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Medical interest in iron has a long history . The 
early Greeks regarded iron as having the force and 
strength of Mars, whose properties could be therapeu
tically given to people who suffered from weakness.
From this empiricism, a progression of discoveries led 
to the identification of iron in hemoglobin and an 
assortment of maladies associated with iron deficien
cies (1). Iron metabolism is of particular interest 
since little is known about it.

Approximately sixty to seventy percent of the 
body iron is found in the hemoglobin, 3-5% in the 
myoglobin, 0.10% in transport iron, 0 .10% in various 
heme enzymes. In addition, about 15% is found stored 
in a labile form in the parenchymatous and reticulo
endothelial cells of the liver, spleen and other 
tissues (2). If a stress or injury occurs to the body, 
new hemoglobin is formed, which tends to deplete the 
iron stores in the liver and spleen until these are 
exhausted. However, a significant residue of iron 
that cannot be utilized to form hemoglobin remains in 
the tissue as cytochromes, catalases and other heme 
enzymes.

Theorell, 1947, postulated that heme proteins 
have iron in the center of a porphyrin ring and are



2

bound to four pyrrole nitrogens by ionic bonds. 
Therefore, this leaves two valences directed at right 
angles to the flat disk. These valences can bind the 
protein by covalent linkage (3). In hemoglobin, 
ferrous iron is in the center of the porphyrin ring . 
This connects the prosthetic group heme with the 
glob in protein, which may enter into a reversible re
action with oxygen. Approximately 0.34% by weight 
of iron, hemoglobin contains four iron atoms or four 
ferrous porphyrin rings (heme molecule) for a molec
ular weight of 67,000. When this ferrous iron is 
oxidized to the ferric state, hemoglobin loses its 
capacity to carry oxygen.

How does iron get into the body? Iron absorption
59has been studied using radioactive iron, Fe and 

Fe^. It was found that absorption of iron can occur 
in the stomach and in any portion of the intestinal 
tract. The duodenum appears to have the greatest 
ability to absorb iron with a progressive decrease in 
absorption dis tally. Copp and Greenberg have noted 
colonic absorption (4), while Dowdle and his co
workers found absorption of iron maximal near the 
pyloris (5) .

The presence of reducing substances in the food
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convert ingested iron to the ferrous state and facili
tates its absorption by the duodenal mucosal cells. 
Since there is a greater rate of oxidation near the 
mucosal surface of the cell , the ferrous iron is 
readily oxidized to the ferric state as it enters the 
cells. The concentration of the ferrous iron in this 
portion of the cell remains low, therefore, main
taining a favorable gradient to allow ferrous iron to 
enter the cell. At the capillary end of the cell, the 
oxidation potential results in the reduction of 
ferric iron to ferrous iron, which then enters the 
plasma.

Absorbed iron is released into the circulation by 
degradation of mucosal ferritin, where it promptly 
combines with a plasma protein, Bj globulin. In this 
transport form, transferrin, iron is carried to the 
blood-forming organs where it is utilized in the 
synthesis of hemoglobin or deposited as ferritin in 
the iron storage organs of the liver and spleen. 
Transferrin or Siderophilin, as carried in the plasma, 
is in the ferric state, but in vitro ferric iron is 
bound as readily as ferrous iron. The linkage of the 
iron to protein is probably through a hydroxamine acid 
group (1).
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The protein complex, ferritin, occurs in signi
ficant amounts in the liver , spleen, and bone marrow 
and to lesser amounts in other tissues. The molecule 
contains twenty percent by weight ferric iron. This 
iron, as ferric hydroxide , polymerizes with other 
ferric hydroxide molecules to form micelles, and 
enters into a reversible combination with phosphate 
radicals and a protein, apoferritin , to form ferritin 
(6). Although it is being constantly synthesized, 
apoferritin is broken down continuously. This degra
dation is thought to stop when four iron hydroxide 
units become buried in its molecular structure and 
ferritin is formed. Granick, 1946, postulated that 
the formation of ferritin is an important mechanism 
in iron absorption and that apo ferritin is formed in 
tissue as needed (7). This was confirmed by Fineberg 
and Greenberg in 1955 (8).

As erythrocytes are phagocytized and gradually 
disintegrate in the storage tissues, iron is released. 
This iron may be stored in the tissue as ferritin. 
Ferritin can be identified within the cytoplasm of the 
parenchymal and reticuloendothelial cells of the liver 
and spleen. The rate of subsequent release is faster 
in the spleen than the liver. When iron is released
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from these storage tissues, it migrates to the peri
phery of the cells where an adjacent erythrob last 
will take it up by the process of pinocytosis .
Ferritin is taken up by the mitochondria in the 
nucleated red blood cell. When the mitochondria 
break, fine granules are released which are presumably 
the form of iron used by developing red cells for 
hemoglobin synthesis.

Hemosiderin is another storage iron, although 
found in small quantities. It is an iron-protein 
complex containing clusters of iron hydroxide units, 
which occur as granules. Greenberg showed that a 
significant portion of the hemosiderin consisted of 
iron-rich molecules of ferritin located in the liver 
and spleen (9). Finch e_t al̂. found that the iron of 
hemosiderin is just as available for hemoglobin syn
thesis as is the iron of ferritin (10).

Control of iron absorption is another basic 
question. Investigators have found two basic modes 
of regulation. First, iron deficiency and subsequent 
stimulation of erythropoiesis will increase assimil
ation of iron. Examples of this might be iron de
ficient anemia or cold-exposure. Secondly, it was 
found that absorption is usually decreased when
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erythropoiesis is depressed or when iron stores are 
large. Associated with this regulation is the 
"mucosal bloc", in which mucosal ferritin stores, in 
some manner, prevent excessive absorption of iron.

In 1937 Moore determined that plasma iron was 
the transport iron (11). The iron of the plasma is 
maintained in equilibrium between the amount of iron 
absorbed by the intestine, the amount released from 
hemoglobin breakdown or uptake from hemoglobin syn
thesis, and the amount stored. Plasma iron is not in 
a static pool but is turned over or recycled at 
frequent intervals. Iron can leave the plasma when 
it is being utilized or stored, can enter the plasma 
by absorption, can be released from destroyed hemo
globin, and finally can be mobilized from ferritin 
and hemosiderin in storage sites.

A mixing of plasma iron and storage iron does 
not appear to occur. This suggests that the priority 
for iron used would be obtained from red blood cells, 
and thus is more readily available for metabolic 
needs. The daily contribution of storage iron to 
plasma turnover is probably low under normal con
ditions. It would be expected that when iron is in
jected, it would be released into the plasma after
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being absorbed and go to the bone marrow for utiliz
ation in hemoglobin production. The iron delivered 
to the marrow by plasma constitutes a labile eryth
ropoietic pool.

Iron is lost in minute quantities in the bile and 
urine. The amount found in the feces varies with, and 
is nearly equal to the iron of the diet. When iron is 
injected intravenously little is excreted. Copp and 
Greenberg (1946) injected iron-55 intravenously into 
rats, and scarificed different groups at 12, 24, 48, 
and 96 hours. They found 0.4% of the dose in the 
feces (4). A small but measurable amount of tracer 
iron was found in the sweat (12).

Although the body does not excrete large amounts 
of iron, iron losses do occur. All cells in the body 
contain iron. There is a small regular loss in the 
leucocytes and epithelial cells discharged in the body 
secretions. Blood cells that appear in the urine and 
desquamated cells from the skin and mucosa of the 
intestinal tract also exhibit such losses.

Since tissue iron exchange and iron excretion 
represent small quantities of the total body iron and 
plasma iron turnover , one can conclude that the over
all plasma turnover is primarily an index of the
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functional status of erythropoiesis . A more direct 
index would be reflected in the rate of utilization 
of iron in erythropoiesis .

Blood, plasma, and red cell volume changes have 
been studied in animals exposed to a cold environment. 
In cold-acclimated rats, Deb and Hart (13) observed a 
substantial increase in blood and plasma volumes, and 
Garcia ejt a/1. measured an increase in red cell volume 
(14). However, little consideration has been given to 
the erythropoietic tissues of cold-exposed animals.

Adolph (15) and Seller (16) have shown that 
oxygen consumption increases in animals exposed to 
cold. The hemoglobin molecule of the erythrocyte has 
the function of transporting oxygen, and with an 
increased oxygen uptake, it can be assumed that the 
erythropoietic system takes care of the needs of the 
red blood cells (17, 18, 19), with the bone marrow 
being the major source with support from the spleen.

Radioactive iron of high specific activity is 
particularly useful for the study of iron metabolism, 
since it can be injected in trace amounts without 
changing the steady state of the animal. The turnover 
will then mirror the metabolism of the iron in the 
body (20). In most animals, the greater part of body
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iron is incorporated in the hemoglobin, and therefore, 
it is probable that a change in production and de
struction of these red blood cells will be reflected 
in the turnover of plasma iron. The rate of dis
appearance of iron may be an average of several 
similar rates which are in turn dependent upon the up
take of iron by the separate organ depots, namely, the 
erythropoietic tissue, the fixed iron stores, and the 
available iron pool (20). The present theory of iron 
metabolism depicts plasma as a pool into which iron is 
returned before being synthesized into complex organic 
substances, including hemoglobin (19).

According to Finch (21) the amount of iron in the 
body is constant, and regulation of iron absorption is 
in some way dependent on the body needs for iron. 
Surplus iron is deposited chiefly in the liver, and 
erythrocytes appear to concentrate in the spleen; 
hence the localization of iron in these organs.

The purpose of the present study is to inves
tigate the iron reservoirs in order to determine which 
organ(s) will release iron to the erythropoietic 
tissue to accommodate an increase in oxygen consumption 
and therefore an increased red blood cell volume
following cold exposure.



Materials and Methods
General:

Male rats of the Holtzmann strain, weighing 
between 225 and 250 g., were used in this investi
gation. The animals were maintained in individual 
plastic cages containing minimal bedding material.
Food and water were provided jid lib itum. Experi
mental animals were kept in an environmental chamber 
at 6° ± 1° C for a total of 30 days , while the 
control animals were maintained at room temperature, 
25° ± 1° C. The lights were regulated to provide an 
8 hour day and 16 hour night photoperiod.
Injection of Radioactive Iron and Sacrifice:

Five days prior to sacrifice, all animals were 
injected intraperitoneally. Iron 59, as ferric 
citrate containing carrier iron (Fe SO4), was used so 
that the total dose of iron was 50 yg. Immediately 
after the injection, the rats were monitored on a 
whole body counter." Five days post-injection, all 
animals were monitored again and sacrificed by etheri
zation. In the case of the experimental animals, the

A modified double crystal scintillation counter 
designed by the staff of Veterans Administration 
Hospital, Omaha, Nebraska.
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initial monitoring was conducted on day 25 of cold 
exposure.
Tissue and Blood Analysis:

Following mild etherization, the abdominal cavity 
was opened and as much blood as possible was withdrawn 
from the vena cava into a heparinized syringe. Two 
samples of each organ, which was to be examined, were 
removed and weighed to the nearest 0.1 mg. Tissues 
for analyses were removed in the following order : 
liver, spleen, and right kidney.

All samples were analyzed for total iron content 
using a modified Trinder Method (22). A flowsheet is 
shown in Table I. The iron reagent was prepared as 
follows : 10 0 mg. 4,7-diphenyl-l , 10-phenanthroline
was weighed into a boiling tube and 0.5 ml. of chloro- 
sulfonic acid added. The mixture was heated for 
30 seconds for dissolution. After cooling, and the 
addition of 10 ml. of water, the tube was heated in 
a water bath at 100 ° C. Sufficient water was added 
to bring the volume to 100 ml.; then 1 ml. thioglycolic 
acid was added.

Prior to centrifugation of the whole blood, 
samples were prepared for hematocrit determination. 
Following centrifugation and removal of the plasma,
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the red blood cells were washed twice with isotonic 
saline to remove any remaining plasma.
Organ-Body Weight Ratios:

A second group of animals was used to determine 
the organ-body weight ratio of the liver, spleen, and 
right kidney. On removal, the organs were weighed 
to the nearest 0.01 g. This weight was used as the 
wet weight. The tissues were then dried to a constant 
weight over sulfuric acid in a vacuum. The wet-dry 
ratio was then calculated.
Calculat ions:

The total iron content of the samples was cal
culated using the proper correction factors. All 
values were expressed as ptg. of Fe per g. of tissue 
(wet weight). Plasma and red blood cell values were 
measured as pig . Fe per ml.

The "t-test" was used as a measure of signifi
cance (23), and the level of significance in all cases 
was 1%. A "one-tail" t-test was used in all cases.
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Dry Method Wet Method
Organ sample + 1 ml 1 N HC1

IUnder sun lamp until 
tissue is dissolved

500° C

Organ ¡ample200° C for 24 hours

for 24 hours
Blood centrifuged

2 ml blood plasma 
(or red

ash + 0.5 ml HN03 
1.5 ml H20

+

ml fluid + 1.5 ml 20% TCA 
+ 2.5 ml H20

90° — 95° C waterbath 
for 10 minutes

centrifuged for 15 minutes 
at 6,000 rpm

4 ml supernatant + 0.2 ml iron 
reagent + 0.6 ml 40% NaC2H202 

+ 0.4 ml 1:1 H2S04

VBausch & Lomb Spectronic 20 
5 35 my

Table I. Flowsheet for the Modified Trinder Method.



RESULTS

Tissue and Blood Analysis:
The results of the tissue and blood analyses are 

shown in Tables II and III. Those values with a "P" 
less than 0.01 are statistically significant. The 
plasma value determined by the wet ash method was 
significant, while that for the spleen was borderline.
A comparison of wet ash versus dry ash determinations 
indicated that there was no difference.
Organ-Body Weight Ratios:

The results of the organ-body weight ratios are 
shown in Table IV. The values for spleen and kidney 
were significant at the 1% level. No difference was 
observed in the liver ratios. To check the fluid 
content of the tissues, wet-dry ratios were also deter
mined. These results are shown in Table V. Spleen 
and liver had significantly higher ratios in the cold- 
exposed animals compared with the controls. No dif
ference was observed in the kidney ratios of either 
group.
Blood Data Summary :

The data for the blood analysis are summarized in 
Table VI. The results suggest that cold-exposure 
causes a decrease in total plasma iron and a slight
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increase in total red cell iron. The high hematocrit 
values obtained are a possible indication of infection 
which may have influenced the results.



Table II. Average

N
Plasma, yg/ml 12
Red cells, yg/ml 12
Spleen, yg/g 11
Liver, yg/g 9
Kidney, yg/g 12

Total Iron Data of Tissues for Male Rats. 
(Wet Ash Method)

25° ± 1° C 6° + 1° C
Mean + S. E. N Mean + S . E . P
3.53 + 0.86 12 2.43 + 0.91 <0.005

14.67 + 3.52 12 14.09 + 3.10 >0.25
20.50 + 7.29 17 28.56 + 10.80 0.01<P< 0.025
16.43 + 6.13 14 16.59 + 3.84 >0.40
31.52 + 8.37 16 37.39 + 10.64 0.05< P< 0.10



Table III. Average Total Iron Data of Tissues for Male Rats.

(Dry Ash Method)

25° + 1° C 6° ± 1° C
N Mean + S.E. N Mean ± S.E. P

Spleen, yg/g 15 22.58 + 7.74 16 26.40 ± 10.67 0.10<P<0.25
Liver, yg/g 14 20.03 + 8.11 18 20.49 ± 5.33 >0.40
Kidney, yg/g 16 40.94 + 12.10 16 35 . 87 ± 9.38 0.05<P<0.10



Table IV. Relative Organ-Weights

25° ± 1° C
N Mean ± S.E.

Spleen 12 0.25 ± 0.03
Liver 12 4.55 ± 0.18
Kidney 12 0.79 ± 0.04

; g/100g Body Weight.

6° ± 1° C
N Mean ± S.E. P
13 0.19 ± 0.03 <0.01
13 4.60 ± 0.23 0.25<P<0.40
13 0.90 ± 0.10 <0.01

00



Table V.

N
Spleen 12
Liver 12
Kidney 12

Wet-Dry Ratios for Male Rats.

25 0 ± 1° C 6° ± 1° C
Mean ± S.E. N Mean ± S.E. P
4.05 ± 0.25 13 4.47 ± 0.18 <0.01
2.70 ± 0.23 13 2.99 ± 0.11 <0.01
3.91 ± 0.42 13 3.93 ± 0.49 >0.40



Table VI. Summary of Blood Data for Male Rats.

Final P1asma Plasma Total RBC RBC Total
Body Ir on , Voi . ,* P1 asma Iron , Voi . ,* RBC

Weight, g Hematocrit yg/ml ml Iron, yg yg/ml ml Iron, yg
25° ± 1° C 271 54 3.53 8.30 29 . 30 14 .67 9.86 144.65
6° ± 1° C 279 56 2.43 8.26 20.07 14.09 10.43 146 .96

* Plasma and RBC volumes were derived from a value for total blood volume of 
6.7 ml/100 g body weight and the hematocrit determinations (24).



DISCUSSION
Cold exposure has been shown to effect a signi

ficant increase in the total red cell mass of the rat 
(14). This increase is accompanied by a physiolog
ically increased requirement for oxygen. Cold ex
posure, in effect , acts as a stimulus for erythro- 
poiesis .

The primary sites for such erythropoietic activity 
are the bone marrow and the spleen. In the present 
study, the bone marrow iron content was not assayed 
because of the difficulty in obtaining an accurately 
weighed sample of this tissue. The difference in 
spleen iron content of the cold-exposed animals when 
compared to the controls, although not significant 
at the 1% level, did suggest increased activity of 
that organ. The lack of significant differences in 
liver and kidney iron content suggests that concen
tration studies alone are perhaps not as conclusive 
as the observation of a net gain. Such a net gain 
can be demonstrated by multiplying total organ 
weights (wet) by the respective concentrations of 
iron in jig/g. The results indicate a net gain for 
the tissues assayed. This would argue for an in
creased iron uptake by the cold-exposed group .
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Whether this is due to radioiron or that obtained via 
increased food intake cannot be determined from the 
present study.

The argument can be raised that the difference in 
iron content can be explained on the basis of in
creased blood supply to the respective organ. From an 
examination of wet and dry weights the percentage of 
fluid in each instance was approximately the same.
If the fluid content is deducted from the total mass, 
the mass of the cold-exposed organ still weighed more.

Further evidence for an increased turnover of 
iron in cold-exposed animals is provided by the blood 
analysis data. Since the plasma iron is the most 
readily available form for incorporation into new red 
blood cells, a decrease in plasma iron content accom
panied by an increase in red cell iron content should 
manifest itself. This is substantiated by the data in 
Table VI. Again it is necessary to examine the over
all gain rather than look at concentration values 
only. The red cell volume shown in Table VI tends to 
be a conservative estimate in that the volume, fol
lowing cold exposure, is increased some 10 to 12%.

To properly evaluate the rate of iron turnover 
in the cold-exposed and control groups, one would
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need to know the plasma clearance time as well as the 
fraction of radioiron retained in the red cell volume. 
The sophisticated equipment necessary to measure 
these two parameters is, at present, not available.

While the present study does not conclusively 
prove an increased iron turnover in the cold; it 
nevertheless strongly suggests it.



SUMMARY
1. Iron turnover in cold-exposed and control 

rats was examined.
2. No difference was observed when concentration 

alone was examined; however, a net gain was indicated 
when organ weight differences were considered.

3. This finding was substantiated by a decreased 
plasma iron concentration and a concomitant increased 
red cell iron content in the cold-exposed animals when 
compared to control values.



B I B L I O G R A P H Y
1. Moore, C. V. and R. Dubach. Iron. In Mineral 

Metabolism, Vol. II, The Elements, Part B, (eds . ) 
Comar, C. L. and F. Bronner. New York: Academic 
Press , Inc. , 1962.

2. Granick, S. Iron metabolism and hemochromatasis. 
Bull. N. Y. Acad. Med. 25 : 403-428 , 1949 .

3. Theorell, H. Heme-linked groups and mode of action
of some hemopro teins. Adv. Enzymol. 7 : 265-303 ,
1947 .

4. Copp, D. H. and D. M. Greenberg. A tracer study of 
iron metabolism with radioactive iron. I.
Methods: Absorption and excretion of iron. J_.
Biol. Chem. 164: 377-387, 1946.

5. Dowdle , E. B. , D. Schachter, and H. Schenker.
5 9Active transport of Fe by everted segments of rat 

duodenum. Am. . Physiol . 198: 609-613 , 19 6 0.
6. Blahd, W., F. Bauer, and B. Cassen. The Practice 

of Nuclear Medicine. Springfield, Illinois:
Charles C. Thomas, Inc., 1958.

7. Granick, S. Ferritin. IX. Increase of the 
protein apoferritin in the gastrointestinal mucosa 
as a direct response to iron feeding. The function 
of ferritin in the regulation of iron absorption.
J. Biol. Chem. 164: 737-746, 1946.

8. Fineberg, R. A. and D. M. Greenberg. Ferritin 
biosynthesis. I. Crystallization of guinea pig 
ferritin. II. Acceleration of synthesis by the 
administration of iron. III. Apoferritin, the 
initial product. . Biol. Chem. 214 : 91-106 , 1955 .

9. Greenberg, D. M. Intermediary metabolism and 
biologic activities of ferritin. In Metabolism 
and function of iron. Rept. 19th Ross Pediat. 
Research Conf . , Portland, Oregon, 1955 . p .  3 3 - 3 5 .



26

10. Finch, C. A., D. M. Hegsted, T. D. Kinney, E. D. 
Thomas, C. E. Rath, D. Haskins, S. C. F inch, and 
R. G. Fluharty. The pathphysiology of iron 
storage. Blood 5: 983-1004, 1950.

11. Moore, C. V., C. A. Doan, and W. R. Arrowsmith. 
Iron transportation and metabolism. IV. Obser
vations on the absorption of iron from the gastro
intestinal tract. . Clin. Inve s t . 16: 627-648 , 
1937 .

12. Dub ach, R. , C. V. Moore, and S. Callender.
Studies in iron transportation and metabolism.
IX. The excretion of iron as measured by isotope 
technique. J_. Lab . Clin. Med. 45: 5 9 9-615 , 1955 .

13. Deb, C. and J. S. Hart. Body fluid and hemato
logical adjustments during acclimation to cold. 
Am. . Physiol. 183: 6 08 , 1955.

14. Garcia, J. F., R. W. Belknap, and S. F. Cook. 
Increase in red cell volume in response to long 
exposure to cold. Pro c . So c. Exp 11. Biol, and 
Med. 95: 242-243, 1957.

15. Adolph, E. F. Oxygen consumptions of hypothermic 
rats and acclimatization to cold. Am. .J. Physiol . 
161: 359-373, 1950.

16. Sellers, E. A. and S. S. You. Role of the thyroid 
in metabolic responses to a cold environment. Am.
. Physiol. 16 3: 81-91 , 1950.

17. Garcia, J. F. Radio iron time-distribution studies 
at various ages in the normal male rat . Am. .J .
Phy s io1 . 190 : 31-36 , 1957 .

18. Kindred, J. E. A quantitative study of the hemo
poietic organs of young albino rats. Am. Ĵ. Anat. 
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