified 
hepatic metallothionein isoform A. These re- 
suts are consistent with the nature of chick 
and rat metallothioneins (22), i.e., that the 
single form of chick tissue metallothionein is 
similar to the A isoform of rat tissue. Amino 
acid compositional results of both iron- and 
zinc-induced DEAE-purified material are 
shown in Table I. The amino acid composition 
of both samples was virtually identical. Our 
analysis, however, did vary somewhat from 
two other analyses of chick metallothionein 
(27, 28). 

The effect of iron loading on Zn-MT con- 
centration was not observed in other tissues. 

Shown in Fig. 5 are data of renal and pan- 
creatic cytosol zinc and Zn-MT from iron- 
loaded chicks. Neither the kidney nor the 
pancreas appeared to respond to iron loading. 
There was no significant difference in the con- 
centration of either cytosol zinc or Zn-MT 
from kidney and pancreas of chicks given up 
to three injections of iron (+3 Fe). As these 
tissues are sensitive to changes in zinc status 
as well as capable of synthesizing Zn-MT, 
these results indicate that iron loading effects 
an increase in tissue Zn-MT via a mechanism 
which is specific to hepatic tissue. 

Since liver is a known storage site for iron, 
we examined changes in total liver iron in an 
attempt to relate an elevation in liver iron to 
the increase in Zn-MT. Figure 6 illustrates 
changes in total hepatic zinc and iron of iron- 
loaded chicks. The changes observed in total 
hepatic zinc were similar qualitatively to 
changes that occurred in cytosolic zinc and 
Zn-MT. Chicks given + 1 Fe exhibited a slight 
increase in total hepatic zinc. Those given +2 
Fe or +3 Fe showed a much greater increase 
(200%) and were not significantly different be- 

TABLE I. AMINO ACID COMPOSITIONAL ANALYSES OF DEAE-PVRIFIED ZINC-BINDING MATERIAL FROM 
CHICK LIVER INDUCED BY EITHER IRON OR ZINC INJECTIONS 

Percentage of total residues 

+Zna +2 Fe Zn-MT Cd, Zn-MT 
Amino acid (this study) (this study) (Ref. 27) (Ref. 28) 

Aspartic 
Threonine 
Serine 
Glutamine 
Proline 
Glycine 
Alanine 
Cysteine 
Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phen ylalanine 
Histidine 
Lysine 
Arginine 
Tryptophan 

10.0 
3.8 
7.8 
7.1 
5 .O 
7.6 
8.4 

21.1 
2.8 
2.4 
2.1 
2.7 
0.6 
1.3 
1.4 

11.8 
4.1 

ND' 

9.6 
3.5 
7.7 
8.4 
5.0 
7.1 
8.2 

21.5 
2.9 
2.6 
2.1 
2.8 
0.8 
1.3 
1.4 

11.2 
4.0 

ND 

9.5 
1.3 
9.0 
3.8 
8.5 
6.7 
9.3 

31.6 
1.7 
1.6 
0.3 
0.4 
0 
0 
1.7 

10.0 
4.5 

ND 

9.8 
1.7 

12.6 
3.8 
5.0 
6.5 
9.7 

31.8 
1.8 
1.9 
0 
0 
0 
0 
0.9 
9.3 
5.0 

ND 

a Triplicate analysis of DEAE-purified material obtained from hepatic cytosol of zinc-injected chicks (+Zn) or iron- 
injected chicks (+2 Fe). See Fig. 3 for description of treatments. Amino acid compositional analysis of zinc (Zn-MT) 
and cadmium, zinc-metallothionein (Cd, Zn-MT) of chick tissue from two additional studies is also shown. 

Determined as cysteic acid. 
' Not determined. 
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reduced iron salt was performed. The two 
compounds tested were ferrous sulfate and 
ferrous ammonium sulfate. The latter was 
chosen so that a comparison could be made 
of a similar salt, ammonium sulfate, in the 
absence of iron. Chicks were given two injec- 
tions (ip) of either (i) one of the various iron 
solutions, (ii) equimolar ammonium sulfate 
or (iii) saline. Injections were given 24-hr apart 
and chicks killed 24 hr after the final injection. 
The results of this study are shown in Fig. 7. 
As previously observed, the administration 
(+2 Fe) of iron as ferric chloride resulted in 
a 1 0-fold increase in hepatic Zn-MT. A similar 
administration of other iron compounds given 
at an equal rate (10 mg Fe/kg body wt) caused 
a comparable increase in hepatic Zn-MT. 
Equimolar injections of ammonium sulfate 
did not change the concentration of liver Zn- 
MT suggesting an effect which is unique to 
the chemical nature of iron. Since there was 
no significant difference in the concentration 
of hepatic Zn-MT from chicks given either 
of the three iron compounds, the data suggest 
that the form of iron which is administered 
parenterally is of little importance in terms of 
effecting changes in hepatic Zn-MT. 

A final experiment was conducted to de- 
termine if the route of administration of excess 
iron was an important factor in iron-induced 
Zn-MT accumulation and to establish defin- 
itively that elevated hepatic iron is not a Causal 
factor. One-week-old chicks were fed a purified 
diet containing excess dietary iron. Chicks 

FIG. 5 .  Renal (top) and pancreatic (bottom) cytosolic 
zinc (total Zn) and zinc metallothionein (Zn-MT) iron- 
loaded and control chicks. Chicks were given (ip) either 
saline (control) or one injection (+ 1 Fe), two injections 
(+2 Fe), or three injections (+3 Fe) of iron each at 24- 
hr intervals. For either tissue, there were no significant 
differences between treatments with either variable. Bar 
height represents a mean f SEM of three samples each 
composed of pooled tissue. 

tween treatments. Liver total iron was not af- 
fected by two iron injections (+2 Fe), a treat- 
ment which resulted in a maximum increase 
in Zn-MT (Fig. l),  but was significantly el- 
evated by +3 Fe. The results indicate that in 
chicks given +2 Fe the concentration of he- 
patic Zn-MT is maximum prior to detectable 
changes in the concentration of total hepatic 
iron. The latter was noted only in +3 Fe 
chicks, those which exhibited no further 
change in hepatic Zn-MT. 

A second experiment was conducted to de- 
termine whether the administration of other 
iron salts would alter hepatic Zn-MT levels. 
The initial experiment utilized the more ox- 
idized form of iron, the ferric (Fe3') form. In 
the following study, a direct comparison of a 

\ '1 0 100 
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FIG. 6. The effect of iron loading on the concentration 
of total liver zinc and iron. Description of experimental 
treatments is given in the legend to Fig. 1. Total liver zinc 
and iron were determined after acid digestion by AAS. 
Total liver zinc of chicks increased significantly after one 
or two injections of iron whereas total liver iron did not. 
The latter variable increased only after three injections, 
a treatment which had no further effect on liver zinc. Bar 
height represents a mean & SEM of three samples. 
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FIG. 7. Hepatic zinc metallothionein and the influence 

of various iron compounds administered parenterally. 
Chicks were given (ip) two injections administered 24-hr 
apart of either saline (C) or one of three iron compounds, 
ferric chloride (FeC13), ferrous sulfate (FeSO.,), ferrous 
ammonium sulfate (FeNH4SO4). Each iron injection was 
given at a rate of 10 mg Fe/kg body wt. A fifth group was 
given a similar volume of equimolar ammonium sulfate 
(NH4so4). Twenty-four hours following the final injection, 
chicks were killed and hepatic cytosolic zinc (total Zn) 
and zinc metallothionein (MT) were determined. Bar 
height represents a mean f SEM of three observations 
each a pooled sample of hepatic tissue from two chicks. 
The various iron compounds were equally effective in 
causing increased hepatic cytosolic MT. 

were fed these diets for a period which was 
considered to be of sufficient duration to cause 
elevated hepatic iron, i.e., 2 weeks. The results 
of this study are shown in Table 11. Feeding 
2000 ppm added iron caused a marked ele- 
vation in total hepatic iron to a concentration 
which was similar to that observed previously 
in chicks given three injections of iron. This 
dietary treatment resulted, however, in no sig- 

nificant change in total hepatic zinc. More- 
over, there was no significant change in the 
concentration of hepatic cytosol zinc metal- 
lothionein. These results confirm the sugges- 
tion that elevated hepatic iron is not in itself 
responsible for iron-induced hepatic zinc me- 
tallothionein accumulation. In addition, they 
indicate that the route of administration of 
iron compounds is an important factor. 

Discussion. The results of the present study 
show that parenterally administered iron 
causes a marked tissue-specific accumulation 
of a zinc-binding protein which we suggest is 
metallothionein. We base this suggestion on 
anion exchange chromatography, gel electro- 
phoresis, and amino acid composition from 
which the similarity of zinc- and iron-induced 
hepatic material is apparent. The amino acid 
composition (Table I) of both preparations, 
although virtually identical, varied somewhat 
from the two other reports concerning chick 
tissue metallothioneins (27, 28). While we 
have no firm explanation for these differences, 
the results may indicate either copurification 
of nonmetallothionein-like proteins or mi- 
croheterogeneity between variant forms of 
metallothionein (29). Microheterogeneity has 
been noted even in apparently pure prepa- 
rations (30) since the number of moles of in- 
dividual amino acids were frequently non- 
integers. Bremner and Davies (14) have also 
indicated that although all of their prepara- 
tions typically had high cysteine and usually 
no aromatic amino acid residues, there were 
sometimes marked variations in the propor- 
tions of many other amino acids. 

To the author's knowledge, this report is 

TABLE 11. THE EFFECT OF FEEDING EXCESS DIETARY IRON ON HEPATIC ZINC, 
IRON, AND ZINC METALLOTHIONEIN ' 

Diet 
Iron Zinc Zinc metallothionein 

(pB/g liver) (CLg/g liver) (pg zinc/ml cytosol) 
~ 

Basal 84.9 f 11.5 30.2 k 0.7 

1200 ppm Fe 125.6 f 11.1 31.4 f 1.3 

2000 ppm Fe 145.4 f 11.3 32.4 f 0.6 

(4) (4) 

(4) (4) 

(4) (4) 

0.41 f 0.08 
(3) 

0.56 f 0.18 
(3) 

0.41 f 0.07 
(3) 

a Chicks at 1 week of age were fed an iron-adequate purified diet containing no additional iron supplement (Basal), 
1200 ppm or 2000 ppm added iron as ferrous sulfate. AAer 2 weeks, chicks were killed and liver analyses performed 
as described in text. Each value represents a mean f SEM of 3-4 observations. Number in parenthesis indicates 
number of observations. 
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the first to demonstrate an extensive iron-in- 
duced increase in zinc-bound hepatic metal- 
lothionein. The liver was the most responsive 
tissue and, therefore, presumably the target 
organ since neither kidney nor pancreas re- 
sponded. Yoshikawa and Ohta (3 1) have in- 
dicated that iron (Fe2’) is among some 15 
elements which have the ability to induce me- 
tallothionein, but reference to the original 
work ( 17) reveals that there are equivocal data. 
In a study of the influence of iron and 18 other 
metals on the level of metallothionein-like 
proteins (MTP) in liver and kidney of rats, 
Piotrowski and Szymanska ( 17) cited prelim- 
inary findings which suggested that iron may 
influence the concentration of hepatic MTP. 
More extensive experiments within the same 
study, however, showed that massive injec- 
tions of ferric chloride did not affect hepatic 
MTP levels. This was true even in rats which 
received six to eight doses (subcutaneous) of 
iron as ferric chloride as a rate of 200 mg Fe/ 
kg (cf. 10 mg Fe/kg used in the present study). 
While we are uncertain as to why our results 
are not consistent with those of the above au- 
thors’, there are some critical differences be- 
tween the two studies. First was the difference 
in the route of iron administration. In the 
present study, intraperitoneal injections were 
given in contrast to the subcutaneous injec- 
tions administered by the above workers. Sec- 
ond, there was a difference in the animal 
model utilized; chicks in the present versus 
rats in the above study. And finally, the 
method of analysis of metallothionein differed 
substantially in the two studies. In the present 
study, the more conventional method of gel 
filtration chromatography was employed to 
isolate and quantitate zinc metallothionein. 
Piotrowski and Szymanska (17) employed a 
radiochemical method based on tracing me- 
tallothionein in a TCA supernatant of tissue 
homogenate. 

Which of the above three possibilities most 
likely explains the disparity in experimental 
results is difficult to determine. The radio- 
chemical metallothionein assay procedure has 
been shown (32) to give “reliable” results but 
has not been directly compared to the chro- 
matographic procedure. It is likely that on a 
relative basis, there may be little real difference 
between the two procedures. Regarding the 
second possibility, species differences, it again 

is difficult to quantitate since a direct com- 
parison of species regarding capacity to syn- 
thesize metallothionein has not been reported. 
We have conducted similar studies with 
weanling rats (data not shown) and have ob- 
served that the rat, when treated similarly with 
ferric iron, is much less responsive. Rats (200 
g) were given either one or two injections (ip) 
of iron as FeC13 (10 mg Fe/kg body wt) in a 
protocol similar to that used with chicks. Sa- 
line-injected controls showed very little zinc 
metallothionein present (trace amount). Val- 
ues of 2.7 f 0.3 and 4.4 ? 0.2 pg Zn as MT/ 
ml of liver cytosol were observed in rats given 
either one or two iron injections. When one 
compares these values to average values of 7 
pg Zn and 18 pg Zn-MT for similarly treated 
young chicks, it is apparent that the chick is 
more responsive. While this observation may 
account for quantitative differences in results 
of the present study and those reported above, 
it would not seem to explain the lack of sig- 
nificant effect of iron. This leads finally to the 
initial suggestion of differences in the route of 
administration. Recently, Eaton et al. (20) ex- 
amined the dose-response effects of various 
metal ions on rat liver metallothionein. Iron 
as ferrous sulfate was among the metals stud- 
ied. Adult rats were given two intraperitoneal 
injections of iron at a rate of 16.8 mg Fe/kg. 
Analysis of metallothionein by the radio- 
chemical method revealed an increase of 150- 
200% in hepatic metallothionein of iron- 
treated rats when compared to controls. While 
the response to intraperitoneally administered 
iron was small in comparison to that observed 
with either zinc or cadmium, the rat did re- 
spond to injected iron. This was in contrast 
to results from the previously cited report ( 17) 
but qualitatively similar to our results. A pos- 
sible explanation for these differences may lie 
in the route of administration of iron. Eaton 
et al. (20). and our protocol employed intra- 
peritoneal injections of iron while Piotrowski 
and Syzmanska (1 7) used subcutaneous in- 
jections. In the former two studies, a response 
to iron was observed whereas in the latter there 
was no consistent change in hepatic metal- 
lothionein concentration. While we can offer 
no explanation regarding physiological differ- 
ences between the two routes of administra- 
tion, the evidence suggests that the method 
administering iron warrants consideration. 
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Eaton et al. (20) suggested the small effect of 
some metals on metallothionein synthesis may 
be the result of the effects of stress rather than 
the metal ion per se. Perhaps there is a greater 
stress associated with intraperitoneal admin- 
istration. 

Additional data obtained in the present 
study indicate further that effect of iron on 
hepatic metallothionein is dependent on the 
method of effecting an elevation in iron status. 
Results of a feeding study in which the con- 
centration of hepatic iron was increased to a 
value similar to that ultimately observed by 
injection showed no change in hepatic zinc 
metallothionein as a result of increased hepatic 
iron (Table 11). These data indicate strongly 
that elevated hepatic iron alone is not causal 
in the process of iron-induced accumulation 
of hepatic zinc metallothionein and that the 
parenteral route of iron administration, as an 
important factor in the process, must be con- 
sidered. 

An inhibition by zinc and other divalent 
cations of iron binding and hence formation 
of the iron storage protein, ferritin, has been 
documented (33,34). Recently, a zinc “storage 
and transferring” function of ferritin has been 
implicated (35). This arose primarily as a result 
of the observation that the association of zinc 
with ferritin increased with the administration 
of zinc. Our initial concern in the present study 
focused on the possibility that the zinc-binding 
material induced by iron administration may 
have been a subunit of ferritin ( 19,000-22,000 
mol wt). The feeding study (Table 11) provided 
evidence that an elevation of hepatic iron, a 
level which undoubtedly increased ferritin 
concentration, did not effect of change in the 
zinc-binding material of the third peak on G75 
as seen in Fig. 2. Since tissues from both the 
injection and feeding studies were prepared 
in a similar manner and our additional qual- 
itative analyses (Figs. 3 and 4 and Table I) 
indicated metallothionein characteristics, we 
are confident that the zinc-binding protein in- 
duced by iron injection is not a subunit of 
ferritin but in fact similar to metallothionein. 

The mechanism by which iron loading ef- 
fects an elevation in zinc metallothionein spe- 
cifically in hepatic tissue is not known. The 
suggestion made previously (20) that the in- 
duction of metallothionein by metals other 

the result of stress rather than the metal ion 
per se may be relevant in the present study. 
Stress hormones such as adrenal glucocorti- 
coids are well recognized ( 10- 12) as possessing 
the ability to induce the synthesis of metal- 
lothionein. Although both liver and kidney 
are responsive in terms of glucocorticoid in- 
duction, the liver appears to be much much 
more sensitive. Hager and Palmiter (36) 
quantitated the extent of accumulation of me- 
tallothionein mRNA following the adminis- 
tration of a synthetic glucocorticoid, dexa- 
methasone. Liver exhibited a 1 00-fold increase 
in the number of molecules of metallothionein 
mRNA whereas the kidney showed only a 3- 
fold increase. They suggested that the meager 
response of the kidney may be due to the rel- 
atively few glucocorticoid receptors present in 
that organ. Somewhat similar results relative 
to the differences in stress-induced metallo- 
thionein accumulation in liver and kidney 
were reported by Oh et al. ( 13). These workers 
found that various stresses which increase he- 
patic metallothionein have essentially no effect 
on renal metallothionein concentration. In 
view of the apparent difference between liver 
and kidney in terms of glucocorticoid sensi- 
tivity, it is then plausible that parenteral iron 
administration, specifically intraperitoneal 
injection, represents a potent stress causing 
the secretion of adrenal glucocorticoids which, 
in turn, stimulates the synthesis of metallo- 
thionein primarily in hepatic tissue. The net 
effect is the accumulation of metallothionein- 
bound zinc in the liver. Due to the lower sen- 
sitivity of kidney, one might anticipate little 
or no change in the concentration of metal- 
lothionein in this organ, which was in fact the 
result of the present study. The lack of change 
of zinc metallothionein in the pancreas may 
or may not be indicative of a mechanism in- 
volving glucocorticoids. 

In addition to the possibility of stress as a 
cause of iron-induced metallothionein accu- 
mulation, an alternative mechanism involving 
elevated blood zinc as effected by parenteral 
iron is worthy of comment. Since zinc is rec- 
ognized as a potent inducer of metallothionein 
in hepatic tissue, any treatment which results 
in an elevation of blood zinc may then in- 
directly effect an increase in tissue metallo- 
thionein. The administration of iron, a highly 

than those recognized as potent inducers is reactive element, may result in the liberation 
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of tissue zinc. We recognized this possibility 
due to a casual observation in the present study 
that a small percentage of the chicks treated 
with iron developed local tissue necrosis. 
Damaged tissue may release zinc, which may 
be the direct cause of increased hepatic me- 
tallothionein. Our data on the tissue specificity 
of iron effects, however, do not support such 
a conclusion. Elevated blood zinc would un- 
doubtedly result in a general increase of me- 
tallothionein in each of the three tissues ex- 
amined. Since this was not the result of our 
study, it is unlikely that elevated blood zinc 
is a causal factor. 

In conclusion, the present work has dem- 
onstrated that intraperitoneal injections of 
various iron compounds results in a dramatic 
increase in hepatic zinc metallothionein. Other 
tissues such as kidney and pancreas, which 
are sensitive to metal-induced metallothionein 
synthesis, did not respond. Elevated hepatic 
iron, either from injection or feeding, was not 
correlated with iron-induced metallothionein 
accumulation. We suggested that stress-in- 
duced changes in adrenal cortical hormone 
secretion may account for the observed 
changes in hepatic metallothionein concen- 
tration. 

The author is truly indebted to Dr. Curtis S. Fullmer 
for conducting the amino acid compositional analysis. It 
was performed at the Cornell University Amino Acid 
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