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DECLARATION™*

fily interest in iron metabolism was initially
aroused in 1948 by a young patient with idiopathic
haemochromatosis who was admitted to Professor Elliott*0
ward while 1 was serving my medical internship, With the
support of the Council for Scientific and Industrial Research
it was possible to carry out radioisotopic studies on this
patient and over the next four years a number of other
subjects with the same disease ware investigated. As the
study continued, attention was also directed to the siderosis
which is so common in adult Bantu, and to the Iron overload
which results from the administration of repeated blood
transfusions to subjects with refractory anaemias. The
results of these various investigations were collected
together in 1952 and were presented as a thesis, entitled
"Radioiron Absorption Studies in Ildiopathic Haemochromatosis,
(flalnutritionai Cytosiderosis and Transfusional HaQmosid8ro3ia’e
This thesis was accepted by the University of the Uitwatersrand
in partial fulfilment of the requirements for the degree of
Doctor of fHedicine.

The present series of publications represent the
results of subsequent studies carried out between 1952 and
1964, Over the first two years this work was done in the
Department of medicine of the University of the Uitwatersrand.

I then spent a period of 15 months in Professor L.3. witts”
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department at the University of Oxford and this urns followed
by a similar period with Professor C.A. finch at the
University of Washington in Seattle. On returning to South
Africa in 1956 | joined the fTull-time staff of the Department
of Medicine of the University of the iliitwaterarand and was
able, with support from the Council for Scientific and
Industrial Research and from the United States Public Health
Service, to continue investigations on a number of aspects of
iron metabolism. Latterly this research support has been
consolidated by the C.S.I.R. which ha3 established an Iron
and Had Cell Metabolism Unit in the Department of Medicine
under my direction.

from the table of contents it is apparent that the
studies | have dona have been carried out in collaboration
with a largo number of workers. These have included senior
and junior medical colleagues, biochemists, physicists and
technical assistants. This type of collaboration is, 1
believe, not only highly profitable but also inevitable in
this type of work since the studies which have been included,
embrace a number of different disciplines. To dissect out
In retrospect the contributions of individual collaborators
is not possible and the only proof 1 can supply of my own
contribution to these studies is the continuation and
development of certain concepts through a number of papers.

At the same time | can affirm that | have been iIntimately
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concerned in ail tha investigations described in the
individual papers and that 1 have made a major contribution
to those i1In which | am tha senior author. In this context,
my work with Professor C.ft, finch deserves special mention
aa we not only carried out several studios together but

also collaborated on the preparation of a book on iron
metabolism. Since we wore working in different departments
at tha time the book was being written It was necessary 1in
tha first instance to divide responsibility for the separate
chapters* fly own responsibilities were in the sections on
technical methodology, serum Ilron, ferrokinetics, 1iron
stores and iron overload. However, once the drafts of all
the chapters had been prepared they were modified by each
author so that the final product represents a synthesis of
our viewpoints in each area. Further details on the nature
of our collaboration are provided in a separate joint state-
ment which follows on this opening declaration.

None of the papers has been submitted previously
for any degree in any university. However No. 1? includes
data presented by Dr. G.£. Gale for a Doctorate in Medicine
at the University of the lifitwatnrsrand, and No. 18 contains
some material which Dr. S. Kramer included in one of tha
sections of his M.D. thesis. In addition, Dr. P. Jacobs
intends to include data from papers No. 8 and 9 as part of an

ffl.D. thesis. Similarly, data from paper No. 19 form part of
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the work which Dr. S*S. Zail will submit for an FFfl.D# thesis.
In conclusion, 1 should like to mention my
indebtedness to the many workers with whom 1 have been
associated over the course of those studies, fHly continuing
interest in the field of iron metabolism is in large measure
the result of the stimulation, ideas and advice which 1 have
received from many quarters. In particular |1 must acknowledge
the debts 1 owe to Professors 3. and T. Gillman for their
encouragement in the initial phases of this work, to
Professor L.3. Witts for the facilities and support he
provided in his department at Oxford, and to Dr. H« Seftel,
Dr. C* |lsaacson and Or. K. Koeley at Baraguanath hospital
for their many contributions. In addition, | have had the
pleasure of being associated with a number of colleagues and
technical assistants in the Department of ffiedicine of the
University of the Witwatersrand who have been concerned in
various aspects of the work. These include Dr. 3. Kramer,
Dr. P. 3acobs, Dr. G.E. Gala, Dr. S.S. Zail and, 1in
particular, Dr. R.ilU Charlton. I must make mention, too,
of th© warm cooperation of Professor H.B. Stein, and Dr.
B.A. Bradlow of the Department of Pathology of the University
of the Witwatersrande Special mention must also be made of
the rewarding and fruitful working partnership 1 enjoyed with
Professor C.A. finch, finally it is a special pleasure to

acknowledge the unfailing support and encouragement |1 have
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received ever a period of sixteen years from Professor
G.A* Elliott, Hoad of the Department of fcladicino of the

University of thu Witwatursrand.



LONDON.
August 27?th,, 1964.

torly in 1955 uu collaborated together for the
first tine and over the next fifteen months embarked on
several projects concerned with the absorption of iron and
its transport through the body* when ue began thooo studios
wo had both been working in the fluid of iron metabolism
for suvoral years and the studies wo did together
represented the natural development of those interests*
Although 1t 1is impossible* iIn retrospect to disentangle
the individual contributions made to each study, the
partnership was a full and equal one* Over the next four
years we worked separately in our respective departments
and although wo wore both still actively concerned with
various aspects of iron metabolism the emphasis and
direction of our investigations diverged* In 1959 it
was decided that it might bo profitable to pool our
experience and collaborate on the preparation of an
overall review on current concepts of the metabolism of
iron in the body in hoalth and disease* binca wo worts
working in different partis of the world i1t was necessary
in the first instance to divide responsibility For the
various aspects of the subject but once initial draFts had
been prepared it was passible to combine our individual
viewpoints into an integrated whole* The end result of
this four year project was the book ™lron I7etabaiiG’Td,,¢

C.A, REICH.
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The publications are presented in two parts*
The first section represents a series of investigations
dona during the period 1952 to 1964* The second section
ip the book ~’lron Metabolism* which provides a comprehensive
coverago of current concepts on how the body handles iron
in health and disease. As such, 11t represents a background
to the papers in the fTirst section since it is possible to
appreciate hoc each study fits into tha total schomoe
VOLUiaC t»

The work 1is divided into four parts. This
division la, cf necessity, somewhat arbitrary an there is
a certain degree of overlap between the different parts.
In spite of this, the division of tha papers into & separata
areas does provide a moans uf Tfollowing the chronological
development of certain ideas and conclusions over a period
of time.
Technical hothods

The throw papers included in this part describe
the development and validation of certain techniques
required in the investigation of Iron metabolism. The serum
Iron method (paper 1) was developed because of the technical
difficulties we experienced with other methods in use at the
time. Similarly, tha isotopic technique for measuring the
iron-binding capacity of serum (paper 2) was established as
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a considerable amount of laboratory time was being taken up
with more laborious and less accurate chemical methods.
Latterly, interest has centred on simple ways and means
of assessing the incidence of iron deficiency in different
population groups. Although this can theoretically be
dona by estimating the storage iron concentrations 1in
samples of liver obtained at necropsy the development
of such an approach has been hindered by the technical
difficulties involved In freeing formaiinised tissues
of haemoglobin 1iron, for this reason a method was devised
(paper 3) whereby this can be achieved, (The method has now
been extensively applied and some preliminary results
utilising it are given in paper 29),
Iron Absorption

In this section a number of facets of iron
absorption are discussed. The first paper (No, 4) describes
an attempt to assess rariioiron absorption from the levels of
radioactivity appoaring in the serum after due allowance had
been made for the rate of removal of iron from the plasma.
In the next paper (No, 5) a series of experiments were
carried out to try to define the factors controlling the
amount of iron absorbed at any one time. The results of
these experiments established the important influence of
the rate of erythropoiosis end of the level of iron stores
on the absorptive process. In the following paper (No. 6)
tho principles established in the previous investigation

were applied to a large number of subjects suffering from
_a_



a variety of haematological disorders* In more recant
studies a systematic attempt has been made to define the
effects of certain luminal factors and of mucosal cells
on tho absorptive process. Rasuls obtained in these
studies ore presented in papers Wo. 7, 8 and 9.
ferroklnetic Measurements

(Kith the advent of radioactive isotopes of
iron it became possible not only to measure the absorption
of tho metal but also to trace its passage within the body.
In 1950 Huff and his co-workers reported studies on the
rate of turnover of plasma and of red cell iron end the
technique was subsequently used by a numbor of laboratories.
Paper fJo. 10 gives an account of our initial experiences
uith the method in subjects with idiopathic haemochromatosis
who wero being treated by repeated venesection.

During this study 1t became apparent that there
ware a numbor of technical and theoretical difficulties
associated with the interpretation of such data and in
subsequent investigations attempts aero made to define
tho significance of those factors. In ons investigation
(Mo. 12) tracer data uera collected on a largo number of
subjects with various typos of anaemia and tho results
were compared with other measurements. Tho discrepancies
which were noted Indicated the complexity of the factors

involved in iron transport and further studios wero carried

out



out u/ith the purpose of studying each of the major
variables in more detail# In one investigation (paper
No. 1l1) the effect of the diurnal variation 1in plasma
level on plasma iron turnover was studied. In a further
extension, the effects of changes in the rate of red cell
destruction,of red cell production and of iron stores were
examined and, in addition, a number of technical problems
associated with the execution of such tests were investigated
(paper No. 13). On the basis of these various results it
was possible to define the significance of forrokinetic
data in a way that allowed for their ciinical application
to subjects suffering from a variety of haomatological
diseases. The results presented in two later studies
illustrate the use of this approach in two specific
problems. In the cnc paper (No. 10) a peculiar disorder
Iin iron transport associated with acute spi3odee of South
African porphyria was studied and in the second study
(paper No. 18) several types of kinetic measurement were
carried out in patients and experimental animals suffering
from scurvy.

As a mure general interest developed in the
application of tracer techniques it seemed possible
that useful information might ba collected un how other
cellular systems handled 1iron in health end disease.
Specific attention was initially paid to the kinetics
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of iron transport to the developing footus (paper Mo. 14).
and to tho role of the reticule-endothelial system in 1iron
metabolism (paper Mo. 15). filoro recently an isotopic
dilution technique was developed in order to define the
capacity of tho bone marrow as a storage organ Tor 1iron
(paper Mo. 17). In another study both in vivo and in vitro
experiments were carried out to find out tho factors
influencing tho uptake and utilisation of iron by red cell
precursors (paper No. 19). In this study special attention
was paid to the possible role of ferritin as a precursor in
the synthesis of haemoglobin.

The section closes with a short account of the value
of radioisotopes in the investigation of iron metabolism
(paper No. 20).

Iron Overload

South Africa offers a unique opportunity for
studying the effects of i1ron overload, since it is possible
to compare the findings in subjects suffering from idiopathic
haemochromatosia with those which occur in the siderosis so
commonly present in adult Bantu. In tho first paper (No. 21)
in this section a genetic study was performed to find out
what proportion of the immediate relatives of patients with
idiopathic haomochromatosis were affected. Although the
results suggested a genetic defect they did nothing to

elucidate the nature of this defect. In a subsequent study
/



(paper No. 22) the 1iron-carrying transferrin of subjects
with the disease was examined to find out whether it
differed from normal, but with negative results.

The 1ron overload u/hich i1s found in the Oantu has
been examined from several angles. In one group of histological
and chemical studies the 1incidence and severity of the
problem in the two sexes and in different ago groups wa3
systematically examined (papers No. 23 and 27) and the 1iron
status of QOantu subjects was also compared with that of other
papulation groups in South Africa (paper No. 29). In a
second series of studies, the pathological sequelae of iron
overload in the Bantu, especially in so far as they parallel
those in idiopathic haemochromatosis, were defined
(papers No. 24, 25, 26 and 30). In another recent
investigation a combined chemical and isotopic approach was
used to examine the amounts of iron present in the Bantu
diet, and to find out the availability for absorption of the
iron present in Bantu beer, which is the major source of the
metal (paper No. 28).

The two final papers summarise our current
concepts on the significance of siderosis in the Bantu
(No. 31) and of its relationship to other forms of iron

overload (No. 32).
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During the past 25 years extensive information
has accumulated on the various roles which iron fTulfils in
the body* Thu book "lron Metabolism™ represents an attempt
to consolidate as much of this information as possible into
a unified concept of iron metabolism and to relate it to
clinical medicine. It 1s divided into several sections*
The opening one is a critical analysis of the techniques
which have been used in the study of iron metabolism and of
the ways in which they can bo applied. Although this section
is directed primarily to those working in the field it has a
more general relevance since it is felt that some of the
widely accepted concepts concerning iron metabolism are
based on experimental methods not acceptable by present day
standards. The section which follows 1is divided into
several chapters concerned with external and internal iron
exchange and with the complexes involved in these processes.
It includes a detailed consideration of the absorption and
excretion of tho metal, its transport through the plasma,
its utilisation for haemoglobin production and its storage
in various organs of the body. The relationship between the
iron and haemoglobin cycles receives special attention and
the subsequent discussion includes an overall assessment of
gquantitative aspects of red cell turnover and of the factors
which modify 1it. In the final section 1iron deficiency anaemia

- and



and iron overload are described in detail Prom the
point of view of pathogenesis, pathological changes, clinical
manifnatations and therapy.

Throughout the book an attempt has been made to

tie together the various facets of iron metabolism into a
coherent whole. This has i1nvolved a certain amount of
speculation and it is realised that a number of the views
and interpretations expressed are controversial ones. It
is hoped that such speculations will not only serve to
underline the areas 1in which currant knowledge is lacking
but will act also as a stimulus to further work .in the

field of 1ron metabolism.
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[From THE BIOCHEMICAL JOURNAL, Vol. 59, No. 4, pp. 599-602, 1955]

[All rights reserved;

printed in great Britain

The Determination of Iron in Plasma or Serum

By T. H. BOTHWELL* and BARBARA MALLETT
Ntiffield Department of Clinical Medicine, Radclijfe Infirmary, Oxford

(Received 10 August 1954)

Iron circulates in blood plasma as a complex with
A-globulin  (Schade & Caroline, 1946) which is
neither dialysable nor ultrafiltrable (Barkan, 1927).
Most methods for estimating this iron involve three
stages, (i) incubation of the plasma or serum with
dilute hydrochloric acid for periods of 15 min. to
several hours to separate the iron from its protein,

* Nuffield Travelling Fellow in Medicine.

(ii) precipitation of plasma proteins with trichloro-
acetic acid, (iii) formation of a coloured complex
with reagents such as o-phenanthroline or 2:2'-
dipyridyl (Hemmeler, 1951). Recently, Ramsay
(1953) has described a method in which the plasma
proteins are coagulated in the presence ofa buffered
solution containing a reducing agent and 2:2'-
dipyridyl. In thisway a coloured complex is formed
under conditions which render reversibility of the



reaction unlikely. Ramsay’s results, however, are
30-60 ftg./100 ml. higher than those previously
published, and he has suggested that the lower
values found by other workers may be explained by
a subsequent chemical or physical reaction between
a proportion of the dissolved iron and the pre-
cipitated proteins.

In view of the discrepancies between Ramsay’s
findings and those of others, it seemed important to
find out whether all the iron is liberated from its
protein by hydrochloric acid, and also whether any
of it is subsequently lost by entrainment with the
protein precipitated by trichloroacetic acid. These
two points have been investigated using radio-
active iron. Theresults of these experiments made it
possible to design a method for plasma-iron estima-
tion which incorporates the basic features of other
methods but which is more simple and rapid in use.

EXPERIMENTAL

Determination of iron in blood plasma

Glassware. All-glass syringes with stainless-steel needles
were used for taking blood. The syringes and other glass-
ware were thoroughly washed and then immersed in
chromic acid for several hours. They were then rinsed with
hot and cold tap water, distilled water and finally with glass-
distilled water.

Reagents. The following reagents were used (all were AR
grade and were made up in glass-distilled water): 2n-HC1,
20% (wi/v) trichloroacetic acid (TCA), thioglycollic acid,
0-4% (w/v) 2:2'-dipyridyl (0-4 g. dissolved in 5 ml. glacial
acetic acid and made up to 100 ml. with glass-distilled
water), saturated soln. of sodium acetate, standard soln. of
iron (100 mg. of pure iron wire dissolved in dilute HS04and
oxidized with KMn04; the volume made up to 100 ml. with
glass-distilled water and diluted 1in 100 to give a soln. for
use containing 10/rg./ml.).

Procedure. 2ml. 2n-HClare added to 4 ml. plasma or
serum and the mixture is stirred with a glass rod. TCA
(2 ml.) isthen added and the final mixture stirred vigorously
for at least 45sec. After centrifuging for 20 min. at
2500 rev./min. the supernatant fluid is decanted. The super-
natant fluid (5 ml.) isthen added to a tube containing 2 drops
of thioglycollic acid, 0-5ml. 0-4% 2:2'-dipyridyl and
2-5 ml. sat. soln. of sodium acetate and the mixture shaken
thoroughly. The colour intensity is measured in a Hilger
New Biochem. absorptiometer with a 520 m/i. filter. This is
calibrated by means of solutions of iron containing from
2to 10fig. Fe together with 1-25 ml. of 2x-HCl and T25 ml.
20% TCA, the volume is made up to 5 ml. and the mixture
treated as above. A reagent blank is also measured.

Comment on procedure

2:2'-Dipyridyl, first used in the estimation of iron in
biological material by Hill (1930), forms a stable coloured
complex with iron within the pH range 3-9 (Moss & Mellon,
1942). In the method described above, thioglycollic acid,
which rapidly reduces iron from ferric to the ferrous state
at pH between 4-5 and 4-9 (Laurell, 1952), was used as the
reducing agent and the solution buffered with a saturated

soln. of sodium acetate. Experiments were carried out to
find out the importance of the various factors in the colour
reaction and the accuracy of the method.

Accuracy of the method (Table 1). The error in measure-
ment was relatively greater with low concentrations of iron
but was small enough to allow for moderate accuracy over
a wide range of iron concentrations.

Clarity of the centrifuged solution. Hemineler (1951) has
reported difficulty in obtaining a clear supernatant after
centrifuging. However, in the present method it was
found that vigorous stirring of the mixture before centri-
fuging yields a clear supernatant that gave readings in the
colorimeter no higher than a blank made up with the same
reagents and glass-distilled water.

Importance of pH. The mean pH of the final soln. was 4-7
(range 4-54-4-77) in forty-eight estimations carried out with
aglass electrode. By varying the experimental conditions it
was also shown that the final pH was not critical enough to
necessitate the titration of each sample as is described in
some methods (Table 2).

Efficiency of thioglycollic acid as a reducing agent. The
present method was compared with procedures in which the
colour was developed by different techniques. The super-
natant fluid was treated in one of two ways. In the first,
0-1 ml. 0-IM-Na2503was used as a reducing agent and the

Table 1. Accuracy of 2:2'-dipyridyl in determining
iron in standard solutions

Ten estimations for each concentration.
Fe in standard

_solutions Coefficient
(jug/100 ml.)  of variation
20 7-0
80 2-4
160 09

Table 2. Effect of variations in pH on the
recovery of ironfrom standard solutions

Solutions contained 20-400jtg. Fe/100 ml. In this and
subsequent tables results are given as mean +s.D.

Range of No. of Fe recovered
pH estimations (%)

3-7-45 18 98-9+2-07

4-5-5-2 20 100-6+1-50

Table 3. Efficiency of thioglycollic acid as a
reducing agent

Each estimation was carried out in duplicate on two
samples, of which one was treated by the present method
and the other either with NaZS03or with HN03and KCNS
(for details see text). The iron content of the samples
varied from 30 to 224/rg./100 ml. (mean 106/ag./100 ml.).

Mean difference

No. of  between each pair
Alternative treatment  duplicate of estimations
of iron in supernatant estimations  (yg. Fe/100 ml.)
Reduced with 10 3412-4
0-IM-Na2S03
Oxidized by boiling 10 5-6+ 3-2

with HNO3and con-
verted into thiocyanate
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solution buffered to pH 4*7 with saturated soln. of sodium
acetate. In the second, the iron was oxidized by boiling for
30 min. with 0*1 ml. HNO03. By the addition of KCNS the
iron was converted into thiocyanate and extracted with
amyl alcohol. In both sets of experiments there was good
agreement with results obtained by the present method
(Table 3).

Time takenfor developmentoffinal colour. In thirty samples
and the reagent blank the intensity of colour was read
immediately after preparation, then the samples were
covered with cellophan, incubated at 37° for 1 hr., and
the reading repeated. The mean difference in plasma iron
concentration after re-reading was only 0-9/xg./100 ml.
(s.D.£1'2/ig./100m]1.).

Reproducibility and effect of anticoagulants. The method
gave reproducible results unaffected by the use of anti-
coagulants (Table 4).

Recovery of added iron. It was shown that iron added to
plasma either as a salt or bound to /~-globulin (supplied by
Cutter Laboratories, U.S.A.) could be recovered quanti-
tatively (Table 5).

Effect of haemolysis. Red cells of known haemoglobin
content were washed 3 times with 09 % NaCl and were then
haemolysed with water. Their approximate iron content was
calculated on the assumption that iron forms 0-34% of the
haemoglobin molecule by weight (Bernhart & Skeggs,
1943). Small volumes of haemolysed solution with iron
content varying from approximately 60 to 600/xg./100 ml.
were then added to twenty plasma samples and the mixtures
were analysed for iron content. The mean difference in
plasma iron concentration after the addition of haemolysed
erythrocytes was only 3*5/xg./100 ml.  (s.D.%z4*5/xg./
100 mL.).

Comparison with other methods. There was good agreement
with the results obtained by two other methods for plasma
iron determination, namely that of Ramsay (1954) and that
of Barkan & Walker (1940), which is similar in principle to

Table 4. Reproducibility of results obtained on
heparinized and oxalated plasma and serum

The iron concentration of the samples varied from 18 to
234/ig./100 ml. (mean 106/xg./100 ml.).
Mean difference
between each pair

DETERMINATION OF IRON
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the present method but which has longer time intervals and
involves the use of hydrazine sulphate as reducing agent and
o-phenanthroline for the developmentofthe colour (Table 6).

Experiments with %Fe

Experiments were carried out to determine whether all
the iron was detached from the metal-binding protein by pre-
cipitating the proteins with acids.

Administration of 3Fe. SFeClI3of high specific activity
(1pc/0-5/xg. Fe), obtained from an American source through
A.E.R.E., Harwell, was given in tracer doses of 10-20/xc to
a number of subjects in three ways:

(@ Injected intravenously after having been added in
vitro to a solution of /~-globulin as described by Huff et al.
(1951).

(b) Injected intravenously after preliminary incubation
with the patient’s plasma as described by Huff et al. (1950).

(c) Fed by mouth together with approximately 5 mg. of
unlabelled ferrous ascorbate.

By taking blood samples at periods of 10-60 min. after
the administration of 3Fe it was possible to obtain plasma
labelled with 5Fe.

Separation of iron from protein. The radioactivity in
plasma was compared with that present in the supernatant
fluid from samples which had been treated in various ways
with HC1 and TCA (Table 7). The counting was done in a
scintillation counter (type 1186 on loan from A.E.R.E.,
Harwell) by the technique of Badenoch & Callender (1954).
With the quantities of BFe used in these studies the
maximum counting error was +5%.

RESULTS AND DISCUSSION

Table 7 shows that complete recoveries were ob-
tained in 101 estimations. There was no apparent
difference between the results obtained after
allowing the plasma to stand for varying periods
with HC1 and trichloroacetic acid and those after

Table 6. Comparison of results obtained by present
method with those of two published methods

The iron concentration of the plasma samples varied
between 30 and 224/xg./100 ml. (mean 103/xg./100 ml.).

No. of of estimations ; P ;
estimations  (/xg. Fe/100 ml) Iggpgrt;é);:]cate estimations were carried out for each
Duplicate samples of 30 2*6+3*8 ' Mean difference
heparinized plasma bet\éveer] each pair
Comparison between 15 32+3-9 of estimations
heparinized plasma Method (xg. Fe/100 ml.)
and oxalated plasma Present method compared with 3-0+2-6
Comparison between 15 2.0+]-9 Barkan & Walker’s (1940) method
heparinized plasma Present method compared with 4-6+2-0
and serum Ramsay’s (1954) modified technique
Table 5. Recovery of iron added to plasma samples
Quantity of
Form in which iron was added to added iron No. of Recovery
3 ml. plasma samples (/*9./100 ml.) estimations >
Standard ferric sulphate solutions 2-6 25 98- 6+4-
Ferric sulphate solution buffered 9 12 99- 0+4-2

to pH 6-4 with sodium citrate and
bound to /~-globulin



Table 7. Recoveries of Fe obtained from plasma treated with 2n-HC1 and 20 % trichloroacetic acid

(d) Samples were mixed with HC1 and allowed to stand for 10-60 min. Trichloroacetic acid was then added and the

samples were mixed thoroughly and allowed to stand for a further 5-60 min. (B) Samples were treated in the same way as
in (.4) except that they were not left to stand after the addition of HC1 and trichloroacetic acid.

Method of administration of sOFe

FFe bound to ft-globulin and injected
intravenously (six subjects)

PFe incubated with plasma and
injected intravenously (three subjects)

Fre fed by mouth (three subjects)

immediate mixing, nor did the initial manner of
binding the iron to the ~-globulin affect the results.
However, in four estimations in which the plasma
proteins were precipitated with trichloroacetic acid
without having been treated with HC1, recoveries of
only about 65 % wore obtained.

By giving tracer doses of BFe of high specific
activity parenterally or orally, it was possible to
obtain plasma samples in which the transport iron
attached to /~-globulin was labelled with radio-
activity. It was shown that this iron was rapidly
and completely separated from its protein attach-
ment after thorough mixing with dilute HC1 and
trichloroacetic acid. Asthere isno reason to beliove
that radioactive iron behaves differently from
ordinary iron it seems valid to assume that the
many methods which use such a technique for the
separation of iron from protein should give reliable
results.

The present technique for iron estimation in
plasma or serum, although it involves no new
principles, has the advantage of simplicity and
speed. The results of duplicate analyses have shown
good agreement, and the occurrence of haemolysis
has not affected the results significantly. A com-
parison of the results obtained by this method with
those obtained by Barkan & Walker (1940) showed
satisfactory agreement. In addition, it was also
found that the present method gave results no
lower than those obtained with Ramsay’s modified
technique (1954).

% recoveries of

Treatment radioiron from
of plasma No. of supernatant fluid
samples  estimations  after centrifuging
A 28 101-2+3-7
B 16 100-8+5-2
A 16 97-8+6-2
B 15 101-0£7-1
A 7 107-1+7-6
B 19 104-7+6-6
SUMMARY

1. A simple and rapid modification of previous
techniques for the estimation of iron in plasma is
described.

2. Recovery experiments with 3Fe showed that
iron is effectively separated from ~-globulin in
plasma by treatment with dilute hydrochloric acid
and trichloroacetic acid.

Thanks are due to Mr J. R. P. O’Brien, Dr Sheila T.
Callender and Dr G. H. Spray for helpful criticisms and to
Professor L. J. Witts for advice and encouragement.
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THE DETERMINATION OF THE UNSATURATED IRON-BINDING
CAPACITY OF SERUM USING RADIOACTIVE IRON

by
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[received 20th july, 1959]

Normally the plasma iron-binding protein is only about one-third saturated with
iron. The level of plasma iron is therefore no reflection of the total amount of iron-
binding protein available for combination with iron in the plasma, i.e. the total
iron-binding capacity (T.1.B.C.). The T.I.B.C. can be measured in a variety of
ways. In essence, the techniques are of three different types: (1) The first one is
an in vivo method in which the plasma is saturated by injecting an iron salt intra-
venously [Gitlow and Beyers, 1952]. An iron estimation is then carried out on a
sample of saturated serum. (2) In the second, an iron salt is added to serum in vitro
and the red colour developed by the iron-protein complex is measured. This can either
be done by adding small increments of iron until no further change in optical density
occurs [Rath and Finch, 1949] or the iron can be added in a single step and the total
change in optical density measured [Ventura, 1952]. When the second method
is used it must be calibrated against a curve obtained from several samples of serum
measured by the first method. With these techniques the unsaturated iron-binding
capacity (U.1.B.C.) is obtained and the T.I.B.C. can then be calculated by adding
this figure to the plasma iron level. (3) The last approach is one in which an excess
of iron is added to the serum in vitro and the unbound iron is then separated in
various ways from that taken up by the iron-binding protein. It is then possible
to measure (a) the amount of unbound iron present in the serum by complexing
it with some colour reagent, or (b) the excess iron can be removed and an iron
estimation is then carried out on the saturated serum. Both of these latter methods
have been extensively applied and both appear to give reasonably accurate results.

The method 3 (a) was initially introduced by Holmberg and Laurell [1945], In
their original technique a known excess of iron was added to serum. The unbound
iron was then measured colorimetrically as a phenanthroline complex. In this way
it was possible to calculate the amount taken up by the iron-binding protein and
hence the U.I.B.C. The actual technique involved several steps and has subsequently
been simplified in two recent modifications [Schade et al., 1954; Ressler and Zak,
1958]. The one described by Ressler and Zak is extremely practical and simple
since only one tube is used. In this method a known excess of ferrous ions is added
to a buffered sample of serum and the absorbance is read. Buffered iron colour
reagent (2 : 2'-dipyridyl) is then added and the colour produced by the com-
plex formed with the free ferrous ions is measured and compared with a standard.
The use of a single serum tube for both blank and sample has the advantage of
requiring less serum and of eliminating aberrant absorbance effects. Since the
proteins are not precipitated in this type of method it is essential that the serum be
fresh and clear.
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The alternative approach 3 (b) is exemplified by the method described by Laurell
[1947] in which an amount of iron in excess of the T.I.B.C. is also added to serum.
The unbound iron is complexed with 1,10-phenanthroline and the serum proteins
are subsequently precipitated with hydrochloric and trichloracetic acids. Under
these conditions the iron-phenanthroline complex is entrained with the proteins
while the protein-bound iron is released into the supernatant. An iron estimation
on the supernatant therefore gives a measure of T.I.B.C. In new modifications of
this approach the unbound iron has been removed without precipitating the proteins.
In one method iron is added to serum as ferric chloride and the excess ferric ions
are then adsorbed onto magnesium carbonate. An iron estimation is then carried
out on the saturated serum [Ramsay, 1957], In another ingenious technique the iron
is added as ferric ammonium citrate and the excess citrate is then removed by a
strongly basic anion exchange resin (IRA-410) [Peters et al., 1956], Under these
conditions the free iron remains attached to the citrate and is therefore also removed
by the resin.

This last method has proved an extremely useful one. However, it does involve
a final colorimetric estimation to obtain the amount of iron present in the saturated
serum. This step can be eliminated by using radioactive iron. Although the origi-
nators of the method did in fact employ 6Fe to assess the validity of the technique,
the method, as described, is not specifically set up to be carried out in this way.
We therefore decided to investigate the practicality of such an approach. This
modified method has proved a rapid and simple one which can be easily carried
out in any laboratory equipped to do radioactive measurements.

METHOD
Reagents

(a) Ferric Ammonium Citrate. This is prepared from ferric chloride. About
3 mg. Is dissolved in 10 ml. water. To this is added a small amount of high specific
activity 3Fe chloride. (Enough is added to ensure that about 15,000 counts/min.
are equivalent to about 5 /tg. iron.) The ferric chloride is then precipitated with
ammonium hydroxide, centrifuged and the supernatant is discarded. The precipitate
is dissolved with a few crystals of citric acid and adjusted to pH 6 +5-7 with ammonium
hydroxide using bromthymol blue as indicator. The solution is then diluted to a
volume of 20 ml. so that about 5 /My iron is contained in 0-2 ml. The exact iron
content of the solution is then obtained by measuring colorimetrically against
suitable iron standards. The radioactive standard solution is stable for at least a
month when kept refrigerated.

(b) Tris (2-Amino-2-{Hydroxy-Methyl)-\ : 3-Propanediol) Buffer. This is made up
in a molarity of 0-08 (0-97 g./IOO ml.) and adjusted to pH 8-4 with 2N hydro-
chloric acid. This solution must be iron-free and each batch should be tested colori-
metrically for iron prior to use.

(c) Amberlite IRA - 401 resin (A.R. grade).* The resin is suspended and mixed in
3 N HC1 for 24 to 36 hours to free it of iron and to saturate it with chloride. It is
then repeatedly washed with glass distilled water and is adjusted to a pH of approxi-
mately 7-5 (phenol-red indicator) by suspension in the Tris buffer and, if necessary,
by adding small amounts of dilute sodium hydroxide. It is then dried at 90° C in
an oven. (Although this treatment did not render the resin completely iron-free
as judged by results of iron analyses on dry-ashed material, there was no evidence
that this iron was made available under the conditions of the test since it was shown

+Manufactured by British Drug Houses Ltd.
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that an iron-free supernatant was obtained when the resin was mixed with Tris
buffer or with 2N hydrochloric acid for as long as 30 minutes.)

Apparatus

To ensure that they are iron-free all pipettes and tubes are thoroughly washed and
then immersed in chromic acid for several hours. They should then be rinsed in
hot and cold tap water, distilled water and glass-distilled water prior to drying in
an oven.

Procedure

One ml. serum is(figaetted into the bottom of a test-tube and to this is added 02
ml. of iron standard followed by 5 ml. of the Tris buffer. The contents are mixed
and allowed to stand at room temperature for 15 minutes. Approximately 400 mg.
of resin are then added (the exact amount is not critical). The tube is then covered
with “parafilm”,* corked and placed on a slowly revolving vertical turn-table for
10 minutes. On removal it is spun at 3,000 r.p.m. for 2-3 minutes and a 4 ml. aliquot
of the supernatant is pipetted into a tube. The activity is then counted in a scintillation
counter against a 4 ml. aliquot of a control made up of 0-2 ml. standard and 6 ml.
water.

The unsaturated iron-binding capacity is then calculated from the following
formula:

Counts per minute in Test

U.1.B.C. (ng./IOO ml. serum) x lron Content of Standard x 100
Counts per minute in Standard

VALIDITY OF METHOD

Removal o fFe ammonium citrate by resin

The resin IRA-401 was added in the same amount as used in the test to a mixture
of 1 ml. water, 5 ml. buffer, and 0-2 ml. iron standard. After mixing for 10 minutes
the residual activity in the supernatant was measured. In 10 estimations between
99-4 and 100% of the activity was removed by this procedure. Similar results were
obtained using IRA-410. The resin De-Acidite FF was also tested and it was found
that 98% was removed. In all subsequent experiments IRA-401 was used.

Removal of 8Fe ammonium citrate in the presence ofserum

Two series of experiments were done.

In the first, 10 buffered samples of serum were allowed to stand for 15 minutes
after adding non-active ferric ammonium citrate in the same amount as used in the
tests. Immediately prior to resin treatment 0-2 ml. 8Fe ammonium citrate con-
taining 0-1 ng. iron was added. After resinating the samples aliquots of the super-
natant were counted for activity against suitable standards. It was found that between
99-0 and 99-4% of the activity was removed by the resin.

In the second series of experiments the standard test was carried out on 10 samples
of serum using non-active ferric ammonium citrate. After resin treatment a 4 ml.
aliquot was taken from each tube and to this was added 0-2 ml. 5Fe ammonium
citrate containing approximately 5 /j-g iron. Resin was then again added and the
tubes were mixed for 10 minutes. Two ml. aliquots of the supernatant were finally

’ Manufactured by Marathon Corporation, U.S.A.



measured for activity against standards. It was found that between 98 <0 and 98 «7 %
of the activity was removed by the procedure. In 6 further experiments the saturated
serum was allowed to stand in contact with the 59Fe ammonium citrate for 10-30
minutes prior to the second resin treatment. When this was done 96-0-98-6% of
the activity was removed.

Effect of resin treatment on physiologically bound iron

Eight samples of serum were made radioactive by addm 3Fe ammonium citrate.
The amount of iron added was always less than 0-1 jug. The standard test was then
carried out using non-active ferric ammonium citrate. The recovery of activity in
in the final supernantant varied between 101-7 and 105-0%. In addition the test
was done on 12 samples of pooled serum. Four ml. aliquots of the saturated serum
were then taken and to each was added 0-2 ml. of non-active ferric ammonium
citrate standard containing 5 /t%. iron. Resin was added to 10 tubes which were
then mixed for periods varying from 5-30 minutes. Two ml. aliquots of the super-
natant were withdrawn and were compared with similar aliquots from the two tubes
which had not been treated with resin. It was found that recoveries varied between
97-5 and 104-0%. Similar results were obtained in 6 experiments in which the
saturated radioactive serum was left in contact with non-active ferric ammonium
citrate for as long as 30 minutes prior to the second resin treatment.

It was concluded that very little exchange occurs between physiologically bound
iron and free iron under these various conditions.

Effects ofheparin and oxalate

A series of duplicate analyses were carried out in which the results obtained with
serum were compared with those obtained when either heparin or oxalate were used
as anticoagulants. Heparin was used in a concentration of 10 units/ml. blood and
potassium oxalate in a concentration of 2 mg./ml. The mean difference in U.1.B.C.
between serum and heparinised plasma was found to be 4-2 jxg./100 ml. (range
0to 7) in 7 duplicate estimations. With oxalated plasma, however, the mean results
in 10 duplicate estimations were 21 /ig./100 ml. (range 0-33) lower than with serum.

It was concluded that oxalate interferes in some way with complete saturation
of the iron-binding protein and is therefore not suitable for routine estimations
using this method.

Reproducibility of results

Ten duplicate analyses were carried out on samples of serum. The mean difference
in U.L1.B.C. was 4+1/xg./100 ml. (range 0 to 9). In addition 7 analyses on one sample
of serum gave a mean result of 154-7 /xg./100 ml. (range 152 to 159).

Effect of storage

Repeated analyses were carried out on two samples of serum which were kept
refrigerated at 4° C. for a period of 7 days and on one sample which was kept at
room temperature over the same period. The results are shown in Table 1 It can
be seen that results were reproducible over the period of observation.

Normal values

The U.L.B.C. was estimated in 10 healthy male students and the results were
added to the fiﬂures obtained for serum iron as obtained by a modification of the
method of Bothwell and Mallett [1958]. In this way a measure of T.I.B.C. was
obtained in each case. The mean value was 331 /ig./100 ml. (range 282 to 395).
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TABLE 1

Effects ofstorage on urtsaturated iron-binding capacity (ng./IOO ml. serum)

Days 1 2 3 4 5 6 7
Sample 1.. 264 260 265 260 263 264
Sample 2.. 246 254 250 254
Sample 3.. 246 254 250 256

Samples 1 and 2 were kept refrigerated at 4° C. over the period of observation and
sample 3 was kept at room temperature.

Comparison with other methods

The technique was compared with the colorimetric methods described by Ramsay
[1957], by Ressler and Zak [1958] and by Peters et al. [1956], (Using Ramsay’s
method it was found necessary to centrifuge longer than recommended in order to
obtain a clear supernatant after treatment with magnesium carbonate.) The results
of the comparison are shown in Table Il. It can be seen that agreement was good
between all four methods.

TABLE 11

Results for unsaturated Iron-binding capacity (fig./100 ml. serum) by different methods

Sample No. Present Ramsay Ressler and  Peters et al.
Method [1957] Zak [1958] [1956]
1 194 197
2 207 203
3 225 200
4 200 229
5 211 214
6 356 361
7 126 128 118
8 200 192 183
9 203 200 195
10 80 89
n 142 146
12 8 0
13 283 270
14 212 207
15 165 167
16 245 239
17 172 186
18 205 211
19 242 254
20 152 161

In the method of Ramsay [1957] and of Peters et al. [1956] the U.l.B.C. was calculated by
subtracting the figure for serum iron level from the T.I.B.C. In both instances the colorimetric
estimations were carried out by a modification of the method of Bothwell and Mallett [1955]
in which sulphonated bathophenanthroline [Trinder, 1956] was used instead of 2,2'-dipyridyl as
the colour reagent.



COMMENT

The present radioactive technique for estimating the unsaturated iron-binding
capacity of serum or heparinised plasma, which is based on the colorimetric method
of Peters et al. [1956], appears to be a reliable one. Results obtained using it are
in close agreement with those obtained by three other methods. Its major advantage
lies in the fact that it can be rapidly carried out and no colorimetric estimation is
required. It gives reproducible results on serum stored for as long as a week and on
serum which Is icteric or haemolysed. For accurate results one precaution is necessary.
The buffer solution should be checked to make sure that it is iron-free since the
presence of extraneous iron will tend to give falsely low results.

SUMMARY

A method for measuring the unsaturated iron-binding capacity of serum using
radioactive iron is described. The results with this method are in close agreement
with those obtained using three other techniques.
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Under optimal conditions about one quarter of the
body iron content is present in storage depots such as the
liver, bone marrow and spleen* From a functional standpoint
iron stores represent a buffer which can be drawn upon when
tho noed arises. They therefore tend to be less than normal
when there are added losses from the body or when dietary
deficiency 1is present* In contrast, 1increased iron stores
are a feature when the 1iron content of the diet is high*

From a practical point of view an assessment of the
level of iron stores has been found to be of major importance
in defining the iron status of individual patients* This 1is
dam* roost conveniently by examining particles of bone marrow
histologically 1in order to gauge tho amounts of stainabie
iron present in reticulum cells (Hath and Finch, 1940). In
necropsy studios more quantitative information has boon
obtained by estimating tho concentration of iron present in
livar specimens (Sothusll and Bradlow, i960). Tharo are,
however, certain technical difficulties associated with
such chemical measurements since different livers contain
varying amounts of haemoglobin iron. To obtain valid
figures for storage iron concentrations it is therefore
necessary either to remove the iron present cs haemoglobin
or to ostimoto its concentration*

The present study was undertaken as a preliminary to
a proposed collaborative: investigation into the incidence of

- iron -



iron deficiency in different population group®. It was fait
that a fair reflection of the iron nutrition in different
areas of the world might bo obtainod if the concentration of
storage iron were estimated in samples of liv-*r obtainod from
subjects dying acute traumatic deaths. However* before this
could be attempted i1t was necessary to develop a simple
method for carrying out largo numbers of those analyses on
formalinisod liver specimens. This paper records the

development of such a method.

ISC THUOS
The estimation of total 1iron concentrations in liver
samples presented no major problems since reproducible
results could bo obtained using conventional met and dry
aching procedures. However some difficulty taaa experienced
In measuring the haemoglobin content of the samples and

several different approaches were tried.

I.stimatioo of Haemoglobin Concentration®
in formalinisod bampiest

An initial attempt was made to convert the
haemoglobin to acid haomatin prior to extracting it with an
alcohol-ether mixture. Although this approach has been
reported as satisfactory (Kooymun, 1349) recoveries were
found to be incomplete with formalinioud tissues and it was
therefore abandoned. Those results suggested that it might
be necessary to digest samples in order to release the

haemoglobin completely. This was initially done by

- incubating



incubating sample® in 1*0 N hydrochloric acid for 24 hours

at 5S°C* Since this did not affect complete dissolution of

the tissue o similar procedure was carried out in which

approximately 1lg. tissue was incubatod in 50 ml. 1.U N

sodium hydroxide at 5G°Ce After 24 hours the liver was

completely dissolved and the solution was coloured brown

due to the presence of alkaline haamatin and other pigments.

In livers with high concentrations of storago iron a brown

deposit of forric hydroxlda was macroscopically visible.

Although tho solutions obtained after cooling and

filtration warn usually clear* soapy solutions were formed

with fatty livers. This could be prevented by tho addition

of D.5 ml. of tho detergent sodium alkyl sulphate -
Attempts were than made to estimate tho baamatin

content of filtered solutions in threo different ways.

(a) Alkaliria Haenatin: Since it soumod likely that most of
the colour present in digests was duo to alkaline
haomatin a number of estimations were carried out
in which direct measurements were made of tho optical
density at 540 mp of filtered digest solutions. The
concentration of haemoglobin 1iron present was then
road from a calibration curve constructed from
haemoglobin solutions of known iron content which
had boon treated in the same way. (fclith this

technique reproducible calibration curves wero
- obtained -

Rarkatod us *Tecpo.l* by the Shull Chemical Company* London*
Lnylsnd.



A
obtained on solutions oF haemoglobin that hod been
stored in Formalin for as long as 3 months).

Although it was realised that the method was not a
completely specific ono it was felt it might prove
adequate in epidemiological studios. However whan
batches of liver uuru tested from an area in which
iron deficiency was known to bo common a proportion of
tho values obtained for haomatin iron were greater than
those obtained for total iron. It was therefore
apparent that the alkaline haomatin method tondod to
give too high values, this being presumably duo to
other pigments, such as bile, present in the liver.

In further experiments the percentage absorption of
alkaline haomatin and an alkanised solution of bile
were compared at different wave lengths but the spectra
were too close for adequate separation to bo achieved,
(b) Benzidine Reaction* Since haomatin gives a positive
reaction with benzidine in both the bound and free
forms, aliquots of the alkaline haomatin solution
wore tested using a modification of the standard
bonzidina test (Oiny and Baker, 1931). The procedure
was as falluws* 1 ml. of benzidino reagent* and 0.5 ml.

0.6/4 hydrogen peroxide were pipetted into a test-tube.
- Thu -

*Halft a gram of benzidine hydrochloride was dissolved 1in

IS ml. water ot 8U°C. Twenty five ml. 95,s (v/v) ethanol
wera then immediately added, Tfollowed by 10 oil. glacial
acetic acid (AH grade). Tho solution was then stirred with

a glass rod to ensure final clarity. (It was necessary to
make up this reagent freshly each day).



©)

The mixture mas allowed to stand for 5 minutes to ensure
that tho tubas mere free from contamination. An aliquot
(0.02 ml.) of the alkalinised liver solution was then
added and after thorough mixing tho tube mas allowed to
stand for exactly 1 hour. At tho ond of this period
10 ml. of 20,9 (v/v) acetic acid mas added and the optical
density mas road immediately 1in an tvelyn calorimeter
using a 515 rgp filter. A blank solution in which 0.02 ml.
1.0 H sodium hydroxide was substituted for the test
solution mas read at the same time* Tho 1iron
concentration was then read directly off a standard
curve prepared from alkaline haomatin solutions of
known 1iron content which had boon treated in the same
way as the liver samples. (Since tho benzidine reagent
had to bo made up freshly each day a solution of
alkaline haomatin of known #iron content was set up with
each batch of livers to check the validity of the
standard curve).

Although the tochniquo gave reproducible results
this was only achieved when rigid precautions mere
taken to ensure cleanliness of glassware and
standardisation of the various steps. On this basis tho
tochniquo was nut rugged or simple enough for the routine
analysis of largo numbers of samples.
Pyridine haomochromanoni Since the major disadvantage
of tho alkaline haomatin method was the interfartifice

- produced -



produced by other pignonta, attempts were made to
convcsrt tho baoraatin to a substance with a moro
distinctive absorption spectrum. This mas done hy
adding pyridine and sodium dithionito to produce the
pyridine haomochramagen (Flink and Watson, 1942). The
absorption spectrum of tho pyridine haamoebromagen was
then compared with the absorption spectrum of solutions
prepared from 12 rat livers which had been exhaustively
perfused to rid them of haemoglobin. It was found that
these spectra aero very dissimilar. The mean ratio of
the optical density of the perfused specimens at

470 mp and 540 mp was 2.7 1 1 (rangd® 2.2 to 3.2) while
that of the pyridlna haeraochromagen was 1 t 1.07. These
findings suggested that the differences could bo
utilised to obtain an absolute measure of the haamatin
concentrations present in specimens of liver. This was
checked Tfurther by selecting a number of formalinisod
specimens of human liver which appeared very palo.
After tho usual treatment with sodium hydroxide, 5 ml
samples wore taken and 1 ml pyridine addod to each. Tho
optical density was road 3t 540 mp. Sodium dithionito
was than addod and tho optical density again measured.
IfT there was no change (i.e. no pyridino haemochraaagen
present) the specimen was then used for determining tho
ratio of tho optical density at 470 and 540 mp, Tho
mean ratio in 20 specimens uaa 2.7 (rang® 1.9 to 3.3).

- Since



Since this figure was identical to that obtained from
perfused rat livurs it uias used as a correction factor
in the final method. (Tha error that might be
introduced by using an incorrect ratio in an individual
specimen was tested by comparing fiyurao for baomatin
iron in a series of 16 unsalectod livers, using ratios
of 2.0 and 3.0 respectively. Vbo mean difference
(expressed as pg. haomatin iron/g, (wet weight) was
7.7 (range 1.0 to 14*0)).
Validation of Pyridine dacnochronanon iiethodi Although there
was no absolute standard of reference, on attempt was made to
validate the method by comparing results on a scries of Xivors
with those obtained using tha benzidine technique. In this
comparison corrected figures for haomatin iron using the
pyridine haowochromagen method were calculated from tha
following formula*
Corrected Maematin Iron »
(2.7 x Optical Density540 ) - (Optical Density” )
p-7
Tha degree of agreement was good, with a coefficient of

correlation of ¢ 0.96 (p<0.01)(fig. 1).

Estimation of Total 1iron Concentrations in formallnlsod

samples *

One gram aliquots of formalinised liver were

digested and the iron concentrations wera then measured

e using -



using the thiogiycoilic acid method (~cCanca at al!., 1936).
Storage 1iron c ncentrations u»ero then obtained by sub-
tracting figures obtained for haematin iron on a second aliquot.
Although the method was adequate it involved the use of two
samples from each livor. The alternative possibility was

to BG3sura tha iron content of an aliquot of the alkaliniaed
digest. Since the 1iron was present as a ferric hydroxide
precipitate the 50 ml. suspensions were shaken vigorously
prior to removing two samples of 10 ml. each. These were
then wot digested and the iron contents measured. Agreement
in 21 such estimations was good* the average difference from
the mean of each pair of observations was 3.7,4 (range Q to
12, .)* In a further comparison, results obtained from an
aliquot were compared with those from a separately wet-
digested Ig* sample. There was a good correlation

(r s ¢ 0.986j pc 0.01)(fig- 2). Those results indicated
that an aliquot of aikalinised liver was adequate for the

estimation of the total 1i1ron concentration.

Rr_cmsrcew?f.p  me thud .

Approximately 1lg, formaiinisud livor is
accurately weighed out after excess fTormalin has been
removed by blotting gently with tissua paper. The sample
is then transferred to a 50 ml# standard flask and 0.5 ml.
Shell “Teepol* 1is added. The volume 1is then mode up to
SO ml. with ION sodium hydroxide and after corking 1is
incubated at 56DC for 24 hours. At thu end of this period

the flask is shaken thoroughly and is cooled at 4°C for



X hour. After further shaking a 10 mi* aliquot la
immediately pipetted off for total 1iron estimation
(see below),
(a) estimation of beenatin lron! The alkallnised suspension
is Tiltered through Mo. 5 Uhataan paper and a 5 ml. aliquot
of the filtrate is pipetted iInto a teat-tube containing 1 ml.
pyridine (Analar grade). Approximately 30 mg. sodium
dithionite (enough to cover the end of a small spatula) is
added and the solution is allowed to stand for 10 minutes
after thorough mixing. The solution is then read at 540 mp
end at 470 mp against a blank containing 5 ml. 1.0 N sodium
hydroxide, 1 ml. pyridine and about 30 mg. sodium dithionite.
(It should bo noted that the pyridine haetaochromagon colour
is stable for at least 1 hour).

The absolute value for pyridine hooraochromayen is
calculated as followsj

Corrected value *

(2.7 Optical Density=Jj mp)- (Optical density 4?u wp)

This reading is than road off a calibration curve constructed
from haemoglobin solutions of known iron contents. Heaults
are expressed os pg iron/gm. wot weight.

(b) estimation of Total Iron? A 10 ml. aliquot of the
wall-shaken alkuliniaod liver solution is placed in a
micro-Kjeldahl flask. To this 1is added 2*5 ml. of a mixture
containing concentrated sulphuric acid (2 parts) and

- concentrated



concentrated nitric ucid (1 part)* Two glass beads are
also put into the flask to prevent bumping and the Mixture
iIs digested until black and oily* This takes approximately
3.j minutes. The flask is then allowed to cool for a short
period and 0.25 ml* o; 304 hydrogen peroxide 1is then added
and digestion i3 then continued for a further 20 minutos.
The colourless solution is again cooled and about 5 ml.
distilled water are added. This is followed by about 0.2 ml.
thioglycollie acid. Ammonium hydroxide (25/0 is finally
added carefully until a purple colour has TfTully developed.
The solution ia than transferred to o measuring cylinder
and made up to 50 ml. with water. (In livurs with high
iron concentrations further dilution is necessary). Tho
optical density of tho final solution is read at 54U mp
against a water blank. Tho reading obtained is then road
off a standard Curve calibrated to a volume of 5U ml. and
the concentration of iron is calculated from tho formulas

Iron concentration «
(pg*/g* wot weight)

Roedihg on graph x Final Volume x I, X 5
5U Sample wt. (g-.)

Tha TfTigure for storage 1iron concentration 1is then
obtained by subtracting haematin iron from this value.
Chmu LHT
Experience with the method has shown tho importance
of making allowance for the haemoglobin content in livers

- when -



when estimating storage iron concentrations. This 1ia duo to
the fact that the amount of haemoglobin present varies
considerably, depending as it does not only on the
haematoloyical status prior to death but also on tho maria

of death. &ith the present technique the median
concentration of haemoglobin iron in 124 subjects was

42 pg./g. wet weight with a range from 0O to 214.

SUMMARYV
A method 1ia described for the estimation of storage
iron concentration in formalinised tissue samples. It is

especially suited for epidemiological studios in which

largo numbers of samples require to bo analysed.

/DM.



PYRIDINE METHOD

BENZIDINE METHOD

OTURE I« A comparison of haematin iron vgluos on
formaliniaud iivwr samples* as estimated by
tbs benzidine and pyridina haanochronugon

methods.



DIGESTION OF TOTAL SAMPLE

rir.imtl

IRON/g. WET WEIGHT

[i.g.

2.

DIGESTION OF ALIQUOT

A comparison of livor iron concentrations as
estimated by (o) uet acid digestion of 1 9.

samples and (b) uiot acid digestion of 10 ml*
aliquots obtained after 1 g. samples had been

hydrolysed for 24 hours in 1*0 N Sodium hydroxide*
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Inability to assess Absorption of Iron from Plasma
Radioiron Curves

T. H. Bothwell,* Barbara Mallett, R. Oliver, and Mary D. Smithy}

Nuffield Department of Clinical Medicine, Radclifje Infirmary, Oxford and Department of Radio-
therapy, Churchill Hospital, Oxford

Following the administration of a large dose of iron by mouth there is a prompt increase in
the concentration of iron in the plasma. This fact has been used by several workers in study-
ing iron absorption (Jasinski, 1949; Thedering, 1949; Hein and Keibl, 1950;Jasinski and Ott,
1951; Crawley, 1952; Smith, 1952; Begemann, Kciderling and Walter, 1953; Thedering and
Beck, 1953; Grace, Doig and Wolff, 1954). In most investigations it has been assumed that
there is a relation between the level to which the plasma iron is raised and the actual quantity
absorbed. However, Yuile and his colleagues (1950) gave small doses of labelled iron to dogs
and found that neither the height nor shape of the plasma radioiron curves correlated well
with the amount absorbed. This is not surprising since the character of tolerance curves
depends not only on the amount absorbed but on the rate of absorption and the rate of re-
moval of iron from the plasma (Cartwright et ah, 1946; Smith, 1952). In the present study
radioactive iron was used to find out whether a more accurate index of iron absorption could
be obtained from the amount appearing in the plasma if corrections were made for the rate of
removal of iron. The corrected figures for absorption were compared with those obtained
by estimating the quantity of unabsorbed radioactivity in the faeces. The results of the in-
vestigation form the substance of this paper.

METHODS

All the subjects were patients with peptic ulcers who showed no signs clinically or radio-
logically of pyloric retention and who were ambulant at the time of study. None was
anaemic and there was no evidence of recent gastro-intestinal bleeding. Hacmatological data
on each case can be seen in Table I.

The rate of disappearance of radioiron from the plasma was measured on the morning of
the day prior to the oral absorption studies. 59Fc of high specific activity (1 to 2 uc per lag.
Fe) was obtained from an American source through A.E.R.E., Harwell, in the form of a
sterile solution of ferric chloride. 0.1 ml. (5 iac) of the radioiron solution was added to 2 ml.
of a 1 per cent sterile solution of Pi globulin* buffered with 10 to 20 ml. of the patient’s
plasma. After incubation for 30 minutes at 370 C. the mixture was injected intravenously
from a calibrated syringe, a small quantity being kept for the preparation of the standard
solutions. 15-ml. blood samples were taken at intervals following the injection, the samples
being usually withdrawn after 10, 20, 40, 60 and 90 minutes. Radioactivity was measured
using a scintillation counting technique as described by Badcnoch and Callender (1954).
5 ml. of plasma were counted from each sample and the results plotted on semi-logarithmic

* Nuffield Travelling Fellow.

f Medical Research Council Clinical Research Fellow.
j Generously supplied by Cutter Laboratories, U.S.A.



paper to give a straight line for the exponential fall in activity. This line was extrapolated
to zero time to find the level of maximum plasma activity. With a knowledge of the total
administered dose it was then possible to estimate the plasma volume. The fraction of iron
removed per hour was calculated by dividing the natural logarithm of 2 by the time taken
for the circulating radioiron to reach one-half concentration (Huff et ai, 1950).

The oral absorption studies were started at 9 a.m. in the morning, the patient having fasted
overnight. 10 to 15 uc of 59Fe were added to a mixture containing 5 mg. ofiron in the form
of ferrous sulphate and 50 mg. of ascorbic acid. This solution was made up to 100 ml. with
distilled water. 1 ml. was set aside for the preparation of standards and the remainder given
to the patient. Before the test, blood samples were taken in order to measure the plasma iron,
using an a :a'-dipyridyl, thioglycollic acid technique (Bothwcll and Mallett, 1955a), and
to estimate any residual radioactivity from the previous day’s test. Seven to eight 15-ml.
blood samples were withdrawn over the next 3 to 5 hours and the activity ofs ml. of plasma
from each specimen was counted as before. Using the figures for plasma volume obtained in
the intravenous study it was possible to calculate the percentage of the oral dose in the plasma
and to plot a plasma absorption curve. In calculating the results the graph showing the
observed uptake ofradioiron in the plasma in each case was divided into 20-minute intervals
and the average level of radioactivity for each period worked out. In order to estimate the
total radioactivity reaching the plasma from the gut it was assumed that the fraction ofiron
leaving the plasma per unit time on the day of the oral study approximated closely to the
figure obtained at the same time on the previous day. The loss for each period, calculated
from the average activity and the fraction of iron leaving the plasma per unit time, was then
added to the observed rise in radioactivity to give the true value for the amount arriving in
the plasma during each period. A curve was then constructed to show the rise in the level of
radioiron in the plasma in the absence of any loss process. An example of such a graph can
be seen in Fig. 1.

All faeces passed in the 7 days following the oral test were collected, and blended aliquots
were counted for radioactivity as described by Badcnoch and Callender (1954). From the
quantity of unabsorbed radioactivity it was then possible to calculate the amount of radio-
iron which had been absorbed into the body. The maximum error in measurement by this
method is approximately +5 per cent.

RESULTS

The reconstructed graphs of radioiron absorption into the plasma in the 10 subjects in-
vestigated arc shown in Fig. 2. There was a wide variation in total absorption as calculated by
this method, the range being 5.4 to 44.0 per cent of the orally administered dose. The same
initial pattern was seen in all cases, the absorption rate being highest in the first hour. After
the level of circulating radioactivity had reached its maximum level different patterns oc-
curred. Inseven cases (Nos. 1, 3, 4,6, 7, 8and 10) the level declined in an exponential manner
at a rate which approximated closely to the known exponential rate factor for the loss
process. This suggested that no further significant absorption was occurring over this
period. However, in two cases (Nos. 5 and 9) there was evidence that further absorption
was continuing at a slow rate, while in another (No. 2) there was a second peak of absorp-
tion.

The results for the absorption of iron as calculated from plasma radioiron curves were
compared with those obtained from the quantity of unabsorbed radioactivity present in the



faeces (Table 1). Good or moderate agreement between the two results was found in five
cases (Nos. 2, 4, 5,9 and 10). In the other five, however, large discrepancies occurred, with
the plasma radioiron data giving lower figures for absorption in each ease. The appearance
ofthe curves in these cases did not suggest that absorption was still going on at the end of the

oral test. On the other hand, there was no reason to suppose that the faecal collections had
been incomplete.

Fig. 1. Data on Case 4.

(A) Plasma curve after oral dose of radioiron. From this,
the average level of circulating radioactivity in each 20-
minute period is calculated.

(B) Line showing disappearance from the plasma of a
tracer quantity of radioiron administered intravenously.
Time taken to reach one-half concentration = 80 minutes;
log"2 X 20

hence fraction ofiron removed per 20 minutes = 80

Calculated loss for each 20-minute period (average activity
X 0.173) was added to the observed rise in activity in the
plasma over same period.

(C) Corrected curve showing rise in level ofplasma radio-
iron in the absence of any loss process.

DISCUSSION

From die results of this study it seems apparent that it is difficult to get an accurate quantita-
tive measure of radioiron absorption from the amount appearing in the plasma. In some
cases there was good agreement between the figures obtained by this method and those
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Fig. 2. Corrected graphs of plasma radioiron absorption to show the levels which
would have been reached in each case if no radioiron was being removed from the

plasma.

Tabie |

HAEMATOLOGICAL DATA AND RESULTS OF IRON ABSORPTION TESTS IN 10 SUBIJECTS

Age

45
4i

41
30
49
44
45
60
65
38

Haemo-
globin
(g.'lioo ml.)

15-9
18.7
16.5
15.6
14.6
15.6
15.6
16.2
12.7
15-3

Packed cell
volume

(%)

48
54
50
45
46
a5
a7
51
39
a4

Red cells
(mill,
jc.mm.)

5.28
5.60
5.82
4.60

4.76
4-55
4.78
4-97
4.80

Plasma
iron

&
/100 m1.)

124
174
100

84
108
126
114
128

62

44

Fraction

of iron

removed
per hour

0-338
0.473
0.462
0.520
0.338
0.260
0.327
0.396
0.378
0.784

Radioiron
absorption
calculated
from amount
appearing
in plasma
(%)

44.0
24.0
6.4
25.0
17.9
8.0
7-5
5.4
19-5
13-0

Radioiron
absorption
calculated
from amount
recovered
from faeces

(%)

69.0
33.0
29.0
28.0
25.6
22.2
20.6
18.3
18.0
17.0



calculated from the quantity ofunabsorbcd radioactivity appearing in the faeces, but in others
the discrepancies were large enough to invalidate the technique.

There are a number ofways in which the low figures for plasma radioiron absorption may
be explained. Some of the radioiron may have been retained in the stomach; this seems un-
likely as the small volume of solution was given to fasting patients and observations were
carried on for several hours. It is possible that a proportion of the absorbed radioiron was
removed by the liver. However, there is experimental evidence (Finch, ct al., 1950) that this
could only account for a small percentage of the amount absorbed. Au increase in the rate of
disappearance of iron from the plasma on the second day of the study might explain some of
the low plasma absorption figures. However, repeated intravenous tests at the same time of
day have suggested that there is little change from day to day (Bothwcll, Ellis, van Doorn-
Wittkampf and Abrams, 1955) and even the diurnal variations which have been shown to
occur (Bothwcll and Mallctt, 1955b) were not large enough to account satisfactorily for the
low absorption results. It is also possible that a proportion of the radiorion was absorbed by
a channel other than the plasma, e.g., through the lymphatic system, but experimental evid-
ence does not support such a contention (Everett, Garrett and Simmons, 1954). According to
Granick’s hypothesis (1946) iron may be absorbed and temporarily stored as ferritin in the
epithelial cells of the gut. Such a mechanism seems the most likely explanation of the
discrepancies which were found. In addition, ifiron were still being delivered into the plasma
at the end of the observational period it may well have been at a rate not detectable by the
techniques used in this study.

The inconsistent results which were found seem of some importance, as increasing use is
being made of plasma-iron curves in measuring alimentary iron absorption. Although some
authors have reported a wide scatter in results obtained with this technique (Smith, 1952),
others have advocated oral absorption curves as a useful diagnostic procedure (Jasinski, 1949;
Crawley, 1952; Thcdering and Beck, 1953) and the method has been employed in assessing
the relative merits of different iron salts (Hein and Keibl, 1950; Grace, Doig and Wolff, 1954).
It is true that the results of the present study are not strictly comparable with previous ones.
Using the radioiron technique it is possible to give a dose of iron which was within the
physiological range while with chemical methods a massive dose is required in order to obtain
significant changes in the plasma-iron level. In spite of this it is felt that the same inherent
errors are present in the other studies, and although patterns obtained with plasma-iron curves
may be useful in showing group differences, it is doubtful whether there is any value in
attempting to assess the significance of individual results.

SUMMARY

An attempt has been made to assess quantitatively the absorption of radioiron from the gut
in ten patients by estimating the total quantity of radioactivity appearing in the plasma.

The results have been compared with those obtained by estimating the percentage of
unabsorbed radioactivity in the faeces.

In five cases there was moderately good agreement between the two methods; however, in
the other five patients the estimates of absorption based on the plasma radioiron curves were
lower.

It is concluded that estimation ofthe amount of radioactivity appearing in the plasma docs
not provide a reliable quantitative measure of iron absorption.
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I. Factors Influencing Absorption
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WHEN the iron content of the body is altered by some cause, such as blood
loss, balance is re-established mainly by changes in the amount of iron
absorbed from the gut.1 Because of its capacity to respond to the needs of the
body, the gastrointestinal mucosa has been regarded as the chief regulator of
iron balance.2 The mechanisms by which this control is exerted are, however,
still in doubt. One problem has been the technical difficulty in accurately
measuring iron absorption. Recently, precise methods employing radioiron
have been developed, but only limited observations have been made concerning
the influence of anemia, anoxia, plasma iron level, iron stores, and altered
erythropoiesis on iron absorption.

The present paper reports the results of studies involving several aspects
of iron absorption. Experiments in animals were carried out in a variety of
situations and the hypotheses which emerged were tested in man. The investiga-
tion was broadened to include observations on absorption of iron salts by normal
subjects, by individuals after acute blood loss, and by patients with iron de-
ficiency anemia. Information was obtained on the relative importance of cer-
tain internal factors in the regulation of iron absorption and, in addition, a ra-
tional approach to the problem of iron therapy was developed.

materials and methods

Sprague Dawley rats weighing 250 to 350 grams, New Zealand white rabbits weigh-
ing 2.5 to 3.5 kilograms, and a strain of adult field mice with hereditary spherocytosis®
were employed in various studies. In each experiment control animals of the same sex,
age, weight, and dietary background were employed. The purpose was to indicate whether
a specific factor altered absorption in these animals as compared to control animals.
Variations, particularly in the amount of iron administered, made it impractical to inter-
relate individual studies.

Radioiron was administered directly by gastric intubation. Rats were rendered
anemic by removing 5 ml. of blood at 5 and 3 days prior to study, or by the parenteral
administration of an ethanolic solution of phenylhydrazine (30 mg./Kg.). Hemolytic
anemia was also induced by the prior injection of methyl cellulose intraperit.oneally twice
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weekly as described elsewhere.4 Excess body iron stores were produced in rats, rabbits,
and mice by the intramuscular injection of iron-dextran (Imferon*). Exchange trans-
fusion was performed in rats by the insertion of plastic cannulae into the femoral artery
and vein with the simultaneous removal of circulating blood and the injection of blood
previously obtained from donor animals.5

Normal human subjects studied had plasma iron concentrations between 80 and 1G0
jug/100 ml. plasma and hematocrits between 42 and 48 per cent. In patients the criteria
of iron deficiency were plasma iron levels below 50 fig, the absence of marrow hemosiderin,
and a response to iron therapy.

Absorption studies were performed on normal volunteer subjects, fasting or after
meals, as specified under results in individual experiments. Phlebotomy was also employed
in normal subjects to enhance iron absorption. Unless otherwise specified, such subjects
were bled 400 ml. on the ninth and seventh days before the absorption study was per-
formed.

Absolute iron absorption was measured by the double isotope method described by
Saylor and Fincli.G In this technique a weighed amount of Fe® either as iron citrate or
as iron bound to fresh plasmat was injected intravenously and at the same time a solution
of iron (Fes5) was given orally. Standards were then made from both solutions given.
Fourteen days after administration of the two isotopes, a blood sample was collected and
wet-ashed with sulfuric and perchloric acids. Samples were precipitated with the addi-
tion of carrier iron to a total of 10 mg. and electroplated as described previously.? Count-
ing for Fer6 was done with an argon-filled geiger tube having a beryllium filter, whereas
Fe5 was determined with a helium-filled tube. The cross-counting for which appropriate
correction was made was less than 4 per cent in either direction. Calculation of results:

Percentage absorbed = yl (x) x 100
)

When yl = activity of Fe% in b}i)od sample (c.p.m.)
y - activity of Fe% given by mouth (c.p.m.)
xI — activity of Fe3 in blood sample (c.p.m.)
x = activity of Fe®injected intravenously (c.p.m.)

In several studies iron absorption was computed by measuring stool radioiron con-
tent. To determine stool activity, a 10-day stool collection was transferred from waxed
cartons to a large weighed beaker. The bulked specimen was then covered with concen-
trated sulfuric acid for 10 to 14 days with occasinal stirring and addition of acid to
a total of about 5,000 ml. Gentle heating was applied when necessary to produce a
homogenous mixture. Ten gram aliquots were electroplated in the usual manner prior to
counting.? Since the validity of methods such as these must ultimately rest on direct
comparisons, results of absorption by the stool and double isotope methods in 4 normal
subjects are summarized in Table I.

Table |I. Comparison of Stool Recovery and Double |sotope Methods for Measuring
Iron Absorption in 4 Human Subjects

STOOL METHOD DOUBLE ISOTOPE METHOD

(PER cent absorption) (PER CENT ABSORPTION)
i 5.3 4.8
2 15.2 12.5
3 55 2.6
4 20.9 16.6

.*Obtained hI‘OU(\]Nh_ the courtesy of the Benger Company, England, and Lakeside Labo-
ratories, Milwaukee, Wis.

tit is essential that there be either adequate capacity of the recipient’s plasma to bind

the injected .iron citrate, or that iron be bound to a plasma with adequate binding capacity
before”its Injection.



In certain studies on human volunteers the major interest was centered not so much
on tiie absolute amount of iron absorbed as on the relative amounts absorbed under two
different sets of conditions. One isotope of iron in one form was given by mouth on the
first morning, while the second was given by the same route on the following morning.
The order of administration of the two test doses was alternated in different subjects.
Analysis of activity in the blood drawn two to three weeks later permitted a comparison of
absorption between the two test doses in the same subject. In order to estimate the
absolute absorption, the per cent of red cell utilization of absorbed iron must be pre-
dictable. This was assumed to be 90 per cent in normal and iron deficient subjects and
the blood volume was estimated at 68 ml./Kg. Estimated per cent absorption then equaled:

activity per ml. blood x blood volume (ml.) x 100
(hi)
total radioactivity administered

The actual amount of radioactivity given varied in different studies depending upon
the anticipated absorption and on the total amount of administered elemental iron. In
man, the amount of Fe% varied between 50 and 100 /io when carrier iron of between 100
and 500 mg. was added. 1Iron", in doses of approximately 1 /xc, was given intravenously
as ferrous citrate or was bound in vitro to the normal plasma when the patient’s plasma
iron binding capacity was inadequate.s The specific activity of the two isotopes used
varied between 1 and 3 /ic/,ug. With the double isotope method of measuring absorption,
the dosage of each isotope was designed to provide nearly equal counts in the circulating
blood.

Plasma iron was estimated by the method of Bothwell and Mallet,9 and of Kitzes,
Elvehjem, and Schuette.'9 Bone marrow iron was estimated from sternal aspiration as
described by Rath and Finch.n Hemoglobin was determined as oxyhemoglobin in an
Evelyn colorimeter and hematocrits were spun at 1,800 g for 30 minutes. Reticulocytes
were stained with cresyl blue and the number in 1,000 erythrocytes counted.

RESULTS

A. Internal Factors Regulating Iron Absorption.—The object of these
studies was to delineate the effect of alterations within the body on iron ab-
sorption. In order to minimize the possible interference which local gut factors
might have on such absorption, initial studies were done with animals and ex-
perimental subjects in a fasting state. Iron was given as a freshly prepared solu-
tion of ferrous sulfate. The usual dosage of iron was standardized at 0.25
mg./Kg. of elemental iron in experimental animals. Data obtained may be sum-
marized under four headings.

1 Effect of the rate of erythropoiesis on iron absorption: Increased eryth-
ropoiesis was produced in several different ways. One injection of phenyl-
hydrazine was given to rats and absorption was measured one week later when
the reticulocyte count was high and the hematocrit was rising rapidly. In rab-
bits, multiple injections were given and absorption was measured at variable
times thereafter. Methyl cellulose injected rats which had increased red cell
production and destruction, but little anemia, and mice with increased erythro-
poiesis due to hereditary spherocytosis were also studied. These results are
summarized in Table Il and consistently indicated an increase in iron absorp-
tion in animals with increased erythropoiesis as compared to normal animals of



the same species given the same close of iron. Additional studies in rabbits
given multiple injections of phenylhydrazine, while again indicating increased
absorption with increased erythropoicsis, showed no correlation between a rising
or falling hematocrit or with the level of plasma iron.

Table IT. Effects of Increased Erytiiropoiesis ox lron Absorption

ABSORPTION
NUMBER OF DOSAGE OF IRON (£ S.D)
DIAGNOSIS ANIMALS (/id) (PER CENT)
Phenylliydrazine in rats 5 50 59 + 19
Controls 6 50 21 £+ 8
Phenyllivdrazine in rabbits 8 1,000 30 + 19
Controls 8 1,000 12 + 11
“ Methyl Cellulose* * in rats 6 100 16.2 + 6.2
Controls 4 100 103 + 1.9
Congenital spherocytosis in mice 7 5 7.2 + 22
Controls 7 aun 48 + 1.9

Fe55 by mouth

Fig- 1—Effects, of E)hlebot,omy on iron absorption in 2 human subjects as measured by
stool recoveries and by circulating “radioactivity in the blood. During the control period there
is almaost complete recovery of orally administered. Fefu in stool and little I’adI_OaCtIVItY in
circulation.  After phlebotomy both measurements indicate an increased absorption of iron

In an attempt to clarify further the time relationship between increased
absorption and erythropoicsis, studies were carried out in experimental subjects
before and after phlebotomy. As shown by stool measurements as well as by
blood activities in two subjects, increased absorption occurred within 5 days of
phlebotomy (Fig. 1). Absorption was also measured in normal fasting subjects
given 25 mg. of iron (Fes sulfate) and phlebotomized 8 ml./Kg. on the fol-
lowing day. Repeat absorptions were then done with Fess under identical con-
ditions through the following week and the pro- and postphlebotomy ratio was
determined (Table I11). In the first four days values were variable, but there-
after absorption showed a moderate but consistent increase.



The effect of decreased erythropoiesis was also studied. To retard red cell
production, rats were made polycythemic by exchange transfusion with packed
erythrocytes. The hemoglobin level after exchange in these animals was above
20 Gm. per cent. As a control, another group of rats was submitted to the same
procedure except that they were exchanged-transfused with normal whole blood.
Reticulocyte counts were depressed in the polycythemic animals, although the
time lag in marrow response made this less conspicuous at two days. Absorp-
tion studies (Table 1V) showed a reduction in iron absorption by polycythemic
animals as compared to controls.

Table |IIl. The Absorption of a Dose of 25 MO. Elemental lron Before and After
Phlebotomy of 8 MI. Per Kilogram in 12 Human Volunteers

BASAL SECOND
PLASMA  ABSORPTION PAYSAFTER  PLASMA  ABSORPTION  SA.
SUBJECT IRON (PER CENT) PHLEBOTOMY IRON (per cent)  (/ITX 10°*
i 113 12.4 2 140 8.2 66
2 135 12.5 2 128 11.4 91
3 81 9.9 3 72 14.6 147
4 111 13.6 3 92 21.7 160
5 142 7.8 4 64 5.6 72
6 123 8.8 4 96 71 81
7 133 13.4 5 50 18.3 137
8 215 9.5 5 94 15.5 163
9 118 17.4 7 71 27.0 155
10 113 12.6 7 83 15.0 119
11 193 5.0 11 103 115 230
12 112 9.0 11 76 12.0 133

+Second absorption N oq
Basal absorption

Table IV. Effect of Decreased Erythropoiesis on lron Absorption in Bats

DAYS FOLLOW- RETICULOCYTE
ING DOSAGE HEMOGLOBIN COUNT ABSORPTION
ANIMALS TRANSFUSION (f16) (GM) (PER CENT) (per cent)
Control 2 20 14.8 2.8 19.4
155 2.1 25.0
Polycythemic 2 20 20.2 1.1 0.6
206 1.4 2.4
Control 5 100 19.3 1.4 8.0
16.3 15 7.4
17.8 15 6.8
16.7 038 15.8
16.9 18 143
Polycythemic 5 100 21.0 0.3 4.7
19.4 0.1 2.0
19.6 03 46
2. Effect of change in body iron stores on absorption of iron: Iron de-

ficiency in rats was produced by feeding a low-iron diet from the time of wean-
ing, and excessive iron stores were created by the injection of 100 mg. of iron 8
months before the study. Absorption in these animals was compared to that in
normal animals (Fig. 2). In the group of e animals with excessive iron, ab-
sorption was decreased to 3.9 + 0.9 per cent as compared to the normal group of
animals with 20 £ 7 per cent absorption. The 4 iron deficient animals showed
an increase to 47 + 13 per cent. A comparable increase in absorption of iron
deficient patients as compared to that in normal subjects is shown later.



3. Combined effect of iron stores and erythropoiesis on absorption: The
studies previously described indicated that increased erythropoiesis was associ-
ated with increased absorption of iron and decreased erythropoiesis with de-
creased absorption. The interplay of two opposing factors was illustrated by
the following experiment. The erythroid marrow was activated by bleeding two
groups of animals, one having previously had normal iron stores and the other
having been loaded with 100 mg. of iron byr parenteral injection one month pre-
viously. As compared to the normal absorption of 20 per cent, 5 phlebotomized
animals with hematocrits of 40 + 2 per cent absorbed 40 + 17 per cent. The

NORMAL INCREASED ERYTHROPOIESIS

Fig- 3.—The combined effects of increased er¥thropoiesis ~and increased stores on .iron
absorption_in rats. As compared with the group of normal animals, increased erythropoiesis
increased_iron absorption. owever, the composite effect of a similar increase of érythropoie-
sis in animals with excess body iron was a normal absorption.

absorption by the 6 animals who were both iron loaded and phlebotomized was
within the normal range (15 + 9 per cent) (Fig. 3). Thus, with one factor
tending to increase iron absorption and another to decrease it, the results fell

within the normal range.



4. Effect of the plasma iron level on absorption from the gut: In the stud-
ies on normal and phlebotomized subjects there was no evident correlation be-
tween plasma iron and the amount of iron absorbed. To obtain more definite
information, absorption studies were performed before and after the plasma
iron had been raised to saturation of the iron-binding protein in 3 rabbits and
in 2 normal subjects who had been previously phlebotomized. This elevation of
plasma iron was accomplished by the infusion of erythrocytes rendered non-
viable through in vitro storage in sodium citrate for 3 weeks. The marked in-
crease in plasma iron which occurred between 2 and 8 hours after injection of
the cells, due to the catabolism of their hemoglobin, did not significantly affect
absorption (Table V).

Table V. Effect of Plasma lron Level on lron Absorption

PLASMA IRON ABSORPTION

RABBIT Fe 0 g/100 m1.) (PER CENT)
STUDIES DOSAGE BEFORE AFTER BEFORE AFTER

R-l 500 pg 55 328 53 43

R-2 500 pg 162 314 %ﬁ 81

R-3 500 pg 114 271 5
CLINICAL
STUDIES

S-1 5 mg. 92 315 4% 53

S-2 50 mg. 87 267 7

B. Effects of Some Local Factors on Iron Absorption.—Many questions

which fall outside the scope of this paper arise concerning local factors within
the gastrointestinal lumen. However, certain observations relating to the
form and amount of administered iron and the effects of food and ascorbic acid
are presented because of their practical importance in iron therapy.

Table VI. Effect of Form of lron on Absorption in Phlebotomized Normal Subjects

ABSORPTION (PER CENT)

DOSE OF IRON FERROUS SULFATE *+ QUICK " RELEASE
SUBJECT (MG.) SOLUTION SPANSTTLES
i 16 18.8 .
2 16 36.8
3 16 15.0
FERROUS SULFATE **SLOW’’ RELEASE
SOLUTION SPANSTTLES
4 48 24.0 4.0
% 48 17.4 4.6
48 38.0 7.0
FERROUS SULFATE CALCIUM IRON
SOLUTION CITRATE

é 50 9.9 3.0
o 28 20

4.7 5.5
R B

1. Form of ingested iron: The absorption of a solution of ferrous sulfate
was compared with that of ferrous sulfate in the form of quickly disintegrating
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and slowly disintegrating spansrdes.* The spansule and ferrous sulfate prepara-
tions were fed to fasting phlebotomized subjects on alternate mornings. Results
(Table VI) indicated little difference between the iron solution and the rapid
release spansule, but did show a marked reduction in the amount of iron ab-
sorbed from the preparation with a slower release through the lower intestinal
tract. Studies comparing ferrous sulfate with iron in the form of a calcium
citrate chelatef showed little difference between these two compounds.

2. Relation between dosage of iron and amount absorbed: Data on 6 normal
male volunteers, 13 other normal volunteers who had previously been phlebot-
omized, and on 8 iron deficient patients are summarized in Fig. 4. All tests
were done with subjects in a fasting state and all were given freshly prepared
solutions of ferrous sulfate varying in dosage from 5 to 500 mg. of iron. Nor-
mal subjects showed such individual variations as to obscure the effect of dosage
on absorption. However, in phlebotomized and iron deficient subjects, the
higher absorption with increases in iron ingestion was better defined. The 3
groups studied appeared to differ largely in the capacity of the mucosa to trans-
port iron. The absorption ratio between the normal, phlebotomized, and iron
deficient subjects was approximately 1:3:9.

Fig-. 4—The absorption of varying dosages ofb_iro? in normal, phlebotomized, and iron deficient
subjects.

3. The effect of ascorbic acid and cobalt on iron absorption: In animals
given a constant amount of ascorbic acid and increments of oral iron (Fig. 5),
it was possible to demonstrate an enhancement in iron absorption. In man,
smaller dosages of ascorbic acid, in keeping with amounts feasible for clinical
administration, were given. The dosage of ascorbic acid varied from 100 to 1,000
mg., and iron was given in amounts of either 1 or 2 mg./lvg. The subjects were

Phil do'l;hﬁse \lg/ere obtained through the courtesy of Smith, Kline & French Laboratories,
iladelphia, Pa.

fThis material, ferrous calcium citrate with tricalcium citrate, distributed as Rarical,
was obtained through the courtesy of the Ortho Pharmaceutical Corporation, Raritan, N. J



phlebotomized prior to absorption tests and studied either fasting or post-
prandial. The effect of ascorbic acid was not pronounced, as indicated by an
average absorption of 12 per cent in all studies as compared with control values
of 9 per cent (Table VII).

DOSE OF IRON IN MICROGRAMS

Fig-. 5.—The effect of 10 mg. of ascorbic acid given with varying doses of iron was compared
with absorption of iron alone.

Table VII. Effects of Ascorbic Acid on lron Absorption in Phlebotomized
Normal Subjects

DOSE OF ABSORPTION (PER CENT)

ASCORBIC ACID WITH ASCORBIC
METHOD OF Fe ADMINISTRATION (MG)) CONTROL ACID
Fasting 100 10 11.6
Dose of 1 mg./Kg. 200 17 22.0
200 1
500
1,000
Fasting 100
Dose of 2 mg./Kg. 200
400
600
1,000
After Meals 100
Dose of 1 mg./Kg. 200
500
1,000

=

2
3
16
4

=
NOW® XNWND N oo

OOOO NMNFOYWWO

1.

0
8.0

0

9
6.3
7.4
7.2
6.1
1.0
5.0
4.0
40

PN

The effect on iron absorption of 80 to 120 mg. per day of cobalt given as
cobalt chloride was also determined. In two subjects absorption studies were
carried out after 7 days and in two others after 14 days of cobalt administration.
Absorptions before and after cobalt were 3.7 versus 9.8 per cent, 2.3 versus 5.5
per cent, 9.4 versus 9.2 per cent, and 9.8 versus 8.1 per cent.



DISCUSSION

Ingested iron is absorbed in the ferrous form largely by the duodenum. The
absorbed iron passes through the mucosal cells into the blood stream where it is
bound by a beta-1 globulin of the plasma. Normally about 90 per cent of this
iron is incorporated into the hemoglobin and is found in the circulating red
cell mass within 2 or 3 weeks; in iron deficiency anemia absorbed iron may be
almost quantitatively recovered from circulating erythrocytes.

The most accurate early information in the literature of iron absorption
related to iron deficiency anemia, where the amounts of iron absorbed were
great, and absorption could be measured by the increase in circulating hemo-
globin. Initial measurements employing radioiron followed the same principle
of measuring the radioactivity in the circulating red cell mass..2 This measure-
ment was found to be unreliable in certain diseases due to a significant and
variable distribution of radioactive iron into tissues other than the erythrocyte.
This led to the development of a stool recovery method where absorption was de-
termined from the difference between iron administered and that recovered in
the feces.3

While there is no reason to question the validity of this method on theoret-
ical grounds, since excretion of absorbed iron into the gut is negligible, there
are practical difficulties. Not only is it a problem to ensure complete collection
over a period of 8 to 12 days, but the per cent absorption is often so small that
technical errors are magnified.* At these low levels it is possible to determine
absorption more accurately by a double isotope method, whereby the second
isotope measures distribution between tissues and red cells. The ratio of the
two isotopes then indicates the total amount absorbed without the necessity of a
blood volume determination. The reliability of this method at a dose range of
0.5 mg./Ivg. iron in measuring isotope distribution between red cells and other
tissues has been previously reported.e These studies have been extended over a
wide dose range up to 10 mg./Kg. with similar results.is Combined stool and
double isotope measurements on 4 subjects gave an average of 12 per cent and
9 per cent, respectively (Table 1). In another subject given radioiron every
5 days over a 42-day period, average daily absorption was 5.4 per cent by the
stool me'thod and 3.9 per cent by the double isotope technique (Fig. 1). A
further indication of the general reproducibility of the double isotope technique
was found in examination of the consistency in repeat measurements in the
same individual where the two sets of conditions produced similar absorption
(Tables V, YI, and VII).

~ *In certain conditions, e.g., infections, lymphomas and hemolytic anemias,13 and rheuma-
toid arthritis,X4 absorption as judged by stool recoveries has been found sometimes to be a
good deal greater than would havé been apparent from blood levels alone. Such results would
presume that only a small portion of the radioiron entering the plasma is utilized for hemo-
globin production” in these conditions. In recent years, however, it has been possible, using
iron of high specific activity, to tag the plasma ’iron-binding globulin without exceeding its
binding cap_am%/5 and so find out what proportion of the plasma iron is concerned with red
cell production. Under these circumstances, with the exception of certain hemolytic anemias,
it has been shown that red cell utilization is only rarely below 50 per cent and that it is
usually a good deal higher.6 These findings suggeést the "need for re-evaluating some of the
earlier results for absorption obtained by Sstool Trecovery techniques.



It is apparent that the method employed to measure iron absorption must
be modified depending on the problem at hand. When the per cent incorpora-
tion of radioiron is 80 to 100 as in the normal or iron deficient subject, a de-
termination of total red cell activity at two weeks will suffice. Comparison can
then be made of two absorption tests employing different isotopes. If the per
cent utilization of radioiron for red cell production is not predictable, either the
double isotope method previously described or the stool recovery method must
be employed. While the double isotope method has been preferred for most of
the studies reported here because of its simplicity and greater accuracy, this
method is not feasible when there is a complete failure of erythropoiesis. Ac-
cordingly, in these studies a variety of methods have been employed according to
the experimental situation.

A further adjunct to the evaluation of absorption in man has been the use
of phlebotomy. This has proved particularly useful in testing iron prepara-
tions of unknown value, since the amount of iron absorbed in normal subjects
is often too small for definitive results. The absorption by phlebotomized sub-
jects over a range of iron dosage was 2 to 3 times normal (Fig. 4) and appeared
somewhat more uniform from subject to subject.

Normal man was taken as a reference point in studies of iron absorption.
It seemed important to define normality insofar as possible as it is related
to erythropoiesis and body iron content including normal red cell, plasma, and
marrow iron values. In such subjects, mean absorption of ferrous salts ranged
between 2 and 8 mg. as the dose of iron was increased from 20 to 400 mg.
(Fig. 3). One point of interest was the variation in absolution between indi-
vidual normal subjects. While the explanation for this may lie in changes too'
subtle to measure, it does emphasize the difficulty of evaluating absorption in
the normal subject unless comparative measurements between two compounds
are made.

Both the status of iron stores and the level of erythropoiesis have been
shown to influence iron absorption. The increased absorption of both iron salts
and dietary iron in iron deficiency has been well established.2 17 Studies here
in animals also indicated depressed iron absorption when iron stores were in-
creased above normal. To what extent this may apply within the narrower
limits of expansion and contraction of the normal iron stores is not clear. Avail-
able evidence suggests that once the anemia of iron deficiency has been corrected,
iron absorption returns to a normal base line despite depleted stores.13 19 More
data are required on this point.

The second important factor influencing absorption is the activity of eryth-
roid marrow. In the present study, absorption has been shown to be either in-
creased or decreased in direct relationship to the level of erythropoiesis in ex-
perimental animals given iron salts. These findings support previous reports
of increased absorption related to increased erythropoiesis in experimental an-
imals.2¥ 21 In the phlebotomized but otherwise normal subject, absorption has



been shown to be consistently elevated (Fig. 1). The lack of any relationship
between iron absorption and anemia per se is indicated by clinical stndies in a
following report.2

In summary, a variety of experiments has provided abundant evidence to
indicate that interplay between body iron content and erythropoietic activity
affect iron absorption.

The effectiveness of oral iron in treatment of iron deficiency anemia is in-
dicated by comparing the amount of iron which may be absorbed with the needs
of the marrow for erythropoiesis. These marrow requirements, estimated at 25
to 50 mg. per day,2» are met by a single dose of 150 to 200 mg. of iron. Com-
parative studies of different forms of iron indicate that iron must be in a form
available to the upper intestinal tract, and that ascorbic acid* in doses of 100 to
1,000 mg. and cobalt in daily dosage of 80 to 120 mg. over one to two weeks do
not offer any significant advantage in iron therapy. A eitrate-calcium-chelate
of iron was shown to be nearly as well absorbed as ferrous sulfate. While these
absorption data have no bearing on the tolerance of various preparations, they
are consistent with many observations in the literature that ferrous salts in a
form available to the upper intestine are the most suitable forms of medicinal
iron, and a daily dosage of 0.2 to 0.3 mg. iron per kilogram, equivalent to 0.2
Cm. exsiccated ferrous sulfate 3 times per day, is usually adequate.

Certain speculations concerning the mechanism of iron absorption seem
justified. The role of iron stores and erythropoiesis in modifying absorption has
been shown. The time relationship of erythroid marrow and increased iron
absorption is of particular interest. Following phlebotomy marrow iron up-
take increases within 24 hours,8 while absorption shows a lag of several days.
The connection between marrow and intestinal mucosa is not through the plasma
iron or hemoglobin level. Another mechanism whereby the needs of the bone
marrow are felt by the mucosa must be operative, although this has not been
mdirectly demonstrated.

SUMMARY

Iron absorption has been quantitated by a double isotope method, by stool
recovery and by comparative measurements of iron absorption from two com-
pounds as they appeared within the red cell mass. Employing these isotope
measuring techniques, the regulation of absorption of small and large doses of
iron has been studied.

Both the size of iron stores and the rate of erythropoiesis have been shown
to influence the absorption of iron. The larger the iron stores the less iron
absorbed whereas the greater the red cell production, the greater the amount
of iron absorbed.

Absorption in normal and phlebotomized subjects and in patients with iron
deficiency was measured. The effects on absorption of the amount of iron, the
form in which it is administered, and of supplements were also evaluated.

_ #The effect of ascorbic acid would appear different when employed with therapeutic doses
of iron salt as compared to .its administration with food iron, when it has been shown to have
a clear-cut effect in enhancing absorption.2
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IRON ABSORPTION

Il. The Absorption of Radioiron Administered With a Standard
Meal in Man

G. Pirzio-Biroli, MD, T. H. Bothwell, MD, and C. A. Finch, M.D.

Seattle, W ash.

N THE preceding reporti evidence has been presented that iron absorption
is influenced by at least two factors, i.e., the state of the body iron stores and
the erythropoietic activity of the marrow. These conclusions were drawn from
studies performed in both laboratory animals and human subjects. In an at-
tempt to minimize the numerous variables attendant upon such an investigation,
all experiments were done with subjects in the fasting state and soluble iron
salts were used. With this general information on iron absorption in hand, it
seemed of importance to evaluate the absorption of iron in food by individuals
in a healthy state and in patients suffering from any one of a variety of diseases

affecting iron metabolism.

materials and methods

Subjects.—The normal group consisted of 8 young men between the ages of 20 and
40 years, 6 patients with psychoses, and 6 patients with other illness not affecting hemato-
poiesis. These patients were chosen on the basis of a normal history relative to iron
metabolism, their state of good health, normal hematologic studies, and, when possible, the
demonstration of adequate iron stores by marrow examination.

An iron deficient group consisted of 19 anemic patients who fulfilled the diagnostic
criteria of having an absence of marrow hemosiderin and a depressed plasma iron level.
Fourteen had microcytosis and 14 of 17 had hypochromia. Plasma iron was below 50 mg.
per cent in all except one (subject 2) who had been placed on iron therapy 3 days pre-
ceding the determination. These patients were further divided into two groups, an uncom-
plicated and a complicated group. The uncomplicated was composed of those patients with
no associated illness which might have altered iron metabolism and whose anemia responded
promptly to oral iron. The complicated group consisted of those patients whose iron de-
ficiency state, while fulfilling the criteria for iron deficiency, was refractory to oral iron
therapy or those who had some disease which might be anticipated to alter absorption.

The group with, increased erythropoiesis included 15 patients with various hematologic
disorders, all having in common increased red cell marrow activity. Reticulocyte counts are
included in this group to indicate the level of effective erythropoietic activity.

Decreased erythropoiesis was represented by 4 patients, all with marked reticuloeyto-
penia and a significant degree of anemia; 3 of the 4 patients required transfusions.

Iron storage disease (idiopathic hemochromatosis) was represented by 5 patients who
had been so diagnosed through histologic examination of liver biopsies.

Procedure.—Subjects were questioned concerning prior oral iron intake, diet, blood
donations or transfusions, and associated disease. Blood studies were performed which in-
cluded red cell count, hematocrit, hemoglobin, reticulocyte count, serum iron, and, when pos-
sible, marrow aspiration for hemosiderin.
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Tlie iron absorption study was done at noon. Canned food materials were obtained
for the test, and the same manufacturer’s lot was used throughout the experiment. The
test meal consisted of corned beef hash (200 Gm.), applesauce (200 Gm.), tomato juice
(200 Gm.), soda crackers (13 Gm.), and cocoa (3 Gm.). The iron content of the meal was
found by analysis to be 4.6 mg. A tracer dose of 50 /ic Fe% Cl+++ was administered half-
way through the meal.

The absorption of radioiron from this meal was measured by the double isotope method
of Saylor and Finchs in all studies except for those on 2 patients (61 and 50) who had
negligible erythropoietic activity. The method consisted of administering one isotope of
iron by mouth as ferric chloride and the other, bound to fresh plasma, intravenously. Two
weeks after the test meal, samples of blood were obtained and a quantity sufficient to give
adequate counts was electroplated on copper planchettes. The per cent of absorption was
determined by comparing the relative amounts of the two isotopes in the blood to the doses
administered.

A second method, designed to determine comparative absorption of iron on two occa-
sions, was employed. Here, one isotope of iron was given with a test meal on one day,
and a second isotope was administered with a test meal on the next day. This permitted
comparison between a control absorption study and the situation to be evaluated. Further
details of these methods and the stool recovery technique of measuring absorption are pro-
vided in the preceding article.l

Plasma iron was estimated by the method of Bothwell and Mallett,3 or Kitzes, El-
velijem, and Schuette.4 Bone marrow iron was estimated from sternal aspirate by the
method of Rath and Finch.s Hemoglobin was determined as oxyhemoglobin in an Evelyn
colorimeter and hematocrits were spun at 1,800 g for 30 minutes. Reticulocytes were stained
with cresyl blue and the number per 1,000 erthrocytes enumerated.

Table I. Absorption of Iron Given With a Test Meal in Normal Subjects
IRON
ABSORP-
PCV MCHC RETICU- PLASMA MARROW TION
PATIENT (PER MoV (PER LOCYTES IRON FE (PER
NO. SEX CENT) CUfi CENT) (%) O g%) (GRADE) CENT)
A. Normal Students
35 M 48 89 33 15 115 _ 16.6
34 M 47 89 33 17 154 i 2.6
31 M 46 87 36 14 137 i 12.8
32 M 45 84 34 14 102 _ 3.6
109 M 47 86 33 1.0 125 _ 29
110 M 46 91 30 12 109 B 4.1
111 M 46 98 31 18 135 _ 17
112 M 47 98 32 0.2 91 _ 6.5
B. Patients Convalescent From Nonhematological Disorders
i M 47 33 0.8 90 i 10.5
15 F 37 86 31 0.7 114 3 0.6
16 F 46 94 33 2.1 90 2 2.0
17 F 42 80 33 0.7 114 1 0.5
18 F 43 74 31 2.0 70 3 3.8
9 M 45 . 84 32 0.4 90 2 15
C. Subjects With Psychoses
21 M 46 85 34 11 95 _ 33
12 M 46 83 35 _ 62 - 71
22 M 47 85 34 0.9 160 _ 6.2
14 M 48 96 30 0.7 105 _ 6.1
20 M 48 83 33 11 101 _ 6.9
13 M 48 99 33 2.2 136 _ 7.0
1). Patients With Pernicious Anemia in Remission
54 M 40 88 12 123 3 55
57 F 43 80 33 1.1 74 _ 0.6
56 F 38 78 35 13 82 _ 6.5
55 F 38 89 37 11 59 8.6

*In contrast to other %rou s when radioiron was given with meals, in Group c radioiron
was administered immediatel Brecedlng the regular hospital meal.



RESULTS

The absorption of radioiron given with a standard meal to 20 patients con-
sidered normal and 4 patients with pernicious anemia in remission is sum-
marized in Table I. The average absorption was 5.3 per cent (S.D. + 4 per cent).
The maximal absorption was 16.6 per cent and the minimal absorption 0.5
per cent. There was no indication that variations from the mean in this group
of 20 patients were related to age, sex, hematocrit, reticulocyte count, plasma
iron, or marrow iron. No decrease of absorption was found in 4 patients with
gastric achlorhydria (Group D).

To indicate to what extent composition of the diet might alter iron absorp-
tion from this test meal, supplements of ascorbic acid in amounts of 200 to
1,000 mg. were given to 4 subjects. While absorption was not appreciably in
creased with the 200 mg. dose, with amounts of 500 to 1,000 mg., absorption was
doubled when compared to the control value of the same subjects (Table I1).

Table 11
ASCORBIC ACID ABSORPTION (% OF ADMIN. IRON)
SUBJECT (MG)) CONTROL | WITH ASCORBIC
Lo. 200 3.2 4.1
Ho. 500 4.2 9.0
Ha. 750 19 4.3
Bo. 1000 10.6 22.1

Iron Deficiency—Absorption of radioiron from the test meal was studied
in 7 female patients and in 1 male patient who had uncomplicated iron de-
ficiency anemia (Table 111, A). Absorption was increased above the average
normal of 5.3 per cent in all these patients. The average absorption in the
uncomplicated iron deficient group was 21.6 per cent.

A second group of 11 subjects was of interest in that absorption was de-
pressed despite iron deficiency anemia (Table IlIl, B and Fig. 1). Complicat-
ing conditions included malabsorption syndrome (nontropical sprue), myxedema,
infection, gastrointestinal neoplasm, and previous gastrointestinal surgery. In
3 patients there was no response to oral iron but response did follow intra-
venous saccharatcd iron. In two patients who had had partial gastrectomy
there was a response to a therapeutic dosage of oral iron salts. One patient
(75) with no detectable associated disorder and with moderately severe iron
deficiency anemia did not respond to oral iron, but had a normal response to
intravenous therapy.

Increased Erythropoiesis—Fifteen patients with increased marrow eryth-
roid activity were studied (Table IV). Eleven of these had not been given
oral or parenteral iron or transfused blood. They were considered to have
normal body iron stores although it was appreciated that a shift in iron had
occurred from red cells to tissues. The first 7 patients had pernicious anemia
in relapse. More detailed hematopoietic studies, reported elsewhere on similar
patients who also had Bi2 deficiency, indicated that despite low circulating
reticulocyte counts total marrow erythropoiesis was approximately three times
normal.o Absorption in the group of 7 patients averaged 5.7 per cent. The
additional 4 patients with hereditary hemolytic anemia averaged 9.7 per cent
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absorption. Four patients bad been repeatedly transfused and had heavy hemo-
siderin deposits in the marrow. Absorption studies in these patients showed a
low absorption in 3 and a somewhat elevated absorption in the fourth, with a
group average of 4.5 per cent. As shown in Fig. 2, the absorption in this
group of 15 patients with hemolytic anemia was only slightly higher than the
normal patients studied.

40-

NORMALS IRON DEFICIENCY COMPLICATED IRON
ANEMIA DEFICIENCY ANEMIA

Fiir. 1.— Absorption _in complicated patients with iron deficiency anemia is shown by
the solid areas on the right, as compared with absorption observed ‘in normal subjects and
patients with uncomplicated iron deficiency anemia.

NORMALS APLASTIC INCREASED ERYTHROPOIESIS
ANEMIA
. Fig. 2.—Relation of iiron absorption to erythropoiesis. The normal range of absorption
is shown on the left. Solid black areas indicaté the per cent of absorption in 4 patients with
aplastic anemia. Absorption of iron _ 15 patients with increased erythropoiesis is indicated
by the cross-hatched columns on the right.

Decreased Erythropoiesis—Four patients with decreased red cell produc-
tion were studied (Table V). One of these patients had had no previous trans-
fusions. The others had been transfused frequently. Absorption, measured by



the double isotope method in all and the stool method as well in the 2 patients
who had a negligible red cell function (61 and 50), indicated marked depression
in iron absorption in all 4 patients.

Idiopathic Hemochromatosis—Absorption studies (Table V1) were car-
ried out before treatment in 5 patients with iron storage disease. Their ab-
sorption varied from 4.7 to 17 per cent (average of 10.6 per cent). While this
is not greatly above the normal it becomes particularly significant when the.
large iron stores of these patients are considered. Furthermore, absorption was
increased to 29.7 per cent following multiple phlebotomies at a time when the
serum iron was still elevated or normal and tissue iron stores were still greatly
increased. This increase was greater than that seen in cases of noncomplicated
iron deficiency anemia or in the group of phlebotomized normal subjects men-
tioned in the previous article.

Table VI. Hemochromatosis

PCV RETICU- P.I. MARROW
PATIENT DIAGNOSIS j SEX (%) MCV MCHC LOCYTES MCG % FE GRADE  ABSORP.

A. Before Phlebotomy Treatment

48 M 42 90 33 1.0 318 _ 48
Met. M 42 102 33 19 245 4 12.9
81 M 47 92 33 11 260 4 17.0
124 M 46 12 212 _ 114
38 M 76 90 36 0.7 285 4 7.0
B. After Eepeated Bleeding, hut Not Iron Depleted
38A M 43 2.6 105 29.7
48A M 38 89 30 2.0 262 29.7
88 M 42 87 34 2.0 192 29.4
DISCUSSION

It is generally accepted that the amount of iron absorbed from food is
dependent on both the individual’s capacity to absorb iron and the *avail-
ability” of the dietary iron ingested. The absorption of food iron may differ
greatly according to the type of food in which it is found. This is well docu-
mented by the studies of Chodos and associates,7 Walsh and associates,s and
Moore and associateso in which radioiron was incorporated into several food
articles in its natural form and its absorption measured. However, these re-
ports indicate the absorption of iron from only a few foods and no attempt
has been made to label an entire diet. Beyond this, the blocking effect of
such substances as phosphatesio and phytat.esit and the enhancement of ab-
sorption by reducing substances such as ascorbic acid must be considered.i2

It becomes apparent, if one assumes that isotope methods are essential for
precise measurement of absorption, that not only is the isotope labeling of an
entire diet a formidable task, but that an arbitrary diet must be selected regard-
less of the extent of labeling. After considering these problems it was decided
to employ a standard meal to which Fes Cl was added in tracer amount. It
was assumed that this iron would mix with a considerable portion of food iron
which would be converted to chloride salt within the stomach. Thus, while not
representing all of the dietary iron, this would represent a large portion of
ingested food iron.



The average absorption in normal subjects given this tagged test meal
(Table 1) was 5.3 per cent, which might be extrapolated to a daily absorption
of 0.8 mg. from a diet containing a total of 16 mg. of iron. The results are in
general similar to other studies employing food and radioiron techniques. Sharpe
and associatestt found an average absorption of 4.4 per cent in adolescent boys
fed a meal of milk, rolled oats, tomato juice, white bread, omelet, and radio-
iron. Cliodos and associates7 found 0.5 to 5 per cent absorption of radioactive
iron from eggs, 0.8 to 1.6 per cent from Swiss chard, and 0.8 to 0.9 per cent
from beet greens. Moore and Tlubaclis found 1 to 8 per cent from tagged
eggs and an average of 6 per cent from liver. Walsh and associatess found
3 per cent from hemoglobin iron and 8 per cent from liver and kidneys. These
figures are also in general agreement with the excretion studies of Dubach and
co-workerst3 and the careful balance studies of Johnston and associatesi4 which
estimate an iron turnover in man of approximately 0.5 to 1.5 mg. per day.

A comparison of the present results with those obtained previously when
iron alone was given: indicates that the presence of food reduces absorption by
approximately one half. This effect has been pointed out by others.710 1
Studies with ascorbic acid reported here (Table Il) and presented by othersi2
suggest that the action of ascorbic acid is concerned at least in part with this
blocking mechanism of food since ascorbic acid is less effective with iron salts
alone.t

Results in 4 subjects with histamine-fast achlorhydria show no significant
deviation from the normal, lending further support to the contention of Moore
and Dubachg that gastric acidity plays no demonstrable role in the absorption
of iron from food.

Variations from 0.5 to 16.6 per cent in absorption from this test meal
observed between individuals in the normal group arc unexplained, since no
correlation was observed between these results and the hematologic measure-
ments, plasma iron level, or marrow iron. Such differences, however, do point
out the difficulty of evaluating factors affecting iron absorption in the normal
subject.

Erythropoietic activity has been shown to affect absorption of iron salts.1
With decreased red cell production, iron absorption was depressed, whereas
increased erythropoiesis was associated with enhanced iron uptake. Consistent
with these results the absorption of iron from food was depressed in 4 subjects
with aregenerative anemia to between 0 and 1.4 per cent and had an associated
increase in iron stores. Patients with increased erythropoiesis showed less con-
sistent results (Fig. 2). Discounting the subjects who had increased body
iron stores due to transfusion, the remainder showed an absorption of 7.2 per
cent, only slightly above the normal average. This group was heavily weighted
with patients having pernicious anemia in relapse. Their erythroid marrow
is know to be hyperactive and their plasma iron turnover three times normal,e
yet iron absorption was not significantly increased (Table 1V, A).

Patients with other types of hemolytic anemia had an average absorption
somewhat above the normal range (9.7 per cent as compared to the normal
average of 5.3 per cent). While in better controlled animal studies it has



been possible to demonstrate in a variety of hemolytic anemias a significant
increase in absorption, results in man are less convincing. It is possible that
the present clinical data are inadequate, since relatively few patients with maxi-
mal erythropoiesis were studied; yet there was no obvious correlation between
degree of erythropoiesis and the level of absorption (see Patients 122, 101, 94,
and 106). It is also likely that increased iron stores, which have been shown
to be able to counteract the effect of increased erythropoiesis on iron absorption,
might be of importance in keeping absorption within normal range. In an
attempt to evaluate this point, a comparison was made between patients where
iron stores were not known to be enlarged through therapy (Group A of Table
IV), and patients having had previous transfusions or oral iron (Group B).
While absorption in Group B was 4.5 per cent as compared to 7.2 per cent in
Group A, individual variations were so great as to make this of little significance.
Further attempts by history and marrow examination for hemosiderin were
not helpful in bringing individual variations into line. These studies, however,
would suggest that iron overload from diet is unlikely in hemolytic anemia
and that it should not occur in anemias with hypoplastic marrow. It follows
that those cases reported to show such overload may be presumed to be the
result of long continued oral iron therapy or blood transfusions.

The second internal factor of some consequence in the regulation of iron
absorption is the state of iron stores: In the presence of iron deficiency ane-
mia, where there was considered to be both depleted iron stores and increased
marrow capacity to assimilate iron, absorption of radioiron from the test meal
was increased. The increased absorption of iron in iron deficiency has been
consistently demonstrated both with iron saltsi 11 and with food iron.7 12 In
our own studies: absorption of 4 to 5 mg. of iron salts in the normal subject
was estimated at about 15 per cent as compared to 80 per cent in the iron
deficient subject. At a similar iron dose, absorption from food was 5.0 per cent
in the normal and approximately 22 per cent in the iron deficient patient. It
is also of interest to estimate daily food iron absorption from the later data.
Assuming a total dietary iron intake of 15 mg. per day and an absorption of
22 per cent, daily absorption would be 3.3 mg. This is quite similar to the
figure of 3 to 4 mg. per day calculated previously from the iron balance of
phlebotomized patients with polycythemia vera.i7

While experimental evidence is conclusive in showing a depression of ab-
sorption as a result of iron overload, no uncomplicated patients were available
on whom such observations could be made. However, the data on patients
with combined hemolytic anemia and iron overload or decreased erythropoiesis
and iron overload tend to substantiate this. Information now available does not
permit a conclusion as to whether absorption is altered by small increases or
decreases in iron stores.

While an extreme degree of iron overload exists in idiopathic hemochroma-
tosis, this must be regarded as a special condition. Here it has been recognized
that excessive absorption is responsible for the iron surplus, and this excessive
absorption has been demonstrated.7 s' 18 Observations on the 5 subjects studied
here indicate that despite massive iron stores and elevated plasma iron, the



average absorption was over 10 per cent. Following phlebotomy with resultant
increase in erythropoiesis, the average absorption was increased to 29 per cent
in spite of the fact that iron stores were still excessive and that plasma iron
level was normal or elevated. It should be noted that this figure exceeds that
found in uncomplicated iron deficiency anemia or in phlebotomized subjects.
These studies, in keeping with observations of Chodos and associates7 and Peter-
son and co-workers,19 indicate that the state of iron stores and the level of
erythropoietic activity may influence absorption in the patient with hemo-
chromatosis as well as in the normal subject. The basic level of absorption in
idiopathic hemochromatosis, however, is considerably above that found in normal
man and accounts for the gradual accumulation of excessive iron in the body.

Factors other than decreased erythropoiesis or increased iron stores may
decrease iron absorption. Such decreases are more clearly demonstrated in the
phlebotomized, or better yet, in the iron deficient subject. In this study
there were 11 patients who did not show the expected increase characteristic
of iron deficiency. This was a selected group and does not in any way reflect
the incidence of malabsorption of iron. Etiologic factors included (1) idiopathic
steatorrhea, which has been previously demonstrated to interfere with iron
absorption,20 and to be responsible for perhaps one half of the instances of re-
fractivencss to oral iron therapy; (2) infection, which has been shown to block
not only mucosal transfer of iron,2r’ 2 but the transportation of iron across the
placenta and reticuloendothelial cells23; (3) myxedema, where the defect is
reversible with therapy; and (4) the partial gastrectomy state, where a curious
discrepancy exists between response to oral iron saltss and lack of absorption
of food iron.7 In view of the importance of time of exposure to the mucosa,2
it might be suggested that the rapid transit of iron in a bolus of food might
produce this abnormality.

Finally, a study of the absorption of iron in the various patients studied
showed no correlation with the hemoglobin level of the patient. Thus it may
be concluded that anemia per se plays no role in the regulation of iron absorp-
tion.

SUMMARY

The absorption of iron in food was studied by the administration of a test
meal to which a tracer dose of Fe CI3 was added. A double isotope technique
was employed to quantitate absorption.

The absorption of iron from food by both normal and iron deficient sub-
jects was lower than that seen when iron salts alone were given. Supplemental
ascorbic acid diminished this difference.

In keeping with previous studies employing iron salts, it was found that
absorption from diet also varied inversely with iron stores and directly with
the degree of erythropoiesis. However, increases in hemolytic anemia were
usually not significant, and it seems unlikely that iron overload from dietary
sources will occur in either aplastic or hemolytic anemia.

Studies in idiopathic hemochromatosis before and after phlebotomies indi-
cate excessive absorption in these patients under all circumstances.



In addition to excessive iron stores and decreased erythropoicsis there are

conditions which may act at the mucosal level to impair iron absorption. Idio-
pathic steatorrhea, infection, myxedema, and the postgastrectomy state have all
been shown to result in decreased absorption by the iron deficient patient.
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THE ROLE OF FERRITIN
IN IRON ABSORPTION

Several workers have shown that ferritin accumulates
in the mucosal cells of the gastrointestinal tract when large
amounts of iron salts are given to laboratory animals.1-3
On this basis, Granick 12proposed that the accumulation
of ferritin prevented excessive absorption from the
lumen. Although attractive, the theory has fallen into
disrepute because later workers have reported significant
absorption even when large amounts of mucosal ferritin
are present.38 In view of these findings, it has been
suggested that ferritin may actually augment absorption
by temporarily storing iron before delivering it into the
plasma.3 These different concepts, however, are based on
experimental data obtained when pharmacological amounts
of iron were given, and attempts to identify the presence
of ferritin with physiological quantities have so far been
unsuccessful.as In view of these difficulties, a study was
undertaken using a combination of immunological and
isotopic techniques to determine whether ferritin is formed
in mucosal cells during the absorption of small doses of
iron, and, if so, to attempt to define its role in the normal
absorptive process.

MATERIAL AND METHODS

Iron salts, labelled with 59Fe and dissolved in 1 ml. of distilled
water, were administered to fasting rats of the Wistar strain by
oesophageal cannula. The animals were killed at various
intervals after administration of the iron, and, after the whole
gastrointestinal canal had been removed intact, absorption into
the plasma was assessed by whole-body counting. The small
intestine was washed with saline and homogenised in 01 M
edetic-acid solution buffered to pH 7 0. (Preliminary studies
established that the chelate prevented the binding of free 59Fe
to ferritin in vitro.) The radioactivity of an aliquot of the
intestinal homogenate was measured. After heating to 70°C

1. Granick, S. Science, 1946, 103, 107.

2. Gabrio, B. W., Salomon, K. Proc. Soc. exp. Biol. Med., N.Y. 1950,
75, 124.

. Heilmeyer, L. in Iron in Clinical Medicine (edited by R. O. Wallerstein
and S. R. Mettier). Berkeley, 1958.

. Brown, E. B., Rother, M. Blood, 1961, 18, 780.

. Beutler, E. Clinical Disorders of Iron Metabolism. New York, 1963.
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and centrifuging at 9000,g for ten minutes, the ferritin present
in the heat supernatant solution was precipitated with an
antiserum to horse-spleen ferritin prepared in rabbits.6 (The
cross-specificity of horse-spleen ferritin and rat-liver ferritin
has been established.) 7 To facilitate the manipulation of the
very small amounts of labelled ferritin present, purified horse-
spleen ferritin was added as a carrier. After incubation at 37°C
for an hour and centrifugation, the deposit was washed twice
with distilled water. The radioactivity of the washed deposit
then provided a measure of the soFe-labelled ferritin.

A development ofthe agar-gel-diffusion plate technique 8 was
also used to demonstrate the presence of radioactive ferritin in
the duodenal homogenate. The antiserum was placed in the
central well, and duodenal homogenate in two of the peripheral
wells, while the remaining four wells were filled with a solution
of radioactive horse-spleen ferritin. After the precipitation
bands between the ferritin solution and the antiserum had
formed, the gel was washed for three days with frequent
changes of distilled water, and then it was allowed to dry,
forming a paper-thin sheet. An autoradiograph was then
prepared.

RESULTS

The presence of radioactive ferritin in duodenal homogenate
one hour after the administration of 1 |rg. of iron as soFeCl3
was established with the gel-diffusion technique. Although no
visible lines of precipitation could be seen opposite the wells
containing the duodenal homogenate, the autoradiograph
revealed the presence of bands of radioactivity which coalesced
with the bands opposite the ferritin cups (fig. 1). It was

6. Proom, H. J. Path. Baa. 1943, 55, 419.
7. Mazur, A., Green, S., Carleton, A. J. biol. Chem. 1960, 235, 595.

8. Bodman, J. in Chromatographic and Electrophoretic Techniques (edited
by I. Smith). New York, 15
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Fig. 1—Agar-gel-diffusion plate.

Wells 1 and 4 contain duodenal homogenate; wells 2, 3, 5, and 6
contain ferritin. Although no lines of precipitation can be seen
opposite the wells containing the heat supernatant solution from the
duodenal homogenate (a), the autoradiograph (b) reveals bands of
radioactivity coalescing with the bands opposite the ferritin wells.



10 min. 30 min. 60 min.
TIME AFTER ADMINISTRATION
Fig. 2—Proportion of administered dose in duodenal mucosae of a

group of rats at various times after the administration of 10 p.g.
iron as &eCl3

Stippled = ferritin; hatched = non-ferritin iron.

concluded that ferritin labelled with isotope was present in
duodenal cells after the administration of only 1 ng. of
iron.

The presence of ferritin in duodenal cells at various times
after administration of the iron solution was then characterised.
To be able to compare the ferritin content soon after ingestion
with the findings at later stages, only the upper 10 cm. of small
intestine was examined. (Preliminary studies revealed that
about 60% of the total mucosal uptake of iron was from this
area.) When a dose of 10 ug. of iron as ferric chloride was
administered, the mean proportion of the labelled iron within
the washed cells precipitable with the ferritin antiserum at
ten minutes was 31%. By thirty minutes it had risen to 58%,
and at sixty minutes to 75%. During this period there was an
equivalent decrease in the non-ferritin component (fig. 2).
After four hours there was little change in either the total
mucosal content of 59Fe or in the proportion identifiable as
ferritin, but by twelve hours the total activity had fallen to a
mean of 27% of the one-hour value with a proportional fall in
ferritin activity. Twenty-four hours after administration there
was little residual labelled iron in the mucosa. Between four
and twenty-four hours there was little, if any, increase in the
amount of labelled iron which had been transferred across the
mucosa into the plasma. A similar pattern of absorption was



DISTRIBUTION OF LABELLED IRON 2 HOURS AND 24 HOURS AFTER AN
ORAL DOSE OF 10 (Xg IN RATS PREVIOUSLY OVERLOADED WITH
PARENTERAL IRON

Time % absorbed % in mucosa as ferritin

After 2 hours 2-6 17-3
30 160

1-8 14-4

5-7 18-4

(Mean 3-3) (Mean 16-5)

After 24 hours 5-7 1-5
41 1-5

3-2 1-3

5-9 1-2

(Mean 4-7) (Mean 1-4)

observed when 100 ;ig. of iron as ferric chloride was
administered (fig. 3). When 1000 and 10,000 (ig. doses were
studied, however, the amount of radioiron absorbed into the
plasma at two to four hours was much greater in proportion
to the mucosal ferritin content (ratio 20/1) than with the
smaller quantities (ratio 2/1).

To try to define the role of mucosal ferritin in the absorptive
process more accurately, absorption was studied in animals
made avid for iron by venesection. Thirty minutes after the
administration of 10 y.g. of iron to this group a mean of 43%
of the ingested dose had been transferred into the plasma
(compared with 12-7% in the control animals), but little or no
labelled ferritin could be identified in the avidly absorbing
mucosa.

TIME AFTER ADMINISTRATION
Fig. 3—Distribution of labelled iron in groups of rats at various
times after the administration of 100 tig. as 89FeCI3
W hite = already absorbed; stippled = ferritin in duodenal mucosa;
hatched = non-ferritin iron in duodenal mucosa



Because it appeared from these studies that mucosal ferritin
was not directly involved in the transfer of iron into the
plasma, it seemed feasible that a major portion of the ferritin
iron might ultimately be lost with the exfoliation of the mucosal
cells. This possibility was examined in rats whose avidity for
iron had been decreased by parenteral iron loading. In these
animals a mean of only 3-3% of a 10 [xg dose had passed into
the plasma two hours after ingestion, although as much as
16-5% was present in the mucosa of the whole small intestine
as ferritin at this time. Twenty-four hours after administration
the mean activity in plasma was still only 4-7%, even though
the mucosal ferritin content had fallen to 1-4% (see table).
We concluded that the decrease in ferritin iron was due to loss
into the intestinal lumen rather than to a gradual release into
the plasma.

DISCUSSION

These results indicate that the iron taken up by mucosal
cells when physiological amounts are administered exists
in at least two forms: as ferritin and as a non-ferritin
complex. Although the total activity present in mucosal
cells remains relatively constant over the first hour there
is a progressive change in the distribution of iron within
the cell, with a fall in the concentration of the non-ferritin
fraction and a corresponding rise in ferritin. Since
absorption into the plasma is most active during this
period it seems reasonable to suppose that the non-ferritin
fraction is the component actively transporting iron
through the cell. Although we did not study the nature of
this fraction in the present investigation, other workers
have suggested that it represents iron complexed with the
aminoacids serine and glycine.4 The iron present as
ferritin remains constant between one and four hours and
then steadily declines until at twenty-four hours almost
all the activity has disappeared from mucosal cells. While
it is possible that a proportion of the iron stored as
ferritin is normally released slowly into the plasma over
this period, the evidence suggests that in some circum-
stances at least this does not happen. In groups of rats in
which the avidity for iron had been suppressed by
parenteral iron loading, about 17% of an oral dose was
incorporated into ferritin at two hours. At twenty-four
hours almost all the ferritin had disappeared from mucosal
cells, although the total amount absorbed into the animals
had not altered significantly (from a mean of 3-3% to
4-7%). Since the rate of loss of labelled ferritin was
similar to the known turnover-rate of intestinal cells in
the rat,9it seems likely that the decline in ferritin activity
reflected the exfoliation of the cells containing it.

9. Messier, B.. Leblond, C. P. Amer. J. Anar. 1960. 106, 247.



The present findings indicate that the incorporation of
absorbed iron into ferritin within mucosal cells may
subserve an important regulatory function when physio-
logical amounts are given. In situations where the need
for iron is increased (e.g., after repeated venesections),
absorption is increased but no ferritin is formed in mucosal
cells. In contrast, increased amounts of iron are incor-
porated into ferritin when the need for iron is reduced,
and this ferritin is lost from the body as the mucosal cells
exfoliate. While it is not yet clear what factors influence
the particular pathway taken by iron within mucosal cells,
it may well relate to the iron concentration within the cell
at the time. This, in turn, may be influenced by both
luminal and plasma factors. The importance of luminal
factors has been emphasised by the recent observation
that the absorption-rate rises in iron-overloaded animals
within two days if iron is excluded from the diet.10
Presumably this change relates to a new population of
upper intestinal cells with a lower iron content. In
addition, the concentration of iron in mucosal cells must
also depend on the rate at which the transferrin of plasma
removes iron from the membranes of mucosal cells. On
this basis, it is possible that any build-up of iron in
mucosal cells promotes ferritin formation, and so prevents
excessive absorption. It is tempting to postulate that
ferritin, when present in sufficient concentrations, may
then inhibit the formation of the complex or complexes
which are responsible for active transport through the
cell. Whatever the explanation for the present findings,
this mechanism appears to be ineffective when large
quantities of iron are presented to the mucosa, since with
doses of 1000 and 10,000 g.g. the amount of iron reaching
the plasma was tenfold greater relative to mucosal ferritin
formation than with physiological doses.
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Role of hydrochloric acid in iron absorptionl
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Robert W.
Chartlton. Role of hydrochloric acid in iron absorption. 3. Appl.
Physiol. 19(2): 187-188. 1964.—The absorption of 5 mg iron
administered in 300 ml water was compared with absorption
from 300 ml 0.05 N HC. in 24 subjects with histamine-fast
achlorhydria, using a double isotope technique. In ten indi-
viduals given ferric chloride the mean absorptions were 2.2 %
with water and 9.2 % in acid; the difference was less marked
in the case of the seven subjects to whom ferrous ascorbate was
administered (10.9% and 19 3'.- respectively). In contrast,
acid did not increase the absorption of hemoglobin iron, the
mean figures being 13.4 % with water and 0.6 ". with HC1.

J acobs, Peter, Thomas Bothwell, and

pernicious anemia
Fess and Feeo

achlorhydria gastric pH
radioactive hemoglobin iron

T here is still controversy as to the pOSSibIe effects
of gastric hydrochloric acid on iron absorption. Although
the results of early studies suggested that acid potentiates
the clinical response in patients with iron-deficiency
anemia (7, 8), several subsequent isotopic investigations
have yielded conflicting results. Pirzio-Biroli et al. (10)
found that the absorption of a tracer amount of radioiron
administered with food was normal in subjects with
pernicious anemia, while Moore and Dubach (9) were
unable to enhance the absorption of eggs labeled with
Fe®in achlorhydric subjects when hydrochloric acid was
added. In addition, Biggs et al. (1) found that the ab-
sorption of Fe5%-labeled hemoglobin was normal in
achlorhydric individuals. In contrast, Williams (13)
demonstrated defective absorption of radioiron incorpo-
rated into bread in patients with histamine-fast achlorhy-
dria, while Goldberg et al. (4) found a significant de-
pression in the absorption of a tracer quantity of iron
administered with food in achlorhydric subjects with
iron-deficiency anemia.

The present investigation was undertaken because
studies in this laboratory using an in vitro preparation of

Received for publication 17 June 1963.

1 This study was supported in part by Grant AMo04912-02 from
the National Institutes of Health, and in part by grants from the
Council for Scientific and Industrial Research and the Atomic
Energy Board, South Africa.

rat intestine indicated that the pH of the luminal con-
tents has a marked effect on the absorption of iron salts.
It was therefore decided to note the effects of hydro-
chloric acid on the absorption of inorganic and or-
ganically bound iron in achlorhydric subjects. In order
to overcome difficulties resulting from individual varia-
tions in absorption a double isotope technique was used,
so that the absorption of iron administered with and
without acid was compared in the same subject.

MATERIALS AND METHODS

Twenty-four patients with pernicious anemia in re-
mission were studied. The absence of free hydrochloric
acid was established in each subject by the augmented
histamine test (5). Iron, 5 mg, was administered by naso-
gastric tube to the fasting subjects over a period of 1 hr
on two consecutive mornings. The iron was made up in
300 ml water on the one day and in the same volume of
0.05 n hydrochloric acid on the other day (15 mEq
HC1). (This quantity of acid is slightly more than half
the mean output of normal subjects after maximal hista-
mine stimulation (6).) In each instance the iron was
labeled with 5 pc Fe® on the one occasion and with 125
pc Fe% on the other. In ten subjects the iron was given
as ferric chloride, in seven as ferrous ascorbate (50 mg
ascorbic acid was added to the ferric chloride immedi-
ately prior to administration), and in the remainder as
hemoglobin. The radioactive hemoglobin was prepared
from rat blood 14 days after the intravenous administra-
tion of a tracer quantity of radioiron.

Samples of blood were collected from all subjects 14
days after the second dose. Aliquots were then digested,
electroplated onto copper discs, and differentially
counted for the two isotopes as previously described (2).
The relative percentage absorptions of Fe% and Fe®
were then calculated on the assumption that the blood
volume was 70 ml/kg and that 80 % of the absorbed iron
was in circulation at 14 days.

Validation of double isotope technique. Preliminary studies
were done on convalescent hospital patients to establish
the validity of the double isotope technique. Iron in a
dosage of 5 mg was administered on two consecutive
mornings, the label being Fe®%on the one day and Fe®on
the other. The mean absorptions with ferric chloride



tabie i. Comparison of the percentage absorption
of a fj-mg dose iron given to fasting subjects
on two consecutive days

Day i Day 2

Ferric chloride, 5 mg 0.6 0.8
3.6 5-7

0-5 0.8

3-8 5-6

Mean 2.1 3.2
Ferrous ascorbate, 5 mg 10.5 8.7
51-8 47-9

22.1 21.9

7.8 6.2

67.1 55-7

Mean 31-8 28.1

were 2.1 % and 3.2 %, and with ferrous ascorbate 31.8%
and 28.1 % (Table 1).

RESULTS

The mean absorption of ferric chloride in water was
considerably less than when it was administered in 0.05
n hydrochloric acid (2.2 % as compared with 9.2 %) (Fig-
id). Results were less striking with ferrous ascorbate,
since acid only caused a marked increase in three of seven
subjects (Fig. 1B). The mean absorption with water was
10.9% as compared with 19.3% with acid. The absorp-
tion of hemoglobin iron was not enhanced when hydro-
chloric acid was present and, in fact, there was suggestive
evidence that it caused some depression of absorption in
six of the seven subjects (Fig. 1C). The mean absorptions
of hemoglobin were 13.41< with water and 9.6% with
acid.

DISCUSSI ON

Although previous workers have demonstrated di-
minished absorption of ferric iron in achlorhydric sub-
jects (4), they were unable to establish whether this was
due to the absence of hydrochloric acid or to the asso-
ciated mucosal changes. The enhancement of ferric iron
absorption caused by the addition of hydrochloric acid
alone in the present study indicates that this is the im-
portant factor. Presumably the acid exerts its effect by
keeping the ferric iron in solution until it reaches the
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There are several observations which suggest a
relationship between excessive consumption of alcohol and
the development of iron overload. For example, approximately
a third of patients exhibiting the full-blown clinical
manifestations of idiopathic haemochromatosis have a
significant alcoholic background (Sheldon, 1935; Finch and
Finch, 1955). Furthermore, there 1is evidence that alcoholics
as a group tend to have iron stores that are greater than
normal (Herbut and Tamaki, 1946; MacDonald and Mallory, 1960).
Finally, there 1is suggestive evidence that the severity of
the tissue sidarosis so commonly noted in the adult Bantu
males of South Africa is closely related to the drinking
habits of these subjects (Seftel et al., 1961).

There are several possible reasons for these various
associations. In the fTirst place, analyses of the home-
brewed alcoholic beverages consumed by the Bantu have
revealed high iron concentrations (lUalker and Arvidsson, 1953),
and it has been calculated that many males ingest between 50
and 100 mg. iron daily from this source alone (Bothwell et
al., 1964). A similar, though less striking association
between iron and alcoholic intakes has recently been pointed
out by MacDonald (1963), who has shown that most European and
United States wines contain significant amounts of iron.

(For example, the average 1iron concentrations in French wines
is 8.8 mg.-/1000 ml., and in United States wines, 4.9 mg./1000
ml.). A second possible way in which excessive consumption

of



of alcohol may lead to iron overload is through its
pathological sequelae, such as chronic pancreatitis

and chronic liver disease. Deficiency of the exocrine
secretions of the pancreas has been shown to be associated
with increased absorption of iron from the gut (Taylor et
al., 1931; Davis and Badenoch, 1962), and there is recent
evidence indicating that some subjects with cirrhosis of
the liver absorb iron excessively (Conrad et al., 1962;
Callender and IYlalpas, 1963).

There are therefore several possible reasons why
so many heavy drinkers have increased iron stores. However,
one possibility has not been investigated? namely, that
alcohol itself directly enhances iron absorption. The
present investigation was carried out to try and answer

this point.

material and methods

The absorption of 5 mg. iron was assassed in 31
haematologically normal subjects and in 4 patients with
histamine-fast achlorhydria. Because of the wall-known
variability 1in iron absorption from subject to subject,
a double isotope technique was used in which each individual
served as his own control. (The validity of this approach
has been cfemonstrated in a previous communication (Jacobs et
al., 1964)). The 1ron was administered in the fasting state.
Dn one day it was dissolved in 250 ml. water, and on the
following day in 60 ml. whisky or brandy, made up to a final

- volume



volume of 250 ml, with water. In half the experiments the
order of administration u/as reversed. Isotope labelling was
with 70 pc Fe55 on the one occasion and with 5 pc Fe59 on

the other. In different experiments the iron was administered
as fTerric chloride, as ferrous ascorbate (with 50 mg. ascorbic
acid), and as rat haemoglobin. Duplicate blood samples
collected two weeks later were digested, electroplated onto
copper discs and differentially counted for the two isotopes
as described previously (Bothwell and Finch, 1962). The
relative percentage absorptions of the two doses were then
calculated on the assumption that 80/ of the iron absorbed
from the gut was present in the red cell mass at two weeks,

and that the blood volume was 70 ml./kg. Results were

therefore corrected by a factor of *Q/g.

RESULTS

The absorption of 1iron given as ferrous ascorbate was
assessed in 6 normal subjects. The mean absorption was 18.8/
in water and 17.5/ in alcohol (see table). There was also no
enhancement of the absorption of haemoglobin iron in the
presence of alcohol, the mean figures in 8 subjects being
14.9/7 in water and 13.4/ in alcohol. In contrast, alcohol
caused a marked 1increase in the absorption of iron given as
ferric chloride. In 17 subjects the mean absorption in

alcohol was 22.6/ as compared with 4.1/ in water (see figure).

- This



This effect could not, however, be demonstrated in 4 subjects
with histamine-fast achlorhydria (a mean of 3.5 in water and

5.2/£ in alcohol).

DISCUSSION.

In a previous investigation the effect of hydrochloric
acid on 1iron absorption was studied in subjects with histamine-
fast achlorhydria (Jacobs et al., 1964). Hydrochloric acid was
found to enhance markedly the absorption of ferric iron and to
cause a modest increase 1in the absorption of ferrous iron. In
contrast, haemoglobin iron absorption was not increased by acid,
Although the reasons for these differences were not established,
it seems likely that hydrochloric acid acts by maintaining
ferric iron in solution until it reaches the absorbing area of
the duodenum. The relatively small effect observed with
ferrous iron is compatible with this thesis, since it is
known that ferrous ions remain in solution at a much higher
pH than do ferric ions (Hodgman et al., 1958). The fact that
the absorption of haemoglobin iron is not increased by acid
adds further weight to evidence obtained by other workers
which suggests that this organic iron complex 1is absorbed in

a manner different from simple iron salts (Turnbull et al._,

1962).
In the present study alcohol was found to potentiate

the absorption of ferric iron considerably, but to have no
effect on the absorption of ferrous or haemoglobin 1iron.
The similarity between these results and those obtained

- previously -



previously with hydrochloric acid suggested that alcohol
might be exerting 1i1ts effect by stimulating the production
of gastric acid. The fact that the administration of
alcohol did not increase the absorption of iron in 4
subjects with histamine-fast achlorhydria would be
compatible with this hypothesis.

Whether the present findings bear any relation to the
pathogenesis of iron overload is still not clear. While
it is known that excessive amounts of iron are present
in the fermented beverages consumed by the Bantu (Walker
and Arvidsson, 1953), it has not been possible to show an
enhancement of absorption when iron has been administered
in Bantu beer (Bothwell et al., 1964). However, it should
be noted that the type of beer which was tested had a very
low alcohol content (- 3>£), and it remains possible that
the more potent adulterated drinks consumed by many of
these subjects may enhance 1iron absorption significantly.

Recent evidence suggests that the present findings may
have a wider relevance. It has been pointed out that many
wines Tfrom different parts of the world contain significant
amounts of iron, and it has been suggested that the high
incidence of iron overload in alcoholic subjects is a result
of the excessive iron intake (MacDonald, 1963). It should,
however, be noted that wines contain 10-20)u alcohol, and
the absorption of iron taken in this way may thus be

enhanced
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These considerations do not exclude the possibility that
other factors may contribute to the association between 1iron
overload and the excessive consumption of alcohol.
Pancreatitis 1is common in alcoholics, and there 1is now
good evidence that deficiency of the exocrine secretions
of the pancreas 1is associated with excessive absorption of
iron. This has been shown in animals after pancreatectomy
(Taylor et al ., 1931), ligation of the pancreatic duct
(Taylor et al., 1935; Gillman et al., 1947; Kinney et al.,
1950), ethionine-induced pancreatic damage (Kinney et al.,
1955), and in patients with chronic pancreatitis (Davis
and Badenoch, 1962). Furthermore, there 1is evidence that
the increased absorption can be reduced by the giving of
pancreatic extract (Kinney et al., 1950; Davis and Badenoch,
1962; Saunders et al., 1963). The fact that cirrhosis Iis
common 1in alcoholics may also bo of relevance, since it has
been shown that some cirrhotic subjects absorb excessive
amounts of iron oven when the body stores are normal or
increased (Conrad et al., 1962). It is, however, still
not clear whether those effects are secondary to the
cirrhosis itself or to associated pancreatic damage
(Callender and Iflalpas, 1963). Lastly, alcoholics as a
group eat suboptimal diets, and there are several experimental
studies showing increased absorption of iron when the diet 1is

low -



low in certain nutrients but high in iron. These diets
have included low phosphate (Hegstea et al., 1949), Ilow
protein, high fat (Kaufman et al., 1950), and choline-
deficient (MacDonald, 1960) regimes.

With all these factors contributing to the excessive
absorption of iron it is not surprising that doubt has been
cast on whether 1idiopathic haemochromatusis occurs as a
distinct entity. The arguments against its existence have
been presented by MacDonald (1961, 1963), who believes the
condition to be a variant cf alcoholic cirrhosis occurring
in subjects exposed to a high iron diet. Some support for
this suggestion 1is provided by the fact that many patients
presenting with the disease have background of alcoholism
(Sheldon, 1935} Finch and Finch, 1955). Thare 1is, however,
a strong body of evidence, accumulated from many sources,
which 1indicates the existence of a specific metabolic
disorder in which excessive amounts of iron are absorbed
from a normal diet. Firstly, it should be emphasised that
a largo number of reported patients with the disease have
not been alcoholic, and no other source of excessive dietary
iron has been uncovered in these cases. Secondly, there
are several family studies in which varying degrees of iron
overload have been demonstrated in relatives of patients with
haemochromatosis, thus supporting the concept of an inherited
metabolic disorder (Bothwell et al., 1959} Williams et al.,
1962). The fact that only a proportion of siblings living

in *



in the same household hav/e shown increased stores can also

be taken as evidence against the idea that some environmental
factor, such as a high dietary intake, 1is essential 1in
pathogenesis* Thirdly, it has been possible to show an
abnormally high absorption of radioiron in some patients

with the fully developed disease (Alper et al*, 1951;

Bothwell et al*, 1953). This is especially so in young
subjects, and the failure to demonstrate 1increased

absorption in some older patients may well be due to the
inhibitory effect exerted by the enormous iron stores.
Support for this contention has been provided by the

finding of very high absorption rates in such individuals
after reduction of stores by repeated phlebotomy. This

has been noted at a time when the haemoglobin level was
normal and the serum iron normal or even raised (Pirzio-Biroli
et al., 1958).

Although consideration of these various findings
suggests the existence of a specific metabolic disorder
resulting in excessive iron absorption, it is probable that
only a proportion of affected individuals develop the
clinical manifestations of haemochromatosis. The size
of the accumulated iron deposits in any particular case
must depend upon a number of factors. These include the
degree to which the absorptive rate deviates from the
normal, the amount of iron iIn the diet, the duration of

the period of increased absorption, and the quantity of

- iron -



iron lost from tho body. On this basis the excessive
intake of 1iron, particularly when present in alcohol, might
be expected to accelerate the development of tho full
clinical syndrome in subjects who mould otherwise have

remained asymptomatic..

suramftRY

Alcohol in the form of u/hisky or brandy markedly
increased the absorption of ferric chloride in normal
subjects, but had no effect upon the absorption of ferrous
ascorbate or haemoglobin 1iron. Some evidence was obtained
to suggest that this action was due to the stimulation of
hydrochloric acid production in the stomach.

These findings may have some relevance to the well-
established association between excessive consumption of
alcohol and the development of iron overload.

#****-*****.*.#.***#

This study was supported in part by a grant (Aft) 04912-02)
from the National Institutes of Health, U.S_A_., and in part
by grants from the Council for Scientific and Industrial

Research and the Atomic Energy Board, South Africa.



rcentage

isorption

Mean

DH.

THE
5 MG.

EFFECT OF
IRON GIVEN AS (a) FERROUS

la

ALCOHOL UPON THE

(B) HAEMOGLOBIN

Ferrous Ascorbate

Without With
alcohol alcohol
8.3 4.6
21.7 14.5
20.5 16.1
22.5 28.3
20.2 14.7
19.5 27.0
IB.8 17.5

ABSORPTION
ASCORBATE

Without
alcohol

12

6.

11.

10.

21.

19.

20.

17.

14.

OF
AND

Haemoglobin

.8

With
alcohol

14.1

15.3

18.6

23.6

13.4



FIGURE

Effect of alcohol on the absorption of 5 mg. 1iron
given as ferric chloride. Each pair of columns represents
absorption with alcohol (hatched) and without alcohol
(stippled) in the same individual. In normal subjects
mean absorptions were 4,1” with water and 22,6% with
alcohol, while in achlorhydric subjects the corresponding

figures were 3.5” and 5.2%,
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RADIOIRON STUDIES IN HEMOCHROMATOSIS
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ECENTLY Huff and co-workersi4 have described a method for estimating

the plasma and red cell iron turnovers in the body. The present investiga-
tion was undertaken to determine such turnovers in hemochromatosis. The
results were compared with those obtained in a control group of healthy subjects
and in one case of malnutritional cytosiderosis.io In addition, the effects of
repeated phlebotomies on iron metabolism in hemochromatosis were investi-
gated. At the time these studies were done the radioiron used was of a lower
specific activity than is now available and this made the analysis of data more
difficult. In spite of this qualification the results obtained were considered in-
teresting and worthy of publication.

MATERIAL AND METHODS

Clinical Material—Two male and two female cases of hemochromatosis were studied.
In each the diagnosis was confirmed by liver aspiration biopsy. Of the females Case 15, aged
55 years, was postmenopausal and the other (Case 14), aged 23 years, had amenorrhea of
4 years’ duration. Skin pigmentation and cirrhosis of the liver were present in all, none
were anemic, and Cases 12, 13, and 15 had diabetes.

The control group consisted of 8 healthy men and 3 healthy women, two of whom were
postmenopausal (Cases 9 and 10). Their ages ranged from 20 to 65 years.

The one case of malnutritional cytosiderosis studied was a South African Negro, aged
64 years, who presented with diabetes. Histologic examination of a liver biopsy showed
heavy hepatocellular and portal iron deposits with portal fibrosis and bile duct hyperplasia.

Preparation of Radioiron—The methods were similar to those used previously.! Radio-
iron derived from the Szilard-Chalmers reaction was supplied by the Atomic Energy Research
Establishment (Harwell, England) as Fe® of specific activity varying from 10 to 30 ng per
microcurie. The iron was in the form of a ferric chloride stock solution and tracer doses made

This work was assisted by a grant from the Council for Scientific and Industrial Re-
search, South Africa.

Received for publication Jan. 19, 1954.

*Department of Medicine, University of the Witwatersrand.
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up from this had activities varying from 4 to 10 fie on the day of administration. Each dose
was autoclaved in rubber-capped bottles at a pressure of 20 pounds p.s.i. for 20 minutes. On
the day of study 15 to 20 ml. of normal plasma was rapidly added to this solution and al-
lowed to stand for about 10 minutes to enable the iron to attach itself to the /I, globulin. In
earlier studies the stock doses of about 3 ml. of ferric chloride solution were buffered to pH 6
with 3.8 per cent sodium citrate. However, it was found early that the solution was effectively
buffered merely by the addition of the plasma, and this method was used in all later studies.
The amount of elemental iron administered varied from 50 to 300 fig (mean 135 fig).

Administration of Radioiron.—All subjects were basal at the time of study. About
20 ml. of the plasma-iron dose was injected intravenously, the weight administered being
determined by difference. An aliquot of 1 to 2 ml. of this solution was retained for sub-
sequent analysis in order to determine the exact dose of radioiron and elemental iron given.
Thereafter blood samples of about 3 ml. were taken serially into weighed tubes each containing
6 mg. of mixed oxalate. The tubes were again weighed and the weight of each blood sample deter-
mined by difference. In the initial Ghours samples were taken at 30-minute intervals, but when
a rapid plasma-iron turnover was expected, more frequent sampling was carried out within the
first 3 hours. The red cell iron uptake was determined in most subjects by taking daily blood
samples between the seventh and fourteenth days. In the earlier studies the plasma from each
blood sample was pipetted off and added to 3 red cell washings. Separate analysis for radio-
activity could then be made on plasma and red cells. However, it became apparent that the
amount of radioiron that could be recovered from red cells in the early samples and from the
plasma in the later samples was so low as to be of no account. In subsequent studies, there-
fore, no separation was done except in patients to whom a previous dose of radioiron had been
given. In addition, in such cases basal blood samples were taken for radioiron analysis prior to
giving the next radioiron dose. It was assumed that any residual radioactivity in the blood
from previous tests was constant throughout the period of the subsequent study and corrections
for red cell uptakes were made on this assumption.

In the hemochromatotic subjects repeat radioiron studies were done after the removal
of various quantities of blood (Fig. 1). Phlebotomies (300 to 800 ml.) were performed at
3- to 10-day intervals and frequent hemoglobin, serum iron, and iron-binding capacity values
were estimated. In Case 12 repeat radioiron studies were done after the removal of 5,190 ml.
and again after a total of 13,110 ml. had been taken off. Case 13 had a repeat study per-
formed after 1,800 ml. blood had been removed, and 3,650 ml. was taken off prior to the
second study in Case 14. In Case 15 radioiron tests were done after 5,060 ml. and 9,610 ml.
blood, respectively, had been removed. The time intervals between the commencement of the
phlebotomies and the subsequent radioiron studies in each case can be seen in Fig. 1. In two
normal subjects (4 and 11) repeat plasma iron turnovers were performed 48 hours after
the initial ones.

Blood Measurements—Radioiron analyses on all blood samples were performed by
electroplating them according to a slightly modified technique of Vosburgh, Flexner, and
Cowie.2 The samples were weighed, drj'-ashed, chemically processed, and plated on copper
discs in electroplating cells. These were then counted with a G.E.C. Counter (type E.H.M.
2-mica window, with a window thickness of 1.9 mg. per cm.2) and the counts were compared
with those duo to plated standards prepared by the same technique from aliquots of the
stock solution from which the patient’s dose was derived. Activities of plated samples could
thus be given in terms of the administered tracer dose. The specific gravities of the plasma
and whole blood were determined by the copper sulfate method.18 From these data tho
weights of plasma and red cells in each sample were converted into volumetric measurements.
Serum iron values were determined in duplicate by the method of Kitzes and associates.17
Iron-binding capacities were estimated by the method of Rath and Finch18 modified for use
with the Evelyn colorimeter. Total hemoglobin estimations were performed by a cyan-
hematin method16 adapted for use with the Evelyn colorimeter. Blood volume determinations
were made by a T1824-hematocrit method.6 The values for red cell mass were reduced by
15 per cent since it has frequently been shown that such an overestimation occurs with the
dye method.20



Analysis of Data—Recently it has been shown that when a tracer dose of radioiron of
high specific activity is added to plasma and injected intravenously it disappears exponentially,
thus reflecting the normal course of the transport iron through the plasma iron pool. There-
after, some of the radioiron reappears in the hemoglobin of the red cells. With a knowledge
of the plasma iron level and of the plasma and red cell volumes it is then possible to
measure both the plasma and red cell iron turnovers.l4 The present data wore analyzed
according to these methods. However, it was found that in four control subjects and in the
majority of cases with hemochromatosis the disappearance of radioiron after injection was
not exponential from 100 per cent concentration at zero time. In such cases there was a rapid
loss in the first few minutes which accounted for as much as 65 per cent of the injected dose
in one test (Table 1). Thereafter, however, the disappearance was exponential over the
next few hours, suggesting that the radioiron which had initially passed into the extravascular
spaces did not re-enter the plasma in significant quantities during this period. It was,
therefore, considered valid to use this slow component in the calculation of plasma iron
turnovers. Huff and co-workersl4 encountered similar difficulties in cases with refractory
anemia and also used this slow exponential component in the calculation of their results.
The subsequent course of the radioiron which disappeared early from the circulation is un-
certain. However, there is experimental evidence that at least some of this unattached ferric
chloride is stored in the liver.l In the present study it was also found that some of this
radioiron was later fed back into the circulation as the percentage of the injected dose
appearing in the red cell mass of certain cases of hemochromatosis was greater than the
percentage initially attached to the ft globulin of the plasma (Table I). The actual quantity
of radioiron redelivered to the circulation from the extravascular compartment in such instances
must depend on several factors, viz., the size of the iron stores, the degree of equilibrium
between radioiron and nonradioactive iron in these stores, and the percentage being fed back
from the extracellular spaces. As there is no way of measuring the relative importance of
these factors or the proportions of radioiron re-entering the circulation from these various
sites, it would seem to be invalid to calculate the red cell iron turnover (percentage radioiron
in red cell mass x plasma iron turnover) in such cases. Therefore red cell iron turnovers
were calculated only in studies where the initial disappearance of radioiron was exponential
from 100 per cent concentration at zero time. In the others the red cell iron utilization was
expressed as a percentage of the administered dose.

The incomplete attachment of radioiron to the plasma globulin in some cases seemed
to depend on two factors. First, the quantity of iron which was injected was relatively large,
the average amount being 135 /ig (range 30 to 300 yg). Although the doses were prepared
with normal human plasma (collected with precautions against iron contamination) there
was still insufficient unsaturated ft globulin present to ensure that such amounts of iron
would all be bound. However, it might be expected that at least some of this unbound iron
would become attached intravascularly, especially as these doses were injected over a period
of about 5 minutes. The second factor was probably related to the plasma iron-binding
capacity which was reduced in the hemochromatotie subjects. However, in spite of the
incomplete binding of the radioiron the doses could be regarded as true tracers in so far as
the bound fractions did not alter the plasma iron component significantly. In those cases
the average amount of radioiron which was attached to the ft globulin of the plasma was
80 /ig (range 20 to 170 yg) and the addition of such amounts of iron could not produce any
measurable change in the plasma iron level.

RESULTS

Plasma Iron Turnover—In 13 studies on 11 control subjects the mean
plasma iron turnover was 30 mg. per day (range 17 to 40 mg. per day) and
0.46 mg. per kilogram per day (range 0.2!) to 0.62 mg. per kilogram per day).
The turnover in milligrams per day was higher in men (9 studies) as compared
with women (4 studies), but this difference was not apparent when the results
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~ _Fig. 1.—A, B, C, and D. The effects of repeated phlebotomies on the serum iron, iron-
binding capacity, and hemoglobin levels in four cases of hemochromatosis. The times are
shown at which the radioiron studies reported in Table | were done. The open areas of
the serum iron columns represent the iron-binding capacity.



INJECTED

RADIOIRON TIME TAKEN . PLASMA RED CELL 6D
BOUND TO TO REACH plasma iron IRON IRON CELL
& GLOBULIN % -CONCEN- REVOVED  RED CELL IRONTURNOVER  RENEWED  IRON UTILI-
CASE AGE OF PLASMA TRATION (MG./ (MG./KG./ (FRACTION (MG./KG./ (FRACTION ZATION
NO. SEX (YR) (%)+ (HR.) t DAY) DAY) PER HR.) (mg./day) DAY) PER DAY) (%)
Normal
i M 45 100 12 28 0.40 0.59 25 0.36 0.015 89
2 M 20 95 16 38 0.54 0.42 - - - 85
3 M 20 100 2.1 33 0.41 0.35 33 041 0.013 100
4 A M 46 100 11 40 0.57 0.63 - - - -
4B M 46 100 1.0 39 0.56 0.61
5 M 22 85 16 35 0.56 0.41 ~— — — 82
6 M 22 100 2.0 24 0.29 0.34 20 0.24 0.006 83
7 M 23 100 24 24 0.38 0.29 21 0.33 0.009 88
8 M 24 90 17 40 0.56 0.40 - - - 82
9 F 52 100 1.6 17 0.32 0.44 17 0.32 0.012 100
10 F 65 100 1.0 29 0.62 0.66 29 0.2 0.920 100
11 A F 37 45 18 22 0.34 0.40 - . - .
11 B F 37 100 16 25 0.38 0.45
Mean 1.6 30 0.46 0.46 24 0.38 0.013 90
Hemochromatosis—before phlebotomies
12 A M 63 100 12 42 0.75 0.58 21 0.38 0.016 50
13 A M 60 100 20 46 1.01 0.35 2 0.55 0.019 94
13 B M 60 35 19 38 0.78 0.36
14 A F 23 55 1.7 56 0.83 0.47 - - - 29
15 A F 55 60 16 42 0.87 0.45 - - - 20
15 B F 55 40 19 36 0.59 0.38 — — — 43
Mean 17 43 0.80 0.43 23 0.46 0.018 39
Hemochromatosis—after phlebotomies
12 B M 63 100 0.6 106 191 1.08 76 1.36 0.076 72
12 C M 63 50 0.7 101 1.67 0.98 - - - 67
13 C M 60 40 0.7 105 2.20 0.94 - - - 51
14 B F 23 40 0.7 72 1.39 0.99 - - - 42
15 C F 55 55 11 73 1.05 0.60 - - - 32
15 D F 55 45 0.9 68 1.07 0.74 - - - 58
Mean 0.8 87 1.55 0.89 54
Malnutritional cytosiderosis
16 M 64 50 24 34 0.46 0.29 — — - 34
*Not done.
-Not calculated as the exponential plasma iron disappearance slopes did not extrapolate to 100 per cent at zero time (.see text).
fThese quantities represent the extrapolated concentration of the exponential plasma iron disappearance slopes at zero time eand are
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were expressed in milligrams per kilogram per day. In two subjects (Cases
4 and 11) repeat studies were performed 48 hours after the initial ones. No
significant change in the plasma iron turnover was noted in either subject.
The fraction of plasma iron removed per hour in normal subjects was 0.46
(range 0.29 to 0.66).

In 6 studies on 4 cases of hemochromatosis the mean plasma iron turn-
over was 43 mg. per day (range 36 to 56 mg. per day). Expressed in terms of
body weight the mean was 0.80 mg. per kilogram per day (range 0.59 to 1.01
mg. per kilogram per day). The mean weight of the hemochromatotic subjects
(before phlebotomies) was 54 kg. and that of the control group was 65 kg.
This difference would account for the apparent discrepancy between these two
groups of the values expressed in terms of body weight. The fraction of plasma
iron removed per hour was 0.43 (range 0.35 to 0.58). Kepeat basal studies
performed in 2 subjects (Cases 13 and 15) gave results for plasma iron turn-
over in milligrams per day which approximated fairly closely those found pre-
viously. In one (Case 15), however, there was a marked reduction in the
plasma iron turnover expressed in milligrams per kilogram per day from 0.87
in the first to 0.59 in the second study. This was due to a marked gain in
weight (from 48 to 61 kg.) in the four-month period between the two investiga-
tions. After repeated phlebotomies the mean plasma iron turnover was raised
to 87 mg. per day (range 68 to 106 mg. per day) and 1.55 mg. per kilogram per
day (range 1.05 to 2.20 mg. per kilogram per day). The fraction of plasma
iron removed per hour was increased to 0.89 (range 0.60 to 1.08). In Cases 12
and 15 further studies were done after the removal of additional volumes of
7,120 and 4,550 ml. blood, respectively. The results for plasma iron turnover
closely approximated those obtained previously (101 mg. per day as compared
with 106 mg. per day and 68 mg. per day as compared with 73 mg. per day).
The one case of malnutritional cytosiderosis studied had a plasma iron turnover
which was within the normal range (34 mg. per day and 0.46 mg. per kilogram

per day).
Plasma Iron Disappearance Hates.—The plasma iron disappearance rates
are given in Table I. In those cases where the exponential component did not

extrapolate through 100 per cent at zero time, its observed extrapolated con-
centration was regarded as 100 per cent and the times taken to reach i/2‘tonccn®
tration were calculated. Although this correction was not necessary in order
to calculate the turnover values it was done so that the V”-concentration times
could be compared. In the control group the mean time was 1.6 hr. (range
1.0 to 2.4 hr.), and in the cases with hemochromatosis it was 1.7 hr. (range 1.2
to 2.0 hr.), which was reduced to a mean of 0.8 hr. (range 0.6 to 1.1 hr.) after
repeated phlebotomies. In the case of malnutritional cytosiderosis the time
was 2.4 hr.

Red Cell Iron Turnover and Percentage Red Cell Utilization.—The red
cell iron turnover in 6 control subjects was 24 mg. per day (range 17 to 33 mg.
per day) and 0.38 mg. per kilogram per day (range 0.24 to 0.62 mg. per Kilo-
gram per day), while the fraction of red cells renewed per day was 0.013 (range
0.006 to 0.020). In only two subjects with hemochromatosis (Cases 12 and 13)
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was it possible to calculate the red cell iron turnover. Results of 21 and 25
mg. per day and 0.38 and 0.55 mg. per kilogram per day were recorded with red
cell renewal fractions of 0.016 and 0.019, respectively. In Case 12 further re-
sults were obtained after repeated phlebotomies. It was found that the red cell
iron turnover had been raised to 76 mg. per day and 1.36 mg. per kilogram
per day and the fraction of red cells renewed to 0.076 per day.

The mean red cell utilization of the injected dose of radioiron was 90 per
cent (range 82 to 100 per cent) in 9 control subjects as compared with a mean
of 39 per cent (range 20 to 54 per cent) in 5 studies on 4 cases with hemo-
chromatosis (Fig. 3). This figure was raised to a mean of 54 per cent (range
32 to 72 per cent) in 6 studies done after repeated phlebotomies on 4 subjects
with hemochromatosis. In the ease of malnutritional cytosiderosis the red cell
utilization of injected radioiron was 34 per cent.

DISCUSSION

It has been shown that iron derived from gut absorption accounts for less
than 1 per cent of the plasma iron turnover in normal subjects.4 However,
iron absorption is so high in at least some cases of hemochromatosisl 3>4 that an
associated increase in the turnover of iron in the plasma might be expected. In
addition, there is a continual internal redistribution of iron in subjects with
raised iron stores.7 As this transfer must occur via the plasma iron compart-
ment it should also lead to a more rapid turnover of iron in the plasma. The
results of the present investigation showed that there was, in fact, a significant
increase in the plasma iron turnover expressed in milligrams per kilogram per
day in hemochromatosis as compared with a group of control subjects (P <
0.01 as calculated by the t test) (Table I and Fig. 2). Previously we have
demonstrated that there was a very great absorption of iron from the gut in
two young subjects with hemochromatosis, and it was suggested that the meta-
bolic defect was more severe and accounted for the poor prognosis of such cases.4
It is of interest, therefore, that the highest turnover of 56 mg. per day was re-
corded in the only young subject with hemochromatosis investigated. Iron ab-
sorption studies done previously on this case had shown a retention of 72 per cent
of an oral dose of 20 mg. of iron.4 The increased plasma iron turnover in hemo-
chromatosis seems to be a function of the large plasma iron pool as the rate of
removal of iron from the plasma was normal (Table I). In only two of these
subjects was it possible to calculate the red cell iron turnover and in both it was
well within the normal range. This finding might have been expected as there
is usually no anemia in hemochromatosis2t and no evidence of a shortened red
cell life. It has been shown previously that the percentage red cell utilization
of a small dose of injected radioiron is low in hemochromatosis as compared
with normal subjects.s8 This finding was confirmed in the present study (Fig.
3). It merely reflects, however, the high level of iron stores in the disease and
does not indicate diminished red cell production.

Only one case of malnutritional cytosiderosis was investigated. This con-
dition has been found to be present in a large percentage of South African
Negro pellagrins.e The histologic features in the livers in some of these cases
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Fig. 2—Plasma iron turnover values in normal subjects and in patients with hemochromatosis
before and after repeated phlebotomies.

NORMAL HEMOCHROMATOSIS
BEFORE AFTER
PHLEBOTOMIES

Fig- 3.—The J)ercentage red cell utilization of an intravenous dose of radioiron in normal
subjects and in patients with hemochromatosis before and after repeated phlebotomies.



were indistinguishable from those seen in hemochromatosis, and it was concluded
that chronic malnutrition leads to a derangement in intracellular metabolism
which interferes with the normal “ mucosal block” 12 and so allows an abnormally
large absorption of iron from the gutio In previous oral radioiron studies on
5 subjects with malnutritional cytosiderosis, absorption from the gut was shown
to be very low in 4 subjects.3 However, in the remaining one a significant blood
uptake was found and there was evidence of deposition of radioiron in the liver.
It was decided to reinvestigate this last subject in the present study. Although
the serum iron level was high (197 /xg per cent) and the plasma volume normal,
the plasma iron turnover was found to be lower than in any of the subjects with
hemochromatosis and was well within the normal range. This was accounted for
by the slow plasma iron disappearance rate (Table I).

There was a wide individual variation in the plasma and red cell iron turn-
overs in normal subjects. The plasma iron turnover in milligrams per day was
significantly higher in men than in women (P < 0.05), but this difference was
not apparent when the turnover was related to body weight as milligrams per
kilogram per day (P < 0.7). However, the groups were small and the age
distributions not strictly comparable so that no valid conclusions could be drawn
from these figures. The mean results for plasma iron turnover and for red
cell iron turnover, where this could be calculated, approximated fairly closely
those reported by Huff and co-workersi4 in normal subjects. They were slightly
higher, however, but the reason for this may be related in some way to a
different physiologic pattern at the Johannesburg altitude (5,700 feet). In a
later paper, however, these workers reported on findings in a group of normal
students in Lima.is In this second study they recorded a mean plasma
iron turnover of 57 mg. per day and a red cell iron turnover of 47.3 mg. per
day as compared with 30 mg. per day and 24 mg. per day, respectively, in the
present scries. On analyzing their data it seemed that the major factor pro-
ducing this difference was the high serum iron level in Lima (a mean of 180
jug per cent as compared with a mean of 109 /xg per cent in the present study).
Huff and co-workersis suggested that the high serum values might have been due
to the delay between the collection of blood samples and their subsequent analy-
sis. There are no other available data for iron turnovers in normal subjects.
However, Wasserman and co-workers2s have studied the rate of disappear-
ance of plasma iron in such a group. Calculations from their data show the
mean time taken to reach t/2-concentration to have been 1.5 hr., a figure which
agrees closely with the one of 1.6 hr. found in the present study.

It has been suggested that repeated phlebotomies might form a rational
form of therapy in hemochromatosisii and several investigators have subse-
quently treated cases in this way.25>13 It has been found that these subjects
are unique in their ability to maintain their hemoglobin levels after the re-
peated removal of large quantities of blood. One reported case tolerated the
removal of as much as 50 L. of blood in 1 year and showed evidence of both
subjective and objective improvementss In the present study 4 patients with
hemochromatosis were treated by this method and the serial changes in hemo-
globin and serum iron levels can be seen in Pig. 1. One case (14) died rela-
tively soon after the commencement of this therapy, but it was felt that this



was not causally related as she had already been in congestive cardiac failure
several times prior to the commencement of phlebotomies. The others tolerated
repeated phlebotomies well, but so far it is not possible to say whether the
ultimate prognosis has been altered in any way.

The turnover of iron in hemochromatosis was studied in each patient after
repeated phlebotomies. There was a striking rise in the plasma iron turnover.
Four studies were done relatively soon after the commencement of treatment.
In two (Cases 12 and 15) repeat studies were performed after the removal of
further large quantities of blood (Fig. 1) and it was found that the plasma
iron turnover was maintained at a constant figure for the individual. However,
the capacity to mobilize iron stores for increased blood formation seemed to be
different in each subject and this was reflected by the different frequencies with
which phlebotomies could be performed on them. The increased plasma iron
turnover following repeated phlebotomies in hemochromatosis was found to be
due to an increased disappearance rate of iron from the plasma (Table I).
It whs possible to measure the red cell iron turnover in only one subject after
repeated phlebotomies. It was found that it had risen from 21 mg. per day
to 76 mg. per day. The plasma iron turnover at this time was 106 mg. per day.
It is, therefore, evident that although the patient was being maintained in a
negative iron balance by repeated phlebotomies, only about 75 per cent of the
tagged plasma iron was being utilized for hemoglobin formation. Presumably
the remainder was being deposited in various body stores. It is interesting to
speculate as to whether this finding is an indication of an increased avidity
of the tissues for iron as originally postulated by Sheldon.2i If this is true
then the increased absorption from the gut would seem to be a secondary factor
and would not represent the primary defect in the disease.

SUMMARY AND CONCLUSIONS

Radioiron turnover studies were carried out on 4 patients with hemo-
chromatosis, 1 patient with malnutritional eytosiderosis, and 11 normal sub-
jects. A total of 26 studies were done. In addition, the effects of repeated
phlebotomies in hemochromatosis were investigated.

The mean plasma iron turnover was found to be significantly raised in
hemochromatosis, while the red cell iron turnover was normal in the two pa-
tients in whom it could be measured. The plasma iron turnover in the one
case of malnutritional eytosiderosis fell within the normal range. The per-
centage of an administered dose of radioiron utilized for hemoglobin formation
was reduced in hemochromatosis and in the subject with malnutritional eyto-
siderosis.

Repeated phlebotomies were well tolerated in hemochromatosis. They
caused a marked and sustained increase in the plasma iron turnover. The de-
gree to which the turnover could be raised varied in each subject but repeat
studies in two cases seemed to show that it was constant for the individual. The
red cell iron turnover was increased after repeated phlebotomies in the one
subject in whom it was possible to measure it and the percentage red cell
utilization of the injected dose of radioiron was raised although it was still
lower than normal.
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Recently Huff and co-workers have shown that when a tracer dose of radioactive
iron of high specific activity is added to plasma or G globulin_and injected
intravenously it disappears exponentially from the circulation (8). From the rate
of disappearance and with a knowledge of the plasma iron concentration and the
plasma volume, it is possible to obtain a quantitative measure of the amount of
iron passing through the plasma at any one time (8). Using such a technique,
several studies have been made in a variety of conditions (8, 9, 10, 11). In each
of these the turnover of iron through the plasma has been expressed in mg./24 hours.
In the presentation of such data, however, little attempt has been made to allow
for the considerable diurnal variations in the concentration of plasma iron which
have been shown to occur (4, 5, 6, 7, 12, 13, 14).

The present study was undertaken to find out if changes in the plasma iron
level affected the plasma iron turnover significantly.

M ethods.
Twenty patients in hospital were studied twice in a 12-14-hour period (Table 1).

5Fe of high specific activity (1-2 p-C./;rg. Fe) was obtained from an American
source through A.E.R.E., Harwell,J in the form of a sterile solution of ferric
chloride. 0-1 to 0-2 ml. (5 to 10 p.c) of the radioiron solution was added to
2 ml. of a 1% sterile solution of 'f globulin (supplied by the Cutter Laboratories,
U.S.A) buffered with 10 to 20 ml. of the patient’s plasma. After incubation for
30 minutes at 37°C. the mixture was injected intravenously from a calibrated
syringe, a small quantity being kept for the preparation of the standard solutions.
Fifteen ml. blood samples were taken at intervals following the injection. Normally
5 samples were withdrawn after 10, 20, 40, 60 and 90 minutes.

In each subject two studies were made, one at 10 a.m. and the other at 8 p.m..
In 11 cases the morning study was carried out first, while the order was reversed
in the remaining 9 cases. In each instance plasma was removed prior to the
second study in order to estimate any residual radioactivity.
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Radioactivity was measured by a scintillation counter using the method
described by Badenoch and Callender (1). Five ml. of plasma were counted from
each sample of blood and the results plotted on semilogarithmic paper. The total
radioactivity administered was estimated from standards prepared in duplicate
from the radioiron plasma mixture given. 0-02 to OT ml. of this mixture was used
for each standard and made up to 5 ml. with isotonic saline.

Values for plasma iron turnover per hour were calculated from the Fluff
formula (8):

Plasma iron turnover ([ag./hour) = [fraction of radioiron removed per
hour X plasma volume (ml.) X plasma iron concentration (jxg./ml.)].

The fraction of radioiron removed/hour was calculated by dividing the natural
logarithm of two by the time taken for circulating radioiron to reach one-half
concentration. Plasma volumes were calculated by extrapolation to zero time of
the exponential disappearance line of radioiron from the plasma, while plasma
iron levels were estimated in duplicate by a thioglycollic acid, 2 f[f)yridyl
technique (2). With this method for plasma iron determination the mean d| erence
between 30 duplicate estimations was 2-6 [xg./100 ml. (SD 3-9).

Results.

Data from the 20 subjects investigated are shown in Table I. It can beseen
that there were considerable fluctuations between the morning and evening results.
These fluctuations were not found to be dependent on the order in which the two
tests were done.

Fig. 1. The correlations between diurnal fluctuations in Flasma iron level and changes in (a) plasma
volume, (b) fraction of iron removed/hour and (c) plasma iron turnover/hour.

Major interest centred on the relationship between variations in plasma iron
concentration and the other factors concerned in iron turnover. In order to assess
these relationships all evening values for plasma iron, plasma volume, fraction
of iron removed/hour and plasma iron turnover were expressed as percentages of
their morning values (Fig. 1). It can be seen that changes in plasma volume were
not large; those which did occur were not related to changes in plasma iron



TABLE 1I.
Results of radioiron studies in 20 subjects.

Plasma  Fraction  Plasma

) ) Order Plasma iron of iron iron

Diagnosis of Time  volume (xg/IOO  removed/ turnover

tests ml. ml. hour Hg./hour
(1) Terminal “ Hodgkins ” 1 10a.m. 5200 33 2-310 3964
2- 8p.m. 4730 38 2-310 4151
(2) Post-haemorrhagic anaemia 2 10 a.m. 2708 1 1-980 590
) ) 1 8p.m. 2773 u 2-188 667
(3) Haemolytic anaemia 1 10 a.m. 3584 44 1-890 2980
2 8p.m. 2808 78 1-800 3942
(4) Gastro-colic fistula with anaemia 1 10 a.m. 2993 22 1-188 782
. 2 8p.m. 3206 22 1-222 862
(5) Thrombophlebitis 2 10 a.m. 4841 46 0-756 1684
) 1 8p.m. 5323 20 1-066 1135
(6) Myelosclerosis 2 10 a.m. 5344 170 0-904 8213
1 8p.m. 5194 170 0-990 8742
(7) Pernicious anaemia and throm- 1 10 a.m. 2523 92 0-884 2052
bophlebitis 2 8p.m. 2718 54 0-884 1298
(8) Coronary artery disease early 1 10 a.m. 2139 68 0-770 1120
CNS syphilis 2 8 p.m. 2372 54 0-756 968
(9) Bleeding peptic ulcer 1 10 a.m. 2814 102 0-770 2210
2 8p.m. 3172 80 0-756 1918
(10) Iron deficiency and relative 2 10 a.m. 2491 29 0-717 518
polycythaemia 1 8 p.m. 2801 23 0-785 506
(11) Convalescent bacterial endo- 1 10 a.m 2913 86 0-693 1736
carditis 2 8pm. 3271 58 0-705 1337
(12) Peptic ulcer 1 10 a.m. 2066 49 0-630 638
) 2 8p.m. 2071 38 0-848 667
(13) Carcinoma of lung 2 10 a.m. 3205 94 0-520 1567
1 8p.m. 3676 78 0-784 2248
(14) Convalescent cardiac failure 2 10 a.m. 3675 60 0-784 1729
1 8p.m. 4093 99 0-513 2079
(15) Convalescent T.B. pericarditis 2 10a.m. 2077 113 0-570 1338
1 8p.m. 2126 76 0-693 1120
(16) Essential hypertension 1 10 a.m. 2534 92 0-416 970
2 8p.m. 2293 58 0-594 790
(17) Parkinson’s disease 2 10 a.m. 2679 108 0-378 1094
) 1 8p.m. 2660 56 0-594 885
(18) Peptic ulcer 1 10 a.m. 3114 84 0-433 1133
) . 2 8 p.m. 2867 58 0-533 886
(29) Mild colitis 2 10 a.m. 2353 124 0-365 1065
1 8p.m. 2884 94 0-429 1163
(20) Emphysema 1 10 a.m. 2018 100 0-310 626
2 8p.m. 2126 62 0-430 567

concentration and may have been partly due to technical inaccuracies. There was
a negative correlation between alterations in the plasma iron level and the fraction
of iron removed/hour. However, alterations in the fraction of iron removed/hour
were, on the whole, less than changes in plasma iron concentration with the result
that there was still a positive correlation between changes in iron concentration
and the turnover/hour.

Although the group as a whole showed these trends it can be seen from Table |
that there were considerable variations in individual results. It appeared that
the fraction of iron removed/hour was less likely to change in cases where this
fraction was greater than normal. (Using the same technique as in the present
study the upper limit of normality for the fraction of iron removed/hour in 18



healthy subjects was 0-693 (3).) The data were therefore analysed further and
subjects were divided into two groups, one (cases 1 to 10) in which the figures
obtained in both tests fell outside this range and the other (cases 11 to 20) in which
one or both were within the normal range. It can be seen (Fig. 2) that changes
in plasma iron concentration in the first group were directly reflected in the
turnover/hour (p< 0-001) as there was little change in the fraction ofiron removed/hour
regardless of changes in plasma iron concentration. In the second group, however,
the plasma iron turnover/hour was not significantly altered (p>0-05) by changes
in plasma iron level as the changes were in part or completely corrected by
corresponding alterations in the fraction of iron removed/hour.

GROUP 1 GROUP 2
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ALL VALUES REPRESENT EVENING/ MORNING PERCENTAGE RATIOS

Fig. 2. The correlations between diurnal fluctuations in plasma iron level and changes in (a) fraction
of iron removed/hour and (b) plasma iron turnover/hour. GrouP I includes all cases in
which the fraction of iron removed/hour was greater than normal and Group Il those in
which it was within the normal range.

Discussion.

Plasma iron turnover studies repeated within a period of 12 to 14 hours in
20 subjects showed that diurnal variations in the level of iron in the plasma may
significantly alter such results. However, the pattern of response was not uniform.
In half the cases there was a tendency for the turnover through the plasma to be
maintained fairly constant, any change in plasma level being partly or completely
compensated by corresponding alterations in the rate at which iron was cleared
from the plasma. This homeostatic mechanism became less apparent in subjects
in whom the clearance of iron was a rapid one, e.g., anremias and infections.
Changes in plasma iron concentration in these cases were directly reflected in the
figures for plasma iron turnover.

The diurnal variation in plasma iron turnover which has been shown to occur
makes the assessment of the rate of blood formation from such data difficult. There
is no doubt that the technique yields useful information concerning the dynamics
of iron transport. However, it seems invalid to assume, as has been done in the
past, that figures obtained at any one time during the day reflect accurately the
pattern of iron turnover throughout a 24-hour period. It would seem difficult
to correct for the variations which have been found. The measurement of several
plasma iron levels in a 24-hour period might increase the accuracy of the technique
in cases where the rate of disappearance remains constant. It would, however,



only magnify the errors where fluctuations in plasma iron level are partly, or
completely, compensated for by changes in the clearance rate of iron from the
plasma.

Summary.

(1) The turnover of iron through the plasma was estimated in the morning
and evening in 20 subjects.

(2) The plasma iron turnover was significantly affected by changes in plasma
iron concentration. However, the variability of individual responses makes it
impossible, at the present time, to calculate accurately the daily turnover from
observations on the clearance of single tracer doses of radioiron from the plasma.
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The Study of Erythropoiesis Using Tracer Quantities of
Radioactive lIron

T. H. Bothwell,* Sheila Callender, Barbara M allett and L. J. W itts

Nuffield Department of Clinical Medicine, Radcliffe Infirmary, Oxford

Iron circulates in the plasma as a complex with @i globulin (Schade and Caroline, 1946).
Although the plasma iron forms only about o.1 per cent of the total body iron it is an ex-
tremely important fraction since it represents the sole means of transport of iron from one
part of the body to another. As only negligible quantities of iron are normally lost from the
body (McCancc and Widdowson, 193s; Hahn, Bale, Hettig, Kamen and Whipple, 1939) the
level of plasma iron must represent a dynamic equilibrium between the iron being supplied
from haemoglobin breakdown, body stores and gastro-intestinal absorption, and that being
removed by the bone marrow and tissues. In recent years the use of radioactive iron has
helped to define the relative importance of these various factors in iron metabolism. Norm-
ally, iron derived from red-cell breakdown is reutilized for haemoglobin formation and does
not appear to mix with the storage iron (Dubach, Moore and Minnich, 1946; West, Hahn,
Clark and Chappelle, 1952). Likewise, small quantities of labelled iron added to the circula-
tion, either by absorption from the gut (Dubach, Callender and Moore, 1948) or by intra-
venous injection (Greenberg and Wintrobe, 1946), are preferentially utilized for red-cell
formation. This implies that iron throughout the body’s stores is not uniformly mixed; that
which is most recently added appears to be more readily available for current metabolic
needs. Such findings have led to the concept ofa ‘labile iron pool’ (Greenberg and Wintrobe,
1946). .

In)earlier studies with radioactive iron the isotopes were of relatively low specific activity
and it was only possible to follow its fate in red cells and tissues. More recently, using radio-
iron with much higher specific activity, Huffand co-workers (195°) showed that the plasma
iron could be labelled with tracer doses of 69%e and its subsequent course followed. It
appeared that the loss of radioiron from the plasma was exponential, a finding which was
reasonably held to imply that no appreciable quantities of radioiron were returned from the
sites of removal, i.e., bone marrow and other stores, during the period of observation. The
rate of removal of iron was found from the slope of the disappearance line and with a know-
ledge of the concentration of iron in the plasma and the plasma volume it was possible to
calculate the quantity of iron passing through the plasma per unit time. Some of the radio-
iron reappeared subsequently as haemoglobin in the red cells and formulae were introduced
to work out the amount of iron going into the red cells per day and the fraction of red cells
renewed per day. This was thought to give a direct, though approximate, index of the rate
of blood formation.

This paper reports the use of the tracer technique in sixty-four subjects, most of whom
were suffering from various types of blood disorder. It has been found that the method is
useful in demonstrating certain abnormal patterns of erythropoiesis and it seems to have a
definite, though limited, value as a diagnostic aid. However, both the practical and theoreti-
cal problems which have been encountered serve to underline the difficulties in interpreting

* Nuffield Travelling Fellow.



results. Although it is possible to demonstrate qualitative alterations in red-cell formation
by the technique, it is doubtful at the present time whether the results give a reliable quantita-
tive measure of the rate of blood formation.

MATERIAL AND METHODS

Clinical Material
Most of the subjects were patients in hospital at the time of study. The diagnosis and
relevant hacmatological data can be seen in Table I.

Preparation of Radioiron

In initial experiments 59Fe was obtained from A.E.R.E., Harwell as a solution of ferric
chloride with a specific activity of i uc per io to 30 ug. Small aliquots of this solution were
incubated with samples of the patients’ plasma and injected intravenously. However, results
obtained with this method were not consistent. The dose of iron (50 to 300 ug.) was large
relative to the binding capacity of the volumes of plasma used and there was evidence in some
eases that a proportion of the iron remained in an ionic form and rapidly disappeared from the
plasma. The use of a $per cent solution of pure iron-binding protein* instead of plasma was
again not entirely satisfactory. In order to keep the amount of iron within the limits of a
tracer technique, the amount of radioactivity given had to be diminished and counts obtained
from blood sampling were sometimes too low to be reliable. Because of these difficulties
results by these two techniques have been discarded.

Finally, 59Fe of higher specific activity (1 to 2 uc/ug.) became available from an American
source through A.E.R.E., Harwell. The 59e was in the form of a sterile solution of ferric
chloride and 100 uc were contained in a volume of 2 ml. at a pH of approximately 1.5. A
guantity of 0.2 to 0.4 ml. of this iron solution was added to 10 to 20 ml. of the patient’s
plasma and 2 ml. of a 1 per cent solution of fh globulin. The plasma was used as a buffering
agent since iron becomes dissociated from the protein at a pH below 6.0. The pH of the final
mixture was checked in the earlier cases before injection. Other workers have used 3.8 per
cent sodium citrate as a buffer but in vitro experiments showed that the presence of citrate
interfered with the binding of iron to globulin, so that it was decided to rely on plasma for
buffering in the present study. After incubation for 30 minutes, 10 to 20 ml. of the final
mixture were injected intravenously, a small quantity being kept for the preparation of the
standard solutions. Several blood samples were taken in the hours following the injection.
The time intervals were varied depending on the type ot case being studied, c.g., more fre-
guent sampling was carried out in the first hour in subjects in whom a rapid clearance rate
was expected. Thereafter, blood samples were taken over the next 2 weeks in most cases.
In the majority these were withdrawn at daily intervals but in some sampling was less
frequent. The radioiron which reappeared in red cells normally reached a plateau between
the tenth and fourteenth days.

Radioactivity was measured using a scintillation counting technique as described by Badc-
noch and Callender (1954). Five ml. of plasma were counted from each sample taken 0Ll the
first day of the study and the results plotted on scmilogarithmic paper to give a straight line
for the exponential fall in activity. The total radioactivity given was obtained from standards
prepared in duplicate from aliquots of the injection mixture made up to volumes of 5 ml.

* Generously supplied by the Cutter Laboratories, U.S.A.



Whole-blood samples taken on subsequent days were measured for radioactivity and the
results compared with the standards counted on the same day. The plasma iron concentration
was estimated in duplicate on the first morning ol the study by either the method of Powell
(1944) or of Bothwcll and Mallett (1955a).

Calculation of Results
The line representing the exponential disappearance of radioiron from the plasma was
extrapolated back to zero time to give the level ot maximum plasma activity. With a know-
ledge of the dose administered it was then possible to estimate the plasma volume. The total
blood volume was obtained from the plasma volume and the packed cell volume corrected
for trapped plasma (Chaplin and Mollison, 1952) and the body,/venous hacmatocrit ratio
(Chaplin, Mollison and Vetter, 1953).
The following were calculated from the above data:—
(@ Plasma iron concentration per kilogram =
plasma iron (ng./ml.) X plasma volume (ml.)
weight (kg.)
Fraction of iron removed per hour =
natural logarithm of 2
time taken lor plasma radioiron to reach + concentration
W With aknowledge of {a) and (A it was possible to calculate the plasma iron turnover in
Ug. per kilo, per hour, i.e., plasma iron concentration per kilogram X fraction ofiron
removed per hour.
Percentage of red-cell utilization =
total blood volume (ml.) X 100

maximum circulating activity in blood per ml. X - . .
g y P total administered radioactivity

(e Mean marrow time =
time between the injection of the radioiron and the maximum daily rise of radioactivity
in the circulating red cells.

Other workers (Huff'd ah, 1950) have estimated both the red-cell iron turnover per day
(plasma iron turnover per day X maximum fraction of radioiron appearing in red cells) and
/red-cell turnover per day\

Q_total iron 11 red cells J°
This was not done in the present study for reasons which will be discussed later.

the fraction or iron renewed per day

RESULTS
Data OL1 all patients investigated arc shown in Table I.

Control Subjects

Ten hacmatologically normal subjects were investigated (Nos. 1 to 10). The plasma iron
concentration ranged from 25.5 to 68.4 ng./kg. (mean 40.4), the fraction ofiron removed per
hour from 0.33 to 0.69 (mean 0.48) and the plasma iron turnover from 14.6 to 24.6 ug./kg./
hour (mean 18.3). Il the seven cases in which it was estimated the percentage red-cell utiliza-

tion ranged between 75 and 89 (mean 82), while the mean marrow time varied between 3 and
4 days.
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HAEMATOLOGICAL AND RADIOIRON DATA ON ALL THE SUBIECTS INVESTIGATED

Diagnosis

Diabetes mcllitus
Normal
Epilepsy

Peptic ulcer
Peptic ulcer
Normal

Peptic ulcer
Normal

Normal

Normal

Iron-deficiency anaemia+ tuberculous
endometritis-tcarcinoma of stomach
Idiopathic hypochromic anaemia
Hypochromic anaemia+ menorrhagia
Idiopathic hypochromic anaemia
Gastro - jejuno - colic fistula with
bleeding

Hypochromic anaemia-)- menorrhagia
Thrombocytopenic purpura-)-menor-
rhagia

Nutritional iron deficiency

Hypoplastic anaemia
Hypoplastic anaemia
Hypoplastic anaemia
Hypoplastic anaemia
Hypoplastic anaemia
Hypoplastic anaemia
Hypoplastic anaemia

Hereditary spherocytosis

Atypical congenital haemolytic
anaemia

Reticulosis -)- secondary haemolytic
anaemia

Acquired haemolytic anaemia
Acquired haemolytic anaemia
Hereditary spherocytosis

Hereditary spherocytosis

Acquired haemolytic anaemia-)-iron
deficiency

Chronic myeloid leukaemia
Chronic lymphatic leukaemia
Chronic lymphatic leukaemia
Chronic myeloid leukaemia

55
58
26
45
73
43
30
33
18
63

Iron-deficiency anaemia

Table |

Haemoglobin
(g./ioo ml.)
>
o

Control subjects

M
M
E

M
M
M
F

M

M

17.0 6.2%
16.4  5.39
14.8  4.62
i$6 4.55
148  4.84
15-3 5.04
15.6  4.60
17.8  5.64
15.8  4.40
15-9  5-74

9-2 4.10
10.1 4.20
8.0 4.10
7-5 4.10
12.8 5.00
8.0 4.30
7-i 2.80
4.6 3.10

Hypoplastic anaemia

32
48
20
53
78
60
50

TTNMZLLLEL

8.3 2.80
7.8 2.38
7-7 2.40
9.2 2.64
85 2.26
8.4 2.82
8.6 2.84

Haemolytic anaemia

45

28

32
60
32

19
21

36

37
44

56
46

M

<

ZZTTmm

-n

14.2 4.21
13-3 3.20
10.6  3-71
10.4 2.80
7.5 2.23
11.1 3.20
154 4.62
12.5 4.50

Chronic leukaemia

M

M
E
M

10.4 3.45
15-4 3.90
90 315
13-9 4.50

¥

54

47
46

47
45
46

45
50
45

32
34
28

30

30

23
18

22
21
21

27
24

25

40

40

30
47

45

Reticulocytes (%)

1.2

1.2

0.4
3.6

1-4

3-0
1.6

Ok - b - O~

11.8
9-2

5-4

Total plasma
iron (ui;./%.)

25.5

37-4
441
42.4
42.2
30.0
68.4
33-2
50.7

14.8
22.2

6.6
18.0

10.6
H-5

20.8
14.9

€)6.6
6l.1
141-3
47-7
51.1
75-9
63.8

69
21
65
62.
57.

o 0N N

19.5
67.9
108.3
48.0

Fraction oj iron
removedper hour

0.69
0.60
0.47
0-33
0.48
0.44
0.52
0.36
0.57
0.33

1-73
1.54
2.19
2.08

-

.30

.15
.16
.14
41
.25
40
.54

O o0 ooooo

1.12
1-54
1.49

1.07
0.39
0.13
046

Plasma iron turnover

(Ki;.1kg./hour)

25.6
34-2
14-5
37-4

12.6
19.1

27.0
24.9

14-5

19.8
19.6
12.8
30.4
34-5

66.8

42.7

60.1
25.8
73-6
96.7
85.8

30.8

20.9
26.$
14.1
22.1

utilization (%)

Red-cell

84
89

87
75

78

87

100

98

89
100

15

49
49
19
39

90*

91

20f
68

59

73
85
15
78

w
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M y etc<fibrosis and other leucoeerythroblastic anaemias
3g Myelofibrosis 72 F 9-2 4.20 34 2.0 36-5 2.19 So.0 46.0 3
39 Myelofibrosis 50 M 4-7 1-45 14 3-8 108.1 0.99 107.0
40  Myelofibrosis 32 M 5.0 lol 16 1.0 26.3 1.89 49-7 st
41 Myelosclerosis 62 F 12.3 3.60 36 2.0 92.8 0.76 70.5 19§
42 Leuco-erythroblastic anaemia (? cause) 62 M 6.7 240 25 134 92.8 .45 41.8 54

43 Lymphosarcoma-)-leuco-erythroblastic
anaemia 26 M 10.4  3-40 32 6.2 385 1.89 72.8 4S

Polycythaemia vera

44 Polycythaemia vera 71 M 17.8 7.82 64 2.6 13.6 3.78 51-4 90 3
45 Polycythaemia vera 55 F 18.8 6.75 59 1.8 6.5 2.08 13-5 100 2
46  Polycythaemia vera 64 F 21.3 8.98 66 21.1 2.08 43-9 100 2
47 Polycythaemia vera 69 F 21.6 9-32 67 0.8 6.7 237 15-9
48 Polycythaemia vera s8 M 21.1  7.13 69 1.0 19.1 1.28 24.4
49 Polycythaemia vera 76 F 12.0 6.20 42 1.0 16.7 2.77 46.3 98 3
Relative polycythaemia

50 Coronary artery disease 52 M 19.0 6.30 55 0.8 31-2  0.38 11.9 91 4
31 Cerebral thrombosis (previous vene-

sections) 60 M ;7.9 6.36 52 9.0 072 6.5
52 Hiatus hernia-)-duodenal ulcer 63 F 17.2 5-71 51 12.9 0.85 1.0 87 4
s3 Duodenal ulcer-)-splenic enlargement 49 M 19.0 5-99 55 31-2 0.92 28.7 80 3
54 Coronary artery disease-)-gastric ulcer 37 M isy 583 57 1.4 31.8 0.80 25-4 80 4
55 Coronary artery disease 61 M 186 6.24 55 06 - 304 058 17.6 87 3

Infections

56 Sub-acute bacterial endocarditis 26 F 10.3  3.65 33 20.2  1.26 25-5 95 4
57 Lobar pneumonia 56 M 13-7  4-13 47 56.1 0.40 22.4 76 4
58 Lobar pneumonia 22 M 15.8 5.11 43 41.9 0.42 17.6 82 4
59 Sub-phrenic abscess 38 M 15.0 4.82 44 28.1 0.69 19.4 92 3
60 Acute thrombophlebitis 50 M 12.3 4-30 39 0.4 22.8 0.76 17-3

Miscellaneous disorders

61 Inoperable carcinoma oflung % M 14.2 446 43 0. 35.8 0-55 19.7 62 5
62 Widespread carcinomatosis 37 F 8.0 310 26 0. 21.5 1.98 42.6 80 3
63 Untreated pernicious anaemia 56 F 10.9 2.70 28 1.2 43-3 0.89 38.5 60 3
64 Acute porphyria 19 F 14.6 4i 47-3 0.23 10.9 85 5

* Post splenectomy.

1f Splenectomy + transfusions during the period of utilization.
+ Blood transfusion 4 days after plasma iron turnover.

§ Blood transfusion 8 days after plasma iron turnover.

Iron-Deficiency Anaemia

Eight cases (Nos. n to 18) were studied. The majority were secondary to blood loss and
none had received iron therapy. In two patients other factors were present; case No. n had
carcinoma of the stomach and tuberculous endometritis, while case No. 17 had menorrhagia
secondary to thrombocytopenic purpura. However, these two patients showed patterns
similar to the others and they have therefore been included in this group. The plasma iron
concentration was lowered in all cases (mean 14.9 ng./kg., range 6.60 to 22.2), while the



fraction of iron removed per hour was considerably greater than normal (mean 1.67, range
1.19 to 2.19). The resulting plasma iron turnover was found to be cither normal or greater
than normal (mean 24.4 ug./kg./hour, range 12.6 to 37.4), while the percentage red-cell
utilization in the four patients in whom it was measured (Nos. n, 14, 17 and 18) was com-
plete or almost complete.

Hypoplastic Anaemia

Seven patients (Nos. 19 to 25) were studied who were suffering from refractory anaemia.
In all except one (No. 25) there was, in addition to the anaemia, a depression of both the
white-cell and platelet counts and in six there was marrow hypoplasia. In one (No. 21),
however, the sternal marrow was hyperplastic; it was felt that this was an isolated and un-
representative fragment as it was impossible to obtain any marrow from other sites. The
plasma iron concentration was raised in three patients (Nos. 19, 21 and 24) but was normal
in the others, while the fraction removed per hour was low in tour (Nos. 19, 20, 21 and 23)
and normal in three. The plasma iron turnover was within or close to the normal range in all
subjects. The red-cell utilization was lowered in the six patients in whom it was measured
(mean 32 per cent, range 15 to 49).

Haemolytic Anaemia

Turnover studies were carried out on eight patients (Nos. 26 to 33). Analysis of the data
obtained from these subjects was difficult as the group was heterogeneous. In addition some
of the patients received therapy during the period of study which must have influenced the
utilization of radioiron for red-cell production. Three had hereditary spherocytosis, one an
atypical congenital haemolytic anaemia, three had idiopathic acquired haemolytic anaemia
and one haemolytic anaemia secondary to a reticulosis. In halfthe cases (Nos. 28, 30, 31 and
32) the plasma iron concentration was relatively high although it was still within the normal
range. In one patient (No. 33) it was low enough to suggest an associated iron deficiency, for
which no cause could be found. The fraction of iron removed per hour was large in all cases
(mean 1.48, range 0.87 to 1.89) with the result that the plasma iron turnover was likewise
increased (mean 60.3 ug./kg./hour, range 25.8 to 96.7). The percentage red-cell utilization
wBs followed in six patients. In three (Nos. 26, 28 and 33) the utilization was normal. In one
of these (No. 26) the test was made shortly after splenectomy for hereditary spherocytosis
and the results probably reflected active regeneration following the cessation of the hae-
molytic process. The second (No. 28) showed evidence of only a mild degree of haemolysis
secondary to a reticulosis, while the third (No. 33) had been so well controlled on cortisone
that it had been possible to stop therapy a month before the radioiron study. This patient
had a low plasma iron concentration and the radioiron findings were, in fact, more suggestive
of iron deficiency than of an active haemolytic process. In two oi the subjects (Nos. 31 and
32) the red-cell utilization was adequate, although lower than normal. Such a finding is
compatible with excess red-cell destruction leading to a continual loss of radioiron from the
circulation, the major portion being then reutilized by the bone marrow. The last patient
(No. 30) showed avery low red-cell utilization. However, the result is of doubtful signific-
ance as she was given blood transfusions and a splenectomy was performed during the period
when the radioactive iron might have been expected to be incorporated in the red cells. The
mean marrow time was normal in the five cases in which it was estimated.

Chronic Leukaemia
Two cases (Nos. 34 and 371 of chronic myeloid leukaemia and two (Nos. 35 and 36) of



chronic lymphatic leukaemia were investigated. In one of the myeloid and one of the
lymphatic leukaemias (Nos. 35 and 37) results were within the normal limits. In the other
myeloid leukaemia (No. 34) the plasma iron concentration was lowered (19.5 ug./kg.) and
there was a corresponding increase in the fraction ofiron removed per hour (1.07) so that the
plasma iron turnover was normal (20.9 ug./kg./hour). Red-cell utilization was also normal
(73 per cent). The second patient with lymphatic leukaemia (No. 36) is of interest as she had
been given several courses of deep X-ray therapy in the past and had developed an anaemia
requiring frequent blood transfusions. The patient had gross splenomegaly and the question
was whether the anaemia was due to a generalized hypoplasia of the erythroid elements or to
hypersplenism. The findings were those of hypoplastic anaemia with a high plasma iron
concentration (108.3 P~g./kg.), a low fraction of iron removed per hour (0.13), a relatively
low plasma iron turnover (14.1 ug./kg./hour) and a very poor red-cell utilization (15 per
cent). Marrow puncture revealed a hypocellular marrow which was in keeping with the
turnover result.

Myelofibrosis and other Leuco-erythroblastic Anaemias

The plasma iron concentration was raised in two patients (Nos. 39 and 41) with myelo-
fibrosis and was normal in another two (Nos. 38 and 40). Il all four the fraction removed
per hour was greater than normal (mean 1.46, range 0.76 to 2.19) as was the plasma iron
turnover (mean 76.8 ug./kg./hour, range 49.7 to 107). A reduced red-cell utilization was
found in the three (Nos. 38, 40 and 41) in whom it was measured. Two ofthese (Nos. 40 and
41) were given blood transfusions during the period when the radioactive iron might have
been expected to be incorporated in the red cells, but in No. 41 this was at a time when it
should not have made any great difference to the result. The high plasma iron turnover
suggested that there was active extramedullary erythropoiesis in these cases while the low
red-cell utilization was compatible with increased haemolysis.

Two patients (Nos. 42 and 43) with leuco-erythroblastic anaemia not due to myelofibrosis
were also studied. In one (No. 43) the condition was secondary to lymphosarcoma and in
the other the cause was not found. Both had an increased plasma iron turnover (41.8 and
72.8 ug./kg./hour respectively) while the percentage red-cell utilization was lower than
normal (54 per cent and 48 per cent respectively). Such findings were thought to be com-
patible with increased haemolysis in these cases.

Polycythaeniia Vera

Six cases (Nos. 44 to 49) all showed lowered plasma iron levels (mean 14.0 ug./kg. with a
range from 6.3 to 21.1). This iron deficiency could be explained in part at least by previous
venesections. The fractions of iron removed per hour were large (mean 2.39, range 1.28 to
3.78), with the result that the plasma iron turnover was either normal or greater than normal
(mean 32.6 ug./kg./hour, range 13.$ to 51.4). The injected radioiron was either completely
or almost completely utilized tor red-cell production in the four subjects (Nos. 44, 45, 46 and
49) in which it was measured while the mean marrow time was reduced in two of these
cases (Nos. 45 and 46).

Relative Polycythaeniia

In addition, six patients (Nos. 50 to $5) were investigated in whom a tentative diagnosis of
polycythaeniia vera had been made because ot the peripheral blood findings. None, how-
ever, showed the increase in red-cell mass characteristic of the disease, the mean red-cell



volume being 27.5 ml./kg. (range 25.5 to 30.3), as compared with 68.8 (range 41.0 to 81.4)
in the six cases with polycythacmia vera, and the apparent polycythaemia was due to a reduc-
tion in the plasma volume. Similar cases have been described by Lawrence and Berlin (1952).

The results in this group were difficult to interpret. In two (Nos. 30 and 53) the radioiron
studies were close to normal. In another two (Nos. 51 and 52) there was evidence ofa com-
plicating iron deficiency in that in both the plasma iron concentration was low. Although
the fraction of iron removed per hour was greater than normal, the plasma iron turnover
was still below the normal range. As one patient had been venesected previously and the
other had a hiatus hernia, it is possible that the iron deficiency was secondary to blood loss.
However, in the last two cases (N<3s. 53 and 54) the fraction of iron removed per hour was
greater than normal in spite of the fact that the plasma iron concentration was normal. No
explanation for this finding was apparent.

Infections

Five subjects (Nos. 56 to 60) with various types ofinfection were studied. All were receiv-
ing therapy at the time of observation and only one (No. 56) was still pyrexial. In this case
the plasma iron concentration was lowered (20.2 ug./kg.), the fraction removed per hour was
large (1.26), the plasma iron turnover was normal (23.5 ug./kg./hour) and red-cell utilization
was almost complete. In the others the results were within, or close to, the normal range. The
only conclusion that may be drawn from these findings is that any possible disturbance in iron
metabolism associated with acute infection is rapidly corrected when the infection is con-
trolled.

Miscellaneous Disorders

Two patients (Nos. 61 and 62) suffering from carcinomatosis were studied. In one (No.
61) the findings were normal except for a lowered red-cell utilization (62 per cent), while in
the other the plasma iron concentration was reduced (21.5 ug./kg.), the fraction of iron
removed per hour was greater than normal (1.98), the plasma iron turnover was increased
(42.6 pg./kg./hour) and the red-cell utilization was normal (80 per cent).

In one patient (No. 63) with untreated pernicious anaemia the plasma iron turnover was
increased (38.5 lag./kg./hour) and the red-cell utilization was lower than normal (60 per
cent).

The last patient (No. 64) was of special interest as she was studied during an attack o facute
porphyria. The plasma iron concentration was normal (47.3 ug./kg.) but the fraction ofiron
removed per hour was very low (0.23), with the result that the plasma iron turnover was less
than normal (10.9 ug./kg./hour). This pattern was similar to that found in hypoplastic
anaemia and suggested that there was a detect in the incorporation of iron into haemoglobin.
The red-cell utilization was normal (85 per cent) but the red-cell maturation time was pro-
longed (5 days). These findings arc not incompatible with the plasma figures as the attack
subsided soon after the start of the study and presumably the block to haemoglobin synthesis
was corrected.

DISCUSSION

The final validation of a diagnostic technique of this kind, as of most other metabolic
determinations, is a matter of extreme difficulty. It depends on the agreement of the results



with other methods o festimation, and on their parallelism with the fluctuations that might be
expected from the disturbance of blood formation by experiment or disease. On the whole,
the results of the present investigation agreed well with other diagnostic criteria and in some
cases it was possible to obtain a clearer insight into pathological variations in blood formation
than by other methods. Huft and his colleagues (1951) now combine such studies with in
Vivo counting over various organs. This was not done in the present investigation but it
seems that it may show more accurately the patterns oi erythropoicsis in health and disease,
e.g., in vivo counting has been found particularly useful in differentiating splenomegaly with
extramedullary erythropoicsis from that due to other causes and especially from splenomegaly
with active destruction of red cells or removal of imperfect cells (Elmlinger et al., 1953).

Discussion of Method

Although turnover studies have been shown to be of definite value in studying the mechan-
isms of blood formation there is some doubt as to whether the method is accurate enough for
results to be expressed in quantitative terms. There are several practical and theoretical
reasons why this is so.

In the first place it is assumed that the injected tracer behaves identically with the iron
circulating in the plasma. In earlier studies the radioiron was incubated with the patient’s
plasma to allow combination with p, globulin before being injected intravenously. In
subsequent investigations purified @, globulin has been used and the general pattern of results
has been similar. However, it is possible that there may be variations in the rate at which
such p, globulin releases the iron, especially in view of the fact that different batches arc not
all treated in the same way to free them from the virus of hepatitis. Such variations may be
unimportant but there is as yet no published experimental proof that this is so. Another
important practical point is the manner in which the iron is buffered prior to injection. In
some studies sodium citrate has been used, but in the present investigation it was shown by in
vitro experiments that citrate interferes with the binding ofiron to globulin. This is probably
due to the formation of a chelate between iron and citrate. If the iron citrate forms a firmer
chelate than the iron globulin the rate of disappearance of the iron from the plasma may be
altered significantly.

In calculating results Huff and co-workers (1950) introduced several formulae. From such
formulae they calculated the plasma iron turnover per day, the red-cell iron turnover per day
and the fraction of red cells renewed per day. They found that data obtained in this way
agreed moderately well with the results obtained by other methods and the calculations have
been used with certain modifications in later studies. The chief modification has been in the
computation of the red-cell iron turnover. Initially it was calculated from the amount of
radioactivity in the circulating red-cell mass when equilibrium of the radioiron in the red cell
had been reached. This normally occurred 7 to 14 days after the injection of the radioiron.
In subsequent studies, however, it has been calculated from the amount of radioiron in red
cells at the time when in vivo counting shows that the fall in activity over the marrow has
changed to a more gradual slope (normally about 5 days). This appears to be a valid modi-
fication as the rapid fall in marrow activity indicates that the incorporation into red cells of
iron initially taken up by the marrow is almost complete at this stage. Any further increase
in red-cell activity must be secondary to the incorporation in the marrow of radioiron which
was initially directed to other sites.



In all such calculations the final result is obtained by relating the figures for utilization of
radioiron in the formation of red cells to those obtained from the plasma iron turnover per
dav. There is some doubt, however, as to whether this is completely valid. There arc con-
siderable diurnal variations in the level of plasma iron (Paterson, Marrack and Wiggins,
1952). Bothwell and Mallett (1955b) have shown that in hacmatologically normal subjects
the diurnal variations in plasma iron level do not significantly affect the rate of turnover
through the plasma. There appears to be a regulatory mechanism which tends to keep the
absolute turnover rate constant. However, in conditions where there is a rapid clearance of
iron from the plasma, e.g., iron deficiency and haemolytic anaemias, there is a strong positive
correlation between the plasma iron level and the rate of turnover through the plasma. This
suggests that the normal regulatory mechanism is not apparent in conditions where there is
an increased demand for iron and the absolute rate of turnover of iron through the plasma in
such states may partly be determined by the availability of iron. The data on diurnal varia-
tions in plasma iron turnover were obtained during waking hours and it is possible that
further significant changes may occur during sleep. It therefore seems unjustified to assume
that the mean turnover rate will necessarily he the same as that obtained at any one time dur-
ing the day. Because of this, plasma iron turnovers in the present study were expressed in
terms of hourly rather than 24-hour periods.

Huffand co-workers (1950) thought that the exponential clearance of radioiron from the
plasma implied that there was no significant feedback of radioiron from other sources during
the observational period. From such data their values for plasma iron turnover in patients
with polycythacmia vera were extremely high and on this and other evidence they postulated
the existence in polycythacmia vera of two populations of cells, one being very short lived.
However, Sharncy and his colleagues (1954) have shown, by improved counting techniques,
that the loss of radioiron from the circulation cannot be expressed by a single exponential
function and that this is especially true in polycythacmia vera. Although the initial loss can be
represented by a straight line on a semilogarithmic plot, deviation from the straight line is
eventually apparent and the rate of loss becomes appreciably slower. In general such curves
can be adequately represented by the sum of two exponential functions. It is not yet known
in how many conditions the smaller rate constant is of sufficient magnitude to influence the
results significantly. Certainly in normals it has little effect. In polycythacmia vera, however,
figures for plasma iron turnover are considerably reduced and are compatible with a normal
red-cell life span in the disease (Sharney et al., 1954).

The biological significance of the observations of Sharney and co-workers (1954) is
difficult to interpret. They considered that their findings were compatible with a system of
two or more intercommunicating pools with significant interchange between them. It was
felt that both pools might be contained within the plasma but differ in the chemical state or
reactivity of the iron. However, they thought it more likely that the plasma iron constituted
the first pool and that the other was located elsewhere. Although such a concept seems
mathematically valid no attempt has yet been made to relate it to what is already known about
iron transport in the body. It has been shown that the body iron stores arc not uniformly
mixed and that the most recently deposited iron is more readily available for current meta-
bolic needs (Dubach, Moore and Minnich, 1946). Ifa proportion ofthe radioiron is removed
initially from the plasma into such stores, feedback should be most noticeable in conditions
such as polycythacmia vera where there is an increased demand by the marrow for iron.
The amount of radioiron being fed back to the plasma at any one time might depend on the
size of the easily nrobilizable stores. An explanation of this type would fit in well with the



:oncept of a ‘labile iron pool’ (Greenberg and Wintrobe, 1946). However, there is as yet no
impelling reason to suppose that there is any sharp natural distinction between ‘labile’ and
fixed’ iron in stores.

DISCUSSION OF RESULTS

In spite of the qualifications of the previous section there is no doubt that turnover studies
nave already yielded useful information about mechanisms of crythropoiesis. The data from
the present investigation are inadequate for the more complicated analysis suggested by
Sharney and co-workers (1954) but this docs not influence the general conclusions. It is
apparent from our own findings and those of others (Huff et ah, 1950; Wasscrman et al.,
1952; Elmlingcr et ah, 1953) that certain types of characteristic pattern arc often recognizable
in different blood disorders. Before discussing these in any detail it seems worthwhile to
describe briefly these various patterns. It should, however, be emphasized that such a
description must involve oversimplifications.

Fig. 1. The usual patterns ofradioiron clearance from the plasmain norma Isubjects
and in patients with various blood disorders.

A rapid clearance of radioiron from the plasma is seen in iron-deficiency anaemias, hae-
molytic anaemias and polycythaemia vera, while the converse is true in hypoplastic marrow
states (Fig. 1). The utilization of injected radioiron for red-cell production is complete or
almost complete in iron-deficiency anaemias, and in polycythaemia vera. In haemolytic
anaemias it usually appears reduced as haemolysis leads to a concurrent loss of radioiron
from labelled red cells, the major portion of which is reutilized by the bone marrow. In
addition, the rapidity with which radioiron initially appears in red cells varies in different
types of haemolytic anaemia. In ‘compensated’ cases it appears at a normal rate while in
‘uncompensated’ cases, where there is an accelerated maturation time, it appears more



rapidly (Finch and Coleman, 1953). Finally, in hypoplastic anaemias red-cell utilization is
characteristically much decreased. These various patterns of red-cell utilization are shown
in Fig. 2.

There are no published findings on iron turnover in iron-deficiency anaemia. In the patients
included in the present study the plasma iron concentration was low, the fraction of iron
removed per hour was large and red-cell utilization was complete or almost complete. A

Fig. 2. The usual patterns of red-cell utilization in normal subjects and in patients
with various blood disorders.

surprising finding was a normal or increased plasma iron turnover, suggesting a normal or
increascd amount of iron available to the bone marrow for erythropoiesis. Taken at their
face value, these figures would be incompatible with a state of iron deficiency. It seems likely
that the loss of radioiron from the plasma must be similar to that found in polycythacmia vera
by Sharney and co-workers (1954). Unfortunately, sampling was not carried out for long
enough to verify whether deviation from the initial straight line disappearance was eventually
apparent.

It has been found previously (Huff'etah, 1950) that in patients with a hypoplastic bone marrow
the plasma iron concentration is high and the fraction ofiron removed per hour is very small,
with the result that the plasma iron turnover is usually close to normal. In addition red-cell
utilization is grossly inadequate. Since the absolute rate of turnover through the plasma may
be normal it cannot reflect the rate of blood formation but rather the shift of iron derived
from transfused cells to stores and the redistribution ofiron from one store to another. There
are, however, factors which might modify the pattern in hypoplastic anaemia, namely, the
degree of depression of erythropoiesis and the increase in iron stores resulting from repeated
transfusion. In some ofour patients both the plasma iron concentration and traction removed
per hour were normal. These subjects may have had less severe degrees of hypoplasia, since
rcd-ccll utilization tended to be higher in them than in the others, but on the whole they were
also those who were seen early in the disease process and hence had not received many
transfusions.



Transfusion raises both the plasma iron concentration and the level of iron stores. From
repeated studies in normal subjects it has been shown that the fraction of iron removed per
hour tends to be less when the iron concentration is higher (Bothwell and Mallett, 1955b).
The finding of a small fraction removed per hour is therefore not in itselfnecessarily an index
ol depressed erythropoiesis. The amount ofiron in stores may also influence the utilization of
radioiron for red-cell production (Finch et ai, 1949). Even when red-cell production is
adequate but iron stores arc increased, the mixture of injected radioiron with these stores
causes less of the labelled iron to appear subsequently in red cells. It is true that these earlier
studies were done with doses of iron larger than the tracer quantities currently used. It is,
however, still possible that the percentage red-cell utilization of a tracer dose of radioiron
may be depressed in subjects in whom the available iron pool is increased.

In haemolytic anaemias there is an increased breakdown of red cells and an increased
demand for iron and these are reflected in the amount ofiron passing through the plasma.
The concentration ofiron in the plasma is raised or normal and the fraction removed per hour
isuniformly large. Interpretation ofthe patterns of red-cell utilization in haemolytic anaem-
ias is, however, difficult in view of the random destruction of newly formed red cells and
because-of the possible effects of increased body stores on the utilization of radioiron (Finch
et al, 1949).

In contrast to our own cases of haemolytic anaemia, where the utilization was relatively
good, rare cases have been described (Huffet al., 1951) in which little radioiron appears in
the peripheral blood although in vivo counting has shown a normal initial uptake in the bone
marrow with a subsequent accumulation in the spleen. These findings have been interpreted
as being due to an abnormality or failure in the formation of haemoglobin followed by rapid
destruction of abnormal cells. It is obvious that the percentage of radioiron appearing in the
red cells of these patients can give no reflection of the rate of blood formation. Finch and
Coleman (1953) have suggested that the mean marrow time(i.e., the time elapsing between the
injection of radioiron and the appearance of the maximum daily increment of radioactivity
in circulating red cells) might be a good index ofhaemoglobin synthesis and red-cell delivery.
In cases of compensated haemolytic anaemia the marrow mass is increased in size but the
mean marrow time is normal (3 to 4 days), while in uncompensated cases there is both an
increased marrow mass and a shortened mean marrow time.

Huff and co-workers (1950) have shown an increased iron turnover in chronic leukaemia,
the findings being more marked in the myeloid form of the disease. The results were thought
to be due to a combination of increased red-cell production and excessive haemolysis.
Furthermore, from in vivo counting EImlingcr and colleagues (1953) found evidence of mye-
loid metaplasia in all their cases of chronic myeloid leukaemia. In contrast, both the patients
in our scries showed a plasma iron turnover and red-cell utilization within the normal range,
as did one patient with chronic lymphatic leukaemia. The other patient with chronic
lymphatic leukaemia required frequent transfusions and the study revealed a pattern indicative
of erythroid hypoplasia. There are few data on acute leukaemia but what have been pub-
lished (Elmlingcr et al, 1953) suggest that there is a decreased turnover of iron through the
plasma and inadequate red-cell utilization, while in vivo counting has shown a relative increase
in the transfer of iron from plasma to liver.

In myelofibrosis it is theoretically possible to get different patterns depending on the degree
to which extramedullary haematopoietic foci compensate for the loss of marrow function.
Where such compensation is inadequate the patterns of aplastic anaemia might be anticipated,
while in cases in which an equilibrium is maintained figures within the normal range should
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occur. In most cases, however, the enlarged spleen is both forming red cells and destroying
them at an excessive rate. The patients investigated in this scries showed an increased plasma
iron turnover and a reduction in red-cell utilization, findings which suggest that excessive
haemolysis was occurring. Such studies, especially if they were combined with in vivo
counting, should help in selecting the occasional case which might be benefited by splenic
irradiation or splenectomy.

Two patients with leuco-erythroblastic anaemia not due to myelofibrosis were also investi-
gated. They showed an increased plasma iron turnover with depressed red-cell utilization
and had other evidence compatible with increased haemolysis, namely, splenomegaly, reti-
culocytosis and a raised serum bilirubin.

In polycythaemia vera the concentration of iron in the plasma may be normal or reduced
while the fraction of iron removed per hour is always large. Consequently the plasma
iron turnover is usually considerably increased and the major portion of this iron is utilized
for red-cell production. All the present group of cases were complicated by some degree ot
iron deficiency. However, it is unlikely that the large fractions of iron removed per hour
were due only to this as similar findings have been reported in patients who were not iron
deficient (Huffet ai, 1950). The results of the present study have confirmed that the method
is of use in differentiating polycythaemia vera from cases in which the haemoglobin, red-cell
count and hacmatocrit arc raised but in which there is no increase in the red-cell mass. Such
cases of relative polycythaemia have been recognized by Lawrence and Berlin (1952) and the
possible significance of the condition has been discussed by Damcshek (1953). Peptic ulcer,
hypertension and coronary artery disease arc often present and it is noteworthy that three ot
the patients in the present series had peptic ulcers, five showed hypertension and three had
evidence of arterial disease. It has been postulated that long continued stress may be an
important actiological factor.

Interpretation of the results obtained in the five cases with infection is difficult as all were on
therapy at the time of study. A profound lowering in the red-cell utilization of injected
radioiron has been shown previously by Wintrobe and his co-workers (1947) and by Finch
and colleagues (1949). However, such results were obtained with larger doses of iron than
those used in recent tracer studies and it is probable that the bulk of the injected radioiron was
not initially bound to the @, globulin ofthe plasma and was taken up by the reticulo-cndothe-
lial system. Using the tracer technique Bush and Cartwright (1954) have recently demon-
strated that the plasma iron turnover was high and the red-cell utilization normal in five cases
of chronic infection. They felt that these data suggested that the red-cell survival time was
probably somewhat shorter than normal in chronic infections and that red-cell production,
although slightly increased, was not increased sufficiently to prevent the development of a
mild degree of anaemia.

The findings in the neoplastic disorders depend on whether the anaemia is a result of bone-
marrow depression, blood loss, replacement of marrow by tumour cells or increased hae-
molysis. In the present study one patient with an inoperable carcinoma of the lung showed a
slight depression of red-cell utilization but the test was otherwise normal, while the results in
another with widespread carcinomatosis suggested that iron deficiency was at least partially
responsible for the anaemia.

The findings in one case of untreated pernicious anaemia were similar to those reported by
Huffand co-workers (1950). The condition is characterized by an increased plasma iron turn-
over and diminished red-cell utilization and it has been suggested that these findings are com-
patible with the rapid destruction of abnormal red cells.



Erythropoiesis Studied by Radioactive Iron
SUMMARY

Tracer studies with radioactive iron have been carried out in sixty-four subjects. The
majority were patients suffering from various types of anaemia.

The quantity of iron passing through the plasma per hour has been calculated in each sub-
ject and the percentage red-cell utilization has been estimated in most oi them. Difficulties
in the technique and in the interpretation of results arc discussed in the light of the present
work and that of others.

The turnover of iron through the plasma is more complex than was initially thought;
diurnal variations in the rate of turnover of plasma iron have been shown to occur, and the
disappearance of radioiron from the plasma cannot always be approximated by a single ex-
ponential function. These two phenomena make it difficult to estimate quantitatively the
effective daily turnover of plasma iron.

The daily red-cell iron turnover is derived from the plasma iron turnover. Its computation
is further complicated by the difficulty in determining the point at which the incorporation
into red cells of radioiron initially taken up by the marrow is complete.

Although the radioiron tracer technique does not yet give a reliable quantitative measure
of red-cell production it has considerable qualitative value and certain definite alterations in
the pattern of erythropoiesis can be recognized. The method has been found especially
valuable in differentiating blood diseases associated with erythroid hyperplasia from those in
which there is erythroid hypoplasia. In addition it has proved useful in separating polycy-
thacmia vera from ‘relative’ polycythacmia.
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Erythrokinetics. IV. The Plasma Iron Turnover as a
Measure of Erythropoiesis

By Thomas Il. Bothwell, Arnold V. Hurtado, Dennis M. Donohue and
Clement A. Finch

RON EXCHANGE between body tissues is accomplished by a transport
mechanism in which iron is attached to a plasma protein.l Iron entering the

plasma is derived from the breakdown of heme pigments, from body stores and
from gastrointestinal absorption. The major portion leaving the plasma is nor-
mally directed towards the bone marrow where it is used for hemoglobin synthe-
sis. With the tracer technics introduced by Huff and co-workers2 it has been
possible to obtain more quantitative data on the amount of iron passing through
the plasma. In such a study, the plasma iron binding protein is tagged with a
tracer amount of radioiron and the rate of disappearance of radioactivity is then
followed for several hours. With a knowledge of the rate of clearance and of the
level of plasma iron, it is possible to obtain a quantitative measure of the amount
of iron being turned over through the plasma.2

Data relating to this technic have been reported by a number ot investi-
gators.213 While it has generally been assumed that changes in plasma iron
turnover reflect changes in erythropoiesis, the possible effects of red cell de-
struction and altered body iron stores have not been defined. The present study
was therefore undertaken in order to elucidate the role of these three factors in
regulating plasma iron turnover. Experiments were done in animals and man
and the findings were applied to the interpretation of plasma iron turnover data
obtained in patients with a variety of blood disorders. The results of these various
studies form the substance of this paper.

M aterial and M ethods

The plasma iron turnover was determined in 14 normal male subjects, in 12 nonanemic
patients ot both sexes and in 59 patients with various hematologic disorders. Studies were
also carried out in both animals and human subjects in whom the rate of red cell destruction
or production had been experimentally altered. Increased red cell destruction was produced
by injecting intravenously red cells which had been rendered nonviable by storage at 4 C.
;n 4 per cent citrate for 21 days. Decreased red cell production was produced by whole body
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irradiation in a group of rabbits, by red cell transfusion in 1 dog and by nitrogen mustard
therapy in 3 patients with lymphomas. Increased red cell production was induced by
phlebotomy.

The dose of Fe® given to each subject varied between 1and 15pc (specific activity 1-2
pc/l pg.). It is assumed that the small quantity of elemental radioiron added to the plasma
behaves as a true tracer in that it does not significantly affect the amount or concentration
of iron already present in a steady state. Larger doses of iron have given results in the normal
subject comparable to those found in the present study.2’3

The radioiron as ferric chloride was incubated with fresh plasma prior to administration
in most instances and was injected as ferrous citrate in the remainder. In eight additional
subjects, it was given bound to Cohn’s fraction IV7.

Plasma iron turnovers were carried out in the following manner. Samples of plasma were
taken before and at 10, 30, 60, 120, 180, and 300 minutes after the injection of the radioiron.
Shorter sampling periods were employed in animals and in patients where the clearance rate
was expected to be rapid. Radioactivity was determined in 2-4 ml. samples of plasma which
were counted in a well-type scintillation counter. In studies in which both Fe®and Fe%
were used, samples were wet-ashed with sulphuric and perchloric acid. They were then
precipitated with addition of carrier iron to a total of 10 mg. and electroplated by the
method of Peacock et al.¥4 Counting was done as previously described.’5 The 10 minute
sample was drawn with iron-free equipment and was analyzed for plasma iron by the
method of Kitzes et al.16or Bothwell and M allett.7Comparable results have been obtained
in this laboratory with these two methods. Iron binding capacities were done according to
the method of Rath and Finch.18

It has been customary to express plasma iron turnover in terms of total mg./day. This
does not permit comparison between individuals, since it does not allow' for variation in size
of individuals and therefore in their erythropoietic iron requirements. It further requires an
estimate of plasma volume. If the expression employed is related to body weight, data be-
tween individuals can be compared. However, blood volume must still be estimated and an
additional error is introduced since red cell mass and therefore iron requirements for
erythropoiesis do not correlate perfectly with body weight.9A simplerstandard of reference,
permitting comparison between individuals, relates plasma iron turnover to 100 ml. whole
blood. It might be expected that a constant amount of iron would normally be required to
provide the iron for the red cells in 100 ml. blood. Furthermore, whole blood volume does not
change significantly in anemia, i.e., a decrease of perhaps 10-15 per cent if acute hemor-
rhage, burns, salt depletion are excluded. 2D Thus, plasma iron turnover may be calculated
from the modified formula of Huff and associates2as follows:

Plasma iron turnover* Plasma Iron (/jg./IOO ml.) (100 —hematocrit)
(mg./day/IOO ml. whole blood) “ T y2 mjnutes X 100

*The simplified formula for plasma iron turnover was derived as follows:

Plasma Iron Turnover Plasma Iron (mg./IOO ml.) X 061)3 X 1440
(mg./day/IOOmI. plasma) ~ T  (minutes)

where 0.693 = natural logarithm of 2, 1440 = minutes/day and T 1£ = time for clearance
of 50 per cent of radioactivity from plasma. Since 0.693 X 1440 = approximately 1000,
the expression may be further simplified to read:

Plasma Iron Turnover Plasma Iron (/jg./100 ml.)
(mg./day/IOO ml. plasma) “ T % (minutes)

To convert this expression to turnover per 100 ml. whole blood, the following formula
was used:

Plasma Iron Turnover Plasma Iron (jug./200 ml.) 100 — hematocrit
(mg./day/IOO ml. whole blood) T )2 (minutes) X



Table 3.—Hematologic and Radioiron Data in Normal Subjects and in Patients with .1 nemia
NORMAL SUBJECTS

Absolut PI Pl'arf’n‘?a Pmldntli?xion
ar o asma T 12  Turn-
oo NN g SHR M A
. . whole Iron Retic-
blood ulocytes
i Normal 47 0.7 36,000 95 84 0.60 98 60
2 Normal 44 1.0 50,000 119 98 0.68 111 83
3  Normal 41 1.1 52,000 85 65 0.77 126 86
4 Normal 40 — — 99 74 0.72 118 —
5 Normal 42 1.6 76,000 118 156 0.44 72 126
6 Normal 44 1.2 61,000 115 120 0.53 86 101
7 Normal 47 1.2 65,000 100 72 0.74 121 108
s Normal 47 1.3 68,000 66 92 0.38 62 113
9 Normal 51 1.3 73,600 114 93 0.60 98 122
10  Normal 48.5 14 75,000 162 118 0.71 116 125
11 Normal 43 1.7 82,000 37 45 0.47 7 136
12 Normal 44 0.1 4,600 56 42 0.75 122 7
13  Normal 455 1.9 96,000 114 134 0.46 75 160
14 Normal 4 0.8 38,000 115 105 0.65 106 63
Mean 45 1.2 59,800 996 93 0.61 100 100
NON HEMATOLOGIC DISEASES
15 Chronic alcoholism 50 2.5 139,000 28 35 0.40 65 231
16  Arteriosclerotic heart 40 0.6 37,000 28 45 0.37 60 61
disease
17 Hypertensive heart 42 0.5 23,000 45 58 045 73 38
disease
18 Arteriosclerotic heart  48.5 1.7 92,000 8 68 0.61 100 153
disease
19 Arteriosclerotic heart 44 1.0 49,000 55 85 0.35 57 81
disease
20 Cerebral vascular ac- 50 1.0 50,000 63 50 0.63 103 83
cident
21 Rheumatic heart 40 15 67,000 43 46 0.56 91 111
disease
22 Rheumatic heart 46 0.4 20,000 # 36 0.51 83 33
disease
23 1Mabetes 46 0.8 41,000 66 7 0.46 7 68
24  Convalescent osteo- a1 11 49,500 24 30 0.47 77 82
myelitis
25 Convalescent frac- 41 2.4 109,000 26 22 0.70 115 181
ture
26  Pulmonary emphy- 485 0.7 38,000 92 91 052 85 63
sema
M ean 44.8 1.2 59,500 49 54 0.50 82 99
M.1RROW HYPERFUNCTION
27 Hereditary Sphero- 38 9.7 409,000 183 29 391 640 682
cytosis
28 Hereditary Sphero- 36 152 608,000 163 26 401 657 1,013

cytosis



29
30
31
32
33
34
35
36
37
38

39

Mean

40
41

555 RED

49
50
51
52
53

Mean

55
56
57

59
60

Mean

Table 3.— Continued

MARROW HYPERFUNCTION—Continued

Diagnosis

Hereditary Sphero-
cytosis

Congenital nonsphero-

cytic anemia

Congenital nonsphero-

cytic anemia

Congenital nonsphero-

cytic anemia

Congenital nonsphero-

cytic anemia
Sickle Cell Anemia
Sickle Cell Anemia
Sickle Cell Anemia
Acquired Hemolytic
Anemia
Acquired Hemolytic
Anemia
Acquired Hemolytic
Anemia

Cooley’s Anemia

Cooley’s Anemia

Pernicious Anemia
Pernicious Anemia
Pernicious Anemia
Pernicious Anemia
Pernicious Anemia
Pernicious Anemia
Pernicious Anemia
Pernicious Anemia
Pernicious Anemia
Pernicious Anemia
Pernicious Anemia
Pernicious Anemia

Aplastic Anemia
Aplastic Anemia
Aplastic Anemia
Refractory Anemia
Refractory Anemia
Aplastic Anemia
Aplastic Anemia

Hema-
tocrit

%

ulocytes

356 115
40 8.4
41 24.9
38 15.0
35 15.0
23 10.0
276 9.7
30 7.0
32 25.8
30 15.0
25 —
332 139
MARROW
18 2.4
20 3.6
16 0.4
10 0.3
14 0.4
20 2.0
14 11
18 0.8
20 2.3
30 0.8
24 1.0
18 0.1
22 2.0
19 2.5
188 14

Absolute

Reticulo-

cytes/cu.
mm.

430,000
373,000
1,120,500
450,000
570,000
223,000
262,000
296,000
915,000

330,000

499,000

Plasma

Iro
(My/io
ml.)

82
108
46
92
108
151
61
162
76
76
212

117

DYSPOIESIS

48,000
80,000
5,320
2,670
4,400
32,000
12,000
20,000
37,000
100,000
25,000
13,800
42,400
42,750
33,300

167
183
130
169
190
234
176
169
130

67
192
197

63
202
162

MARROW HYPOFUNOTION

27
28
20
17
17
27
32
24

0.1
0.8
0.1
1.7
0.0
0.4
13
0.6

30,000
24,000
2,000
36,000
0
14,000
46,000
21,700

115
140

56
280
182
216

49
148

Tl2

(min-

utes)

17

33

14

30

42

35
25
52
28

17

70

32

30
29
58
68

53
89
621
82
35
70
79
66
41
98

202
209
209
285
671
388

59
289

Plasma
Iron
Turn-
over/
100 ml.
whole
blood

3.10

1.96

1.94

1.90

1.67

3.32
1.76
2.18
1.85

3.13

2.27

2.54

4.60
5.00
1.89
2.23
3.04
3.54
1.70
0.22
1.27
1.32
2.08
2.03
0.74
4.00
2.40

0.42
0.49
0.21
0.81
0.22
0.41
0.56
0.45

Production
Index

Iron

508

321

318

360

273

544
288
357
305

511

370

419

754
819
309
365
498
580
278

208
216

332
121
655
394

68

34
132
36
67
93
73

Retic-
ulocytes

720
621
1,567
750
950
373
438
493
1,526

550

832

c8wu88

23

36



61
62
63

M ean

65

66

67

68

69

70

Mean

72
73
74
75
76
77
78
79
80

81

82

85

T abi.e 3.—Concluded
INCREASED BODY STORES

Absolute Plasma

> T 1/2
Diagnosis Moot u'l:zoecl)j?e-s ?ye}:%,%:;cls (M:g.l)/goo S’g's”)
Hemochromatosis 40 2.2 92,000 275 144
Hemochromatosis 41 1.2 53,000 224 149
Hemochromatosis 50 1.6 88,000 240 137
Hemochromatosis 46 1.4 62,000 266 123
44 1.6 73,750 251 138
DECREASED BODY STORES
Iron Deficiency 26 1.7 87,000 13 1
Anemia
Iron Deficiency 18 3.5 94,000 26 20
Anemia
Iron Deficiency 26 3.6 144,000 28 22
Anemia
Iron Deficiency 29 3.7 163,000 10 25
Anemia
Iron Deficiency 19 2.3 73,000 33 20
Anemia
Iron Deficiency 10 2.0 34,000 33 38
Anemia
Iron Deficiency 39 2.2 95,000 22 22
Anemia
23.9 2.7 98,570 22 22.5
MISCELLANEOUS ANEMIAS
Juvenile Cirrhosis 30 4.2 - 78 43

Chronic Alcoholism 28 4.0 112,000 44 37

Chronic Alcoholism 27 6.8 180,000 55 22

Alcoholic Cirrhosis 31 1.7 - 29 57

Myeloid Metaplasia 29 5.8 187,000 46 42

Myeloid Metaplasia 28 3.6 113,000 146 124

Myeloid Metaplasia 33 4.2 154,000 51 33

Myeloid Metaplasia 31 0.4 14,000 36 18

Subacute Myelogenous 33 0 0 259 238
Leukemia

Subacute Myelogenous 20.5 0.8 27,000 216 700
Leukemia

Chronic Myelogenous 26 5.1 147,000 118 110
Leukemia

Chronic Myelogenous 27 4.2 120,000 51 36
Leukemia

Chronic Lymphatic 20.5 1.9 43,000 32 24
Leukemia

Chronic Lymphatic 27.0 1.7 51,000 56 260
Leukemia

Plasma
Iron
Turn-
over/
100 ml.
whole
blood

1.15
0.89
0.88

1.17
1.02

0.87

1.10

0.92

0.28

1.34

0.78

0.33

0.80

1.29
0.86
1.82

.34
0.77
0.85
1.04
1.39
0.73

0.25

0.79

1.03

1.06

0.15

Production

Iron

188
145
144
191
167

142

180

150

45

219

127

131

211
140
298

55
126
139
170
227
119

129

168

173

26

Index

Retic-
ulocytes

153
89
146

103
123

145
156
240

271

56
158

164

186
301

311
188

256
23

245
200
71

85



index of 100 per cent and all other values were related to this figure. The reticulo-
cyte count per eu. mm., similarly expressed, was used as another standard of
red cell production. Results obtained with these two erythropoietic indices are
shown in figure 5.

A normar subjeces. Figures for plasma iron turnover were remarkably con-
sistent in the 14 normal subjects studied, the majority falling within 25 per cent
of the mean value for this group. Reticulocyte counts showed a wider scatter.

R. nonnematotogic aiseases. IN @ group of 12 patients who were suffering
from a variety of diseases but were considered hematologically normal, the mean
value for plasma iron turnover and reticulocyte counts were close to normal
(82 per cent and 91) per cent respectively). When the normals and this second
group were analysed together, it was apparent that there was an interrelationship
between the level of plasma iron and the rate of clearance of radioiron from the
plasma. It can be seen in figure (i that the lower the plasma iron level was, the
faster was the clearance rate. The plasma iron turnovers in the whole series were
therefore maintained within a moderately narrow range in spite of wide fluctua-
tions in the level of plasma iron.

C. marrow nyperruncrion. The 15 patients in this group were all suffering
from congenital or acquired hemolytic anemia of varying duration and severity.
Red cell production, as judged by plasma iron turnover, ranged between 5 and (i
times normal. The reticulocyte index gave results which were usually dispro-
portionately high, with values ranging from 4 to 18 times normal.

D.marrow ayspoiesis. This group included two patients with severe Cooley’s
anemia and 12 with pernicious anemia in relapse. In all except 2, the plasma iron
turnover was considerably increased, with values ranging between 2 and 8 times
normal. There was, however, no comparable increase in the reticulocyte count
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Fig.5.—Figures for plasma iron turnover and reticulocyte counts in normal individuals
and in patients with various diseases.
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Fig.6.—The inter-relationship between the plasma iron level and Ihe rale of clearance of
radioiron from the plasma in normal subjects and in patients with noil-hematologic diseases.

which was actually less than normal in most cases. In one subject with pernicious
anemia (patient 52) both indices were within normal limits while in the last one
(patient 47) both were considerably reduced.

K. marrow hypofunction. All 7 cast's in this group were patients suffering
from anemia refractory to hematinics and were being maintained on repeated
blood transfusions. All except two (patients 57 and 58) had hypocellular marrows.
The plasma iron turnover and reticulocyte count were normal or reduced in
all cases.

F. decreasca and increaseda iron stores. SEVEN cases with iron deficiency
were studied. The majority of these were secondary to blood loss. Although the
plasma iron concentration was reduced in all cases, the plasma iron turnover
was only decreased in two (patients <Band 71) and was actually greater than
normal in another 4. Likewise, there was a scatter in reticulocyte indices, with
values ranging from 515 to 271 per cent.

As described in an earlier section, there was a moderate increase in plasma iron
turnover (approximately 1.5 times normal) in 4 cases of untreated hemo-
chromatosis who were studied. Reticulocyte counts were within the normal range.

(i. miscettancous anemias. The results in 14 patients with a variety of
anemias have also been included. As might be expected, there was a wide scatter
in both the plasma iron turnover and reticulocyte count- data depending on the
nature of the anemia. In only d patients was there evidence of decreased marrow
function as judged by plasma iron turnover. One (patient 75) was a patient with
alcoholic cirrhosis, another (patient 81) had subacute myelogenous leukemia and
the last one (patient 85) was suffering from chronic lymphatic leukemia. The
remainder showed plasma iron turnover and reticulocyte results which were
normal or moderately increased.



Discussion

In previous kinetic studies employing radioiron, attempts have been made to
calculate the rate of red cell formation. To do this, it would seem necessary to
know the plasma iron turnover and the percentage of radioiron reappearing in
red cells.2 There are, however, two major difficulties in applying such calcula-
tions. First, it is impossible to know accurately what point on the red cell utiliza-
tion curve represents that portion of radioiron which proceeds directly to the
marrow as compared to the iron originally taken up by other tissues but later
recircuited to the marrow. Second, in hemolytic anemias the random destruction
of newly formed erythrocytes further complicates the interpretation of such red
cell uptake curves. The present study was therefore undertaken to find out
whether the plasma iron turnover itself might not be used as a simple index of
marrow activity.

For plasma iron turnover measurements to have quantitative meaning, it was
first necessary to ascertain the validity of the technics which were used. These
included measurements of the plasma iron level and of the rate of clearance of
radioiron from the plasma. Reproducible and comparable plasma iron values have
been obtained by the method of Kitzes ¢, al.,i6 Barkan and Walkerz and Bothwell
and Malletti7 and it has previously been shown that these methods do quanti-
tatively measure the transport iron of the plasma. The present data indicate
that physiologic binding is achieved either by incubating radioiron with fresh
plasma prior to administration or simply by injecting iron citrate. While variable
immediate losses of radioiron from plasma may occur in those patients with
near saturated iron binding protein, this does not appear to affect the measure-
ment of the clearance rate. In several studies Cohn’s fraction 17 has been used
for binding radioiron. The present results demonstrated that the two batches of
this material tested gave significantly altered turnover rates. Since there is no
in vitro test by which the suitability of a particular batch can be determined, it
would seem advisable not to use fraction 1V7for quantitative measurements of
plasma iron turnover.

Another problem involves the type of data collected and its analysis. Whereas
in the present study the clearance rate was determined over a few hours and
expressed as a single exponential, it is known that if prolonged sampling is carried
on the clearance rate becomes progressively slower and no longer can be expressed
by a single component.z Such findings imply a biologic system in which the
plasma iron is in equilibrium with one or more other pools with which there is
significant interchange. The location and nature of these' other pools is not
known. The exchange rate between intravascular and extravaseular iron binding
protein may be of importance in interpretation of turnover data. The likelihood
that normal marrow releases back into the plasma as much as 15 per cent of the'
iron initially taken up by developing red €'ells, and that this fraction may become
much greater in certain blood dyscrasias, must also be considered.26- 2 Whatever
the biologic significance of such findings, it is clear that results calculated from
the initial slope of disappearance will tend to overestimate the amount of iron
being turned over through the plasma. The magnitude of error introduced will
depend on the size of these late components. If within the period of study DD
per cent of the activity is cleared from the plasma without significant deviation



from the initial slope then results obtained should give a good approximation
of turnover. If less than 50 per cent has cleared, serious error may be introduced
by subsequent alterations in slope. Since there is no assurance that any particular
pool model design will apply to different disease states, it was not considered
desirable to introduce corrections for these later components in the present study.

In the past, the measurement of radioiron plasma clearance rate alone without
regard to serum iron level has been employed to characterize erythropoiesis.z
While it is true that the clearance rate is usually lengthened in aplastic anemia,
and accelerated with increased erythropoiesis, it is so dependent on the level of
plasma iron that any measurement of either iron level or clearance rate alone has
little meaning. This is well illustrated in figure b where the interrelationship of
these two in hematologically normal subjects is shown. These findings are further
supported by the previous observations' that the diurnal variation in plasma iron
level is not associated with any significant change of turnover in normal subjects.

Before assessing the value of the plasma iron turnover as an index of erythro-
poiesis, it was necessary to define the extent to which other measurable factors
might influence it. Potentially the two largest factors are changes in body iron
stores and increased red cell breakdown. A study of patients with hemochromato-
sis indicates that a gross increase in iron stores may affect the plasma iron turn-
over but only to a moderate degree since the results were less than twice the
average normal value. It was also found that the plasma iron turnover did not
drop to less than }4 normal with arrest of erythropoiesis. These findings suggest
that the turnover of iron in other than blood-forming tissues may amount to as
much as 50 per cent of normal turnover and may double with iron surplus. Blood
destruction had even less effect, on plasma iron turnover. While excessive red cell
breakdown increased the plasma iron concentration (fig. 1), the turnover was
not significantly altered. This emphasized the limited ability of body tissues to
act as receptors where there is iron loading of the plasma. On the other hand,
changes in marrow activity were rapidly reflected by alterations in plasma iron
turnover. On the day following marrow stimulation (fig. 4) or marrow damage
(fig. 3), significant changes were observed. These were generally comparable to
observations reported by Huff et al.s in time and per cent response although
absolute values differ. There then seemed to be adequate evidence to support the
contention of others2. that crythroid marrow activity is the dominant factor in
determining plasma iron turnover.

A series of studies were carried out in normal subjects and in patients with
various anemias. It would be desirable in such studies to correct for that con-
tribution of iron not related to erythropoiesis. This would require an analysis of
the multiple components of the iron clearance curve. However, it was not con-
sidered possible to accomplish these objectives with our present limitations in
knowledge. Therefore, a simplified empiric approach has been used in which
patient values are compared to the normal. In assessing results for plasma iron
turnover, it seemed necessary to have some other measure of erythropoiesis with
which results could be compared. For this purpose, the reticulocyte count per
cu. mm. of blood was used as it represented an index of the amount of blood
being formed at any one time. It was realized that such an index was itself not
always a reliable measure of erythropoietic activity.2e' @



The plasma iron turnover gave moderately consistent results (£25%) in both
normal subjects and in patients with diseases unrelated to the hemopoietic sys-
tem. In the group of patients with congenital or acquired hemolytic anemia, the
plasma iron turnover was considerably raised, being between 3 and 6 times
normal. Such figures agree well with previous findings in which it has been shown
that the marrow functional capacity is capable of increasing to approximately
this degree.2* The reticulocyte count seemed a less reliable index of increased
erythropoietic activity in this group. The disproportionately high figures were
presumably related to the early release of young reticulocytes from the marrow
which required a longer time for maturation in the peripheral blood.

In the two patients with severe Cooley’s anemia and in those with pernicious
anemia there was a considerable increase in the plasma iron turnover. There
was not, however, an associated increase in the reticulocyte count. As described
elsewhere, 2« '30-3 the increased plasma iron turnover was associated in such
cases with erythroid hyperplasia and an elevated urobilinogen excretion of
similar degree. These findings were interpreted as evidence of an increase in
total heme turnover. The magnitude of this increase was found to be out of
proportion to the rate of blood formation as judged by the reticulocyte count
and red cell utilization of radioiron and to the rate of red cell destruction as
measured by cell survival studies. Such findings indicated that the hyperactivity
of the marrow was largely ineffective insofar as the delivery of viable erythrocytes
to the circulation was concerned. The plasma iron turnover is therefore a reflection
of total erythroid marrow activity as it includes both effective and ineffective erythro-
poiesis, while the reticulocyte count reflects only effective erythropoietic activity.
Findings similar to those in severe Cooley’ anemia and pernicious anemia have
been observed in a case where effective erythropoiesis was completely blocked
by the action of an iso-antibody.2 In such conditions of marrow dyspoiesis it is
possible to visualize all grades of severity, progressing to cell damage severe
enough to give rise to the picture of an aregenerative anemia.

In patients with severe marrow hypofunction, all of whom were being main-
tained on repeated blood transfusion, the plasma iron turnover was normal or
reduced. It is probable that the major part of the plasma iron turnover repre-
sented the redistribution of iron released from hemoglobin breakdown between
different body stores, although some degree of ineffective erythropoiesis may also
have contributed. While it is obvious that little quantitative accuracy may be
placed on the degree of reduction of plasma iron turnover, these studies demon-
strate that a plasma iron turnover within normal limits in any anemia other than
iron deficiency can almost certainly be regarded as indicating marrow hypo-
function.

The significance of the findings in cases with decreased body stores is not
clear. All were patients suffering from severe iron deficiency anemia and were not
on therapy at the time of study. In spite of this, only two had a reduced plasma
iron turnover and in some it was increased. It is of interest that reticulocytes
were at comparable levels. These results would appear inconsistent with the
impaired hematopoiesis assumed to occur in iron deficiency anemia and indicate
the need for more careful measurements of production and destruction in such



cases. A reasonable explanation of the results for plasma iron turnover in iron
deficiency anemia would be an abnormal clearance pattern with uptake and
subsequent release of iron from other tissues.5Present data, however, are inade-
guate to provide a firm explanation for these turnover values.

Finally, a group of subjects with a variety of anemias were studied in most
of whom the plasma iron turnover was normal or slightly increased as was the
reticulocyte count. They included patients with liver dysfunction, myeloid
metaplasia and leukemias of different types. All were moderately or severely
anemic. When marrow activity in these patients is compared with the maximal
response as illustrated by the hereditary hemolytic anemias, it is evident that
response is suboptimal. Thus, despite the fact that most of these cases had a
normal or somewhat increased rate of iron turnover, they represent examples of
relative marrow hypofunction.

The results of the study support the idea that the plasma iron turnover pro-
vides a simple and useful measure of erythroid marrow activity. Ily correlating
it with the reticulocyte count it is possible to indicate whether such activity is
effective or ineffective in terms of the delivery of red cells to the circulation.
While not solely a measurement of erythropoiesis, it is predominantly so and has
a high degree of reproducibility. Relative to othei measurements of erythro-
kinetics it has the advantage of being rapidly responsive to changes in erythroid
marrow activity. The major difficulty in assessing the validity of the plasma iron
turnover as a rough measure of total erythropoietic activity lies in the fact that
there is no reliable standard for comparison. It is possible that a correlation
of such data with the rate of red cell destruction, as estimated with Crd labelled
cells, may be helpful in obtaining a more complete picture of the balance between
red cell production and destruction at any one time.13

Summary and Conclusions

Experimental and clinical studies have been performed to define more clearly
the significance of the plasma iron turnover.

It has been shown that the plasma iron turnover is not affected by the rate of
red cell destruction and to only a limited extent by increased body stores. It
does, however, reflect the degree of erythroid marrow activity and is a sensitive
indicator for measuring changes in such activity.

A series of 85 studies in normal subjects and in patients with various hemato-
logic disorders were carried out to define the range of response with anemia and
to assess the clinical value of the plasma iron turnover as an index of erythro-
poiesis. In states of marrow hyperfunction it is increased from 8 to (i times normal
and may be depressed to approximately half normal with marrow hypofunction.
The plasma iron turnover is increased with marrow dyspoiesis. This increase is a
measure of total erythropoiesis and does not indicate the production of viable
red cells.

Summario in Interlingua

Ha essite executate studios experimental e clinic con le objectivo de definir
plus clarmente le signification del transito de ferro in le plasma.



Esseva monstrate que Ic transito de ferro in plasma non es afficite per le in-
tensitatc del destruction de erythroeytos e solmente a grados rcstringite per
augmentate reservas in le corpore. Sed iste transito reflecte le grado del activitate
erythropoietic del medulla e representa mi sensibile indice de alterationes in ille
activitate.

Esseva executate un serie de 86 studios in subjectos normal e in patientes coa
varie disordines hematologic pro definir le spect.ro del responsas in le presentin
de anemia e pro establir le valor clinic de observationes del transito de ferro in
plasma como indice del activitate erythropoietic. In statos de hyperfunction
medullari, le valores del transito de ferro es augmentate per 2 a 5 vices le valores
normal; illo poto csser deprimite a circa un medietate del nivello normal quando
il sc tracta de statos de hypofunction medullari. Dyspoiese medullari es accom-
paniate de augmentos del transito de ferro in plasma. Iste augmcnto es un mesura
del erythropoiese total e non indica le production de erythroeytos viabile.
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ABSTRACT

Bothwell, Thomas H., Walthf.r F. Pribilla, Winston M ebcst and
Clement A. Finch. Iron metabolism in the pregnant rabbit. Iron transport
across the placenta. Am. J. 193(3): 615-622. 1958.— Studies on

iron metabolism were made in pregnant rabbits. The amount of iron trans-

Physiol.

ported from the maternal plasma to fetus increased progressively with age

and weight of the fetus. By the end of the pregnancy 90% of the plasma

iron turnover was directed to the fetus. The majority of fetal iron is

deposited as nonhemoglobin iron. Placental iron transport occurs against

a concentration gradient. The uptake of iron by the placenta is an active

process independent of the fetus, and retrograde transfer of iron from

the fetus to mother does not occur. Studies of altered maternal metabo-

lism indicate that placental transport reflects both fetal demands and state

of iron metabolism in the mother.

Thasbeen shown that the amount of iron
passing through the plasma is dependent
upon the needs of various acceptor tissues,

MATERIALS AND METHODS

All studies were performed on New Zealand
white rabbits weighing between 4-5 kg in

the most important of which is the erythroidvhich the exact date of impregnation was

marrow (1). In pregnancy, a unique situation
exists whereby two acceptor systems, namely
maternal marrow and fetal tissues, compete for
the available iron in the plasma. This is espe-
cially true in the rabbit, an animal in which
fetal growth is rapid and whose iron content is
very high at birth (2). The present paper re-
cords the ferrokinetics of the pregnant rabbit
with particular attention directed toward iron
transport across the placenta.
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known. Unless otherwise stated, the pregnant
animals employed were in good health without
complicating factors. In certain animals, how-
ever, an attempt was made to alter iron metab-
olism. Infection was simulated in two by the
injection of 2ml U.S.P. turpentine intramuscu-
larly on the day before the study was per-
formed. In two rabbits an attempt was made
to deplete the iron reserves and stimulate
maternal erythropoiesis by performing three
phlebotomies of 30-40 ml each between the
21st and 27th days of pregnancy. Available
iron was increased in three other animals. In
two of these, the iron was supplied in the form
of intramuscular iron dextran (Imferon4 in a
dosage of 30 mg on the 20th, 21st and 22nd
days of pregnancy. In the third animal, 15 ml
of rabbit red cells, rendered nonviable by stor-
age at 4°C in citrate for 24 days, were injected
2 hours before the radioiron study. Investiga-
tions performed on these animals included

4 Kindly supplied by Benger Laboratories.



Tabi.e i. Ferrokinktic studies in pregnant rabbit

AT VARYING STAGES OF PREGNANCY
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16 3p 98 35 52 180 1.8 96 g.4

16 35 109 3b 58 1.97 0.8 46 17.6
19 3b 193 69 53 180 4.9 259 40
20 36 152 52 4 9 1.85 9.6 470114
24 35 72 22 5 3 2.10 45 2400 368
24 36 43 16 5 4 j.73 60 2700 258
27 35 61 14 71 2.82 70 5000624
29 3° 46 10 10 0 3-12 g5 8500 744
29 32 52 15 70 2.38 80 5boo 724
30 39 40 12 6 5 2.10 90 5850838

* Calculated from (plasma iron turnover X per-
centage going to fetus).

determination of maternal plasma iron turn-
over and, in some instances, manipulative
procedures on fetuses in situ. When anesthesia
was required, ether was employed. Animals
were killed by the intravenous injection of air.
Specific procedures employed are described in
detail in the relevant sections.

The turnover of iron within the plasma was
determined by injecting 3 4ic of Fe&l chloride
(specific activity 2-3 pc/pg) which had been
previously incubated for one-half hour with
plasma from a normal donor animal. Aliquots
of this were also kept for the preparation of
standards. Four to six blood samples were
taken from the pregnant animals at intervals

Fig. i. Average rabbit fetus.
Analyses performed on rabbit
fetuses throughout pregnancy are
graphed above. Standard devia-
tion for individual fetuses is shown
by brackets in the growth curve.
Fetuses were pooled for other
analyses during the early phase of
pregnancy and individual carcass
analyses of animals in later preg-
nancy are recorded.

up to 90 minutes following the injection of
radioiron. The plasma separated from these
samples was counted for radioactivity in a
well-type scintillation counter. The rate of
disappearance of radioiron from plasma plotted
on semilogarithmic paper approximated a
straight line in most instances. Blood was
removed for a plasma iron determination when
the final sample was drawn. The amount ol
iron passing through the maternal plasma was
calculated by using a modification of the
formula of Huff el al. (3). The results were
expressed: a) per 100 ml of whole blood (1).
and b) per total blood volume, using an as-
sumed blood volume of 60 ml/kg in the follow-
ing formulae:

Plasma iron turnover in mg/day/ioo ml of whole blooci

plasma iron in mg/ioo ml

time taken for radioiron to A
reach }/i concentration (days)

ioo-hematocrit

Total plasma iron turnover in ml/day
= plasma iron turnover/ioo ml whole blood

total blood volume in ml
100

The daily fetal iron uptake was determined
from the maternal plasma iron turnover data
and the percentage of injected radioiron local-
ized in the fetus. The animal was killed at
6 hours since almost all the radioactivity was
found to have been cleared from the maternal



circulation at this time. The fetal uptake was
estimated by counting each weighed fetus and
placenta separately for radioactivity. The fol-
lowing formula was employed:

Iron uptake in fetuses (mg/day)

= total plasma iron turnover (mg/day)

X percentage of injected iron in fetuses

All small radioactive samples of less than
4 ml in volume were counted in a well-type
scintillation counter. Because of their larger
volumes, placentae and fetuses were counted
in a Texas well counter. Appropriate standards
were included in all such determinations. The
plasma iron determination was made by the
method of Bothwell and Mallett (4). Total
iron content in fetuses and placentae was esti-
mated by using a modification of the sulphosal-
icylic method described by Lorber (5). Hemo-
chromogen determinations were done by a
modification of the techniques of Schwartz,
Zieve and Watson (6). The hemochromogen
value obtained was shown to be unaffected by
ferritin iron present in these tissues (Bothwell
and Loden, personal observations). Reticulo-
cytes were stained with cresyl blue and the
number in 1000 red cells counted. Quantitative
determinations of the nucleated red cell count
were performed on femoral marrow, using a
slight modification of the uniform cell suspen-
sion technique described by Thomas (7).

In electrophoretic studies of maternal and
fetal plasma, a paper strip technique was used
with a veronal buffer (ionic strength 0.05).
The strips were run at 240 volts for 6 hours.
Autoradiographs were prepared by exposing
the strips to an x-ray film for 1-4 days. Radio-
autographic studies on histologic sections were
done by fixing the tissues in Orth’s fluid (2.5 gm
of KXrd , 1 gm NaS0 4and 100 ml of distilled
water to which 10 ml of 37-40% formalin, sat-
urated with CaCl3was added just prior to use).
Sections 10 micra thick were cut from these
tissues and stained with hematoxylin and
eosin. They were then coated with nitrocellu-
lose, and a photographic emulsion (NTBS
Eastman Kodak) was painted over the surface.

RESULTS
Changes in Fetal Iron Content as Related
to the Duration of Pregnancy. In figure 1 the
increases in weight and body iron content of

the fetus during pregnancy are illustrated. It
can be seen that the increase in iron roughly
parallels the increase in weight, and by the
29th day of pregnancy a mean figure of 9.4 mg
iron/100 gm of fetus is attained. Hemochromo-
gen contents of fetuses increases in a fashion
similar to that of the total iron. By the 29th
day of pregnancy there is 1.1 gm of hemoglobin
per 100 gm of fetus. Assuming a fetal hemo-
globin iron concentration of 0.34%, this would
indicate that only 3.7 mg of the 9.4 mg of iron
at term is in the form of hemochromogen; i.e.
about 40%.

Changes in Maternal and Fetal Iron Metab-
olism During Pregnancy. Iron going either to
maternal tissues or the fetuses travels through
the plasma iron compartment. Thus, deter-
mination of plasma iron turnover and its rela-
tive distribution between fetal and maternal
tissues would be expected to provide informa-
tion concerning the respective iron needs of
mother and fetuses through pregnancy. Plasma
iron turnovers performed on the 10th, 161h,
19th, 20th, 24th, 27th and 30th days of preg-
nancy are shown in table 1. It can be seen
that total plasma iron turnover was somewhat
increased in the last few days of pregnancy.
During this phase, however, the percentage of
iron reaching maternal tissues became pro-

DAYS OF PREGNANCY DAY OF PREGNANCY

Fig. 2. Plasma iron turnover in pregnant rabbit.
The amount of iron assimilated by maternal and by
fetal tissues determined at intervals through preg-
nancy in the rabbit is plotted.

Fig. 3. Transplacental iron transport. Comparison
of carcass analysis with plasma iron turnover. Solid
line represents iron uptake of the fetus derived from
carcass iron analysis data as shown in table 1. Circled
points indicate daily fetal iron uptake derived from
maternal plasma iron turnover and percentage of fetal

iron uptake.



Table 2. Effect of altered maternal iron metabolism on placental iron transport

Time Tak-

Plasma Iron Percen- Amount Amount to

Diagnosis Time, Hema- IrF:)Ir?sr/TJal R::C;OH P_Il_ausrrnivler?ln Turnover/ioo tage to Fet- Average

days tocrit 100"mlg Concentra- mag/da ml/whole  Going to uses/day, Fetus, Mg/
' fion. min g/day blood/day Fetuses My day
Turpentine abscess 29 30 22 1 4.2 1 40 70.5 2960 403
Turpentlng abscess 29 32 17 8 3.9 I 45 65-5 2550 284
Post bleeding 29 28 n io-S 14.0 4 56 66.4 9300 1457

Post bleedin 29 . 68.7 8058

23 93 IS n -73 4 77 1415
Nonviable cells 29 40 215 38 8.16 3 40 33-0% 2690 1017
Intramuscular iron 29 35 83 10 i6.Q 5 53 85 14360 1208
Intramuscular iron 29 38 73 10 12.8 4 53 82 10496 1273
Normal pregnancy 29 32 5° 12 8-5 28 82 6970 697

*Only 2 fetuses.

gressively less, while that going to. the fetuses
rose steeply. This is illustrated in figure 2
From a graphic plot of the amount of iron
going to the average fetus at measured time
intervals in pregnancy, it was possible to tally
the cumulative amount of iron taken up by the
average fetus throughout pregnancy. This
result was compared with that obtained by
chemical estimations of average fetal iron
content at the 29th day. It was found that a
figure of 4.1 mg was obtained from the plasma
turnover data as against 3.9 mg by chemical
estimation of fetal composition (fig. 3). The
agreement of these two figures not only em-
phasizes the accuracy of the plasma iron turn-
over method, but also indicates that iron pro-
ceeding to the fetus remains there without
returning to the maternal circulation.

The marked decrease in the uptake of iron
by maternal tissues in the latter days of preg-
nancy was of considerable interest. The as-
sumption that this reflected a curtailment of
erythropoiesis was born out by the comparison
of reticulocyte values on the 29th day of preg-
nancy with the normal value. In four pregnant
animals, figures of 0.8, 1.6, 0.3 and 0.4 were
obtained as compared to a normal of 4.3 (range
3.5-5.2). Studies of the total nucleated cell
count of the femoral marrow also showed
reduction of as much as 50% in the nucleated
red cells present.

It was felt that more could be learned in
terms of the distribution of iron between
mother and fetus if alterations were made in
maternal iron metabolism (table 2). Simulated
infection, produced by turpentine abscesses,
lowered both the total turnover of plasma iron
and the percentage of iron going to the fetuses.

When maternal demands were increased by
previous bleeding, the total plasma iron turn-
over was considerably increased. This was
largely due to a rise in the level of iron in the
plasma, which presumably represented an
increased mobilization from stores and gut.
Under these circumstances the amounts of
iron retained by maternal tissues rose to levels
similar to those found in the nonpregnant
animal. However, most of the plasma iron
turnover was still directed to the fetuses. This
also occurred when available iron was in-
creased by supplements given in two different
forms. In both instances the fetuses assimilated
the major portion of the extra iron.

Nature of Placental Transfer of Iron. Obser-
vations were made on the relative plasma iron
concentrations in mother and fetus. One-
hundred microcuries of Fe® bound to 20 m
of plasma were injected and maternal and fetal
plasma samples were obtained at 25 minutes.
The maternal plasma iron level was 61 ng/
100 ml while the fetal was 218 ng/100 ml.
Paper electrophoresis was performed on sam-
ples of fetal and maternal plasma, and auto-
radiographs were prepared. It was found that
the radioiron migrated with the Bi globulin
in all instances. Additional iron (Fe®) added
to the fetal plasma prior to electrophoresis
according to the method of Feinstein el al.
(8) did not migrate with the 01 globulin, which
indicated saturation of the fetal transferrin.

If the amount of iron transferred across the
placenta is known, some idea of the pool size
within the placenta may be obtained from the
rate of transfer from maternal to fetal plasma.
Thus, if the pool were small, turnover would
be rapid, while with a large pool there would



Fig. 4.
amount of radioiron in placenta and fetus expressed

Transit time through placenta. Relative

as a ratio of placental/fetal activity over 100 min.

after maternal radioiron injection as indicated by

solid line. Fetal activity expressed as percentage of the
maximal amount is illustrated by the dashed line.

be an appreciable delay in transit. Experi-
ments were accordingly carried out to char-
acterize the turnover rate across the placenta.

In the first experiment an animal 29 days
pregnant was anesthetized with ether and its
abdomen was opened. A known amount of
plasma labeled with 3 ;. Fe® was injected
intravenously. Thereafter, segments of uterus
were opened at fixed time intervals and a pla-
centa with its related fetus was removed. In
all, nine fetuses were removed between 2 and
23 minutes after the injection of radioiron.
In the second experiment the same procedure
was followed except that removals were started
at 18 minutes and continued beyond 100 min-
utes after injection. In each case the percentage
of injected radioiron in placenta and fetus was
measured, and the ratio of placental activity
to fetal activity was calculated. The results
are shown in figure 4, which also demonstrates
the build-up of activity in the fetus.

In can be seen from the data from these two
experiments that there was no real evidence of
any significant holdup of radioiron in the
placenta. Transfer of iron from maternal
plasma to placenta had a TJ” of 15 minutes,
and uptake of iron by fetus a Tj/jj of 25 min-

utes, and the ratio of placental to fetal activity
dropped rapidly over 30 minutes from 12 to
less than 0.1, at which level it tended to
stabilize. It should be remembered that even
the low activity found in the placenta at the
later intervals is probably an overestimation
of any metabolically active pool at this site,
since some of the activity was almost cer-
tainly due to the blood in the placenta. (In 2
experiments with chromated red cells it was
found that 9% and 16%, respectively, of the
total fetal blood volume was present in the
placenta.) From these studies it was con-
cluded that there was no evidence to suggest
that iron passing through the placenta became
mixed with a pool of any measurable size at
that site.

The plasma iron turnover studies already
mentioned had suggested that transport from
mother to fetus was in one direction, since the
progressive accumulation of iron, as calcu-
lated from turnover data, agreed well with the
figures obtained by chemical estimations of
fetal iron content. A further study was done in
which this was more directly tested. One rab-
bit on the 28th day of pregnancy was bled of
5 ml. Four microcuries of Fe® (specific activity
2 Ait'/\Vg) "'as added to 1 cc of plasma separated
from this blood. The rabbit was then anesthe-
tized and the abdomen was opened. An incision
was made in the uterus over one fetus and the
umbilical vessels were gently exposed. One-
quarter cubic centimeter of the radioactive
plasma was then injected into the umbilical
vein and the uterus was closed. The procedure
was repeated with a second fetus. The abdomen
was resutured and the animal was kept under
light anesthesia for another hour. It was then
killed and the fetuses and placentae were
removed; all fetuses were alive and vigorous at
the time of removal. All fetuses except the two
which had received injections were counted for
radioactivity and none was found. Since the
major part of iron passing through the ma-
ternal plasma is rapidly taken up by fetuses at
this stage of pregnancy, any iron escaping
crom the radioactive fetuses to maternal cir-
fulation would be largely recaptured by the
other fetuses. The absence of any evidence of
uptake in this experiment was taken as strong
evdence that there was no feedback of iron
from fetuses to mother.



Table 3. Percentage injected activity localized

IN PLACENTAE AND FETUSES

Percent Injected

Fetus Receptor Activity Present
No. Tissue After 1 Hr.
/ Placenta 8.4
2 Placenta 7-0
3 Placenta 7.8
4 Placenta 5-0
Placenta 50
% Placenta 8.0
7 Placenta 5 °
S Fetus 10.2
Placenta 0.4
9 Fetus 0.9
Placenta 0.4
Jo Fetus 7-3
Placenta 0-4
11 Fetus 4-1
Placenta 0.2
12 Fetus 4-4
Placenta 0.2

The unidirectional transfer of iron from
maternal iron-binding protein to placenta to
fetal iron-binding protein raises the question
as to whether this may be accomplished by
three types of chelation of a progressively
higher order of binding. If this were so, some
difference might be observed between the
release of fetal and maternal plasma iron when
introduced into the same plasma pool. To test
this, tagged fetal plasma was obtained from
fetuses 30 minutes after injection of 100 jic
of Fe®bound to maternal plasma and injected
into maternal circulation. The clearance rate
of fetal plasma-bound Fe3 and Fe% bound to
plasma of a normal rabbit was measured in vivo
in a normal rabbit after intravenous injection.
Curves of disappearance were similar, with a
half-time of 60 minutes for Fe®and 65 minutes
for Fe®@

The active role of the placenta in iron trans-
port was established by a further experiment.
In a 29-day pregnant rabbit under ether anes-
thesia, the umbilical vessels of half of the
fetuses were ligated and the fetuses removed
with care so as not to disturb the related
placentae. The uterine and abdominal incisions
were carefully closed and radioiron bound to
maternal plasma was injected intravenously.
The animal was killed 1 hour later. The per-
centage of the administered amount found in
each fetus and placenta is shown in table 3.
It can be seen that the mean uptake in the

placentae from which the related fetuses had
been removed was almost the same as that of
the intact fetal-placental units which had
been left in silu (6.6% as compared with
7.5%). It was thus apparent that the uptake
of iron by the placenta is an Active process
which may, under experimental conditions,
be separated from fetal uptake.

Macroscopically the fetal placenta is divided
into two distinct zones. Attached to the uterus
is a creamy membranous part, while the fetal
side is succulent and mulberry red in color.
Upon dividing the placentae used in the pre-
vious experiment, it was found that over 90%
of the radioactivity taken up by the placenta
was located on the fetal side. Microscopic
studies showed iron deposits in the deeper tips
of fetal villi in contact with maternal venous
sinusoids. By use of radioautographs, it was
also possible to demonstrate radioiron in these
same areas. However, when placentae were
ligated so that all radioactivity taken up over
a period of two hours remained in the pla-
centae, there was radioactive deposition and
light iron staining along the whole length of the
villus membranes of the placentae.

Fetal Tissue Receptors of Plasma Iron.
Further studies were done to determine the
localization of the radioiron which entered the
fetal circulation. In three fetuses analyzed for
radioactivity after six hours, 51, 50 and 59%
of the total activity was found to be localized
in the liver. In view of the observed difference
between hemochromogen iron and total iron,
further studies were performed on total fetuses
to determine as a function of time the distribu-
tion of this radioiron between hemochromogen
and nonhemochromogen fractions. The results
are shown in figure 5 and indicate a rapid
incorporation of approximately 35% of the
radioiron into hemoglobin within the first 6
hours. There was no further increase during
the following 18 hours. Thus the major portion
of iron entering the fetus did not appear to he
concerned with the immediate production of
red cells. This reserve, referred to as the Bunge
depot (9), would appear to be a specific adap-
tation of the fetus to its low iron diet after
birth.

DISCUSSION

For many years it was thought that maternal
red cells were the sole source of iron for the



developing fetus. However, in 1942 Pomme-
renke and his colleagues (10) demonstrated
that when iron was fed by mouth to pregnant
women it appeared in the fetal circulation
within 40 minutes, an observation which sug-
gested that the source of at least some of the
fetal requirements was the iron circulating in
maternal plasma. These findings were con-
firmed by Vosburgh and Fle.xner in guinea
pigs (n), and from their results they calculated
that the iron passing through the plasma was
enough to satisfy the total needs of the fetuses.
These conclusions have been confirmed in the
present study. Plasma iron turnovers were
done on rabbits in various stages of pregnancy
and the percentage of injected radioactivity
present in fetuses was calculated. In this way
it was possible to show that the amount of
iron going to the average fetus from the
maternal plasma increased progressively
throughout pregnancy. Estimations of the
total iron content at term based on these
radioiron data gave results very similar to
those obtained by chemical means— a finding
which strongly supports the idea that the only
source of fetal iron is the iron circulating on
the ft globulin of the maternal plasma.

In the rabbit, pregnancy imposes a consider-
able demand for iron on the mother. This is
explained partly by the rapid fetal growth rate
and the considerable weight of the fetuses at
term in proportion to that of the mother, and
also by the unusually large fraction of non-
hemoglobin iron formed in the rabbit fetus.
Although the maternal plasma iron turnover
showed some increase in late gestation, this
increase was insufficient to meet both fetal
and maternal requirements. The physiologic
adjustment to this situation was a sharp reduc-
tion in maternal uptake to about 10% of total
plasma turnover. Since additional iron did not
greatly increase maternal uptake, while pro-
duction of anemia without iron supplementa-
tion resulted in a considerable increase, it
seems likely that pregnancy in some way sup-
pressed erythropoiesis during the late stage of
gestation.

The question arises as to what stimulus in the
fetus causes iron to be removed from the
maternal plasma. Previous studies have shown
that the major regulator of plasma iron turn-
over is the degree of erythroid marrow activity
(1). It was, therefore, of interest to find out
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Fig. 5. Fetal liver was analyzed for hemochromogen

and total iron. The percentage of radioiron in each of

these fractions over a 24-hr. period after injection of

radioiron into the pregnant animal is graphed.

how much of the iron going to fetuses was con-
cerned with hemoglobin production. Although
the hemochromogen content did increase in
parallel with the total amount in the fetus, it
formed only about 40% of this figure at all
stages of pregnancy. It could, therefore, be
concluded that fetal marrow activity was prob-
ably not the sole stimulus for the transpla-
cental passage of iron.

When the mechanism of placental transfer
was examined in more detail, it was found that
the iron delivered from maternal plasma was
rapidly transported across the placental site.
The absence of any significant holdup sug-
gested that iron entering the placenta did not
become mixed with a biologic pool of any
important size. The cells of the placental villi
were shown by autoradiographs to be involved
in iron transfer from maternal to fetal plasma.
While the deeper villus tips were more heavily
laden with iron, all living cells of the membrane
participated. These villi obviously provided
an effective cellular barrier between maternal
and fetal circulations, since the plasma iron
concentration was found to be higher in fetal
plasma. This suggested either a higher order
of binding on the fetal side or a unidirectional
pumping system in the placenta. Whether
maternal and fetal iron-binding globulin are
identical is not known, but their electrophoretic
mobility on paper appeared similar. Further,
the clearance rate of iron from fetal iron-bind-
ing protein was similar in maternal circulation
to that of maternal plasma iron. On direct
testing it was found that no iron returned



from the fetal to the maternal circulations.
It was also shown that the placenta played an
active role in iron transfer, as it was capable
of removing iron from the maternal circulation
independent of any subsequent transport to
the fetus.

These various observations allow some brief
speculation regarding the nature of the mech-
anism of fetal iron transport. The close paral-
lel between increased fetal size and increased
amount of iron transferred implies fine regula-
tion by the fetus. This does not occur through
greater ‘pull’ from fetal transferrin, since this
is saturated with iron at the time when fetal
uptake is greatest. It also seems unlikely that
the uterine blood flow or placental size accom-
plishes this adjustment, since changes in these
do not coincide with fetal needs. The increase
in fetal uptake observed on administration of
supplemental iron suggests that the iron up-
take by the fetus is to some extent influenced
by the ‘available’ iron in maternal circulation.
This would be consistent with studies on iron
uptake of immature erythroid cells (12). It is
also of interest that the placental membrane
is influenced by changes in maternal metab-
olism. Just as infection interferes with iron
transport across intestinal and reticulo-endo-
thelial cell barriers, so, too, does it impair
placental transport. Also of interest is the
increased transfer which follows bleeding. In

this respect the placenta seems to respond in a
manner similar to that of reticulo-endothelial
and mucosal cells in increasing iron transport
in the face of increased erylhropoiesis. Thus,
placental iron transport may be visualized as
a complex interaction in which the important
recognizable factors are the needs of the fetus,
the general state of maternal iron metabolism,
and the supply of iron in maternal plasma.
How these first two factors mediate their
effects is not yet clear.
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The Role of the Reticulo-Endothelial Cell in Iron Metabolism*

W ard D. Noyes|, Thomas H. Bothwell] and Clement A. Finch

Department of Medicine, University of Washington School of Medicine, Seattle, Washington

Since exchange of iron with the external environment is very limited (Finch, 1959), body
iron kinetics arc largely concerned with the continuous redistribution of iron within the
body. The rcticulo-endothelial system is an important participant in internal iron turnover.
It is believed to remove haemoglobin or non-viable erythrocytes from the circulation, process
the iron from the haem moiety and return iron to the plasma for transport to the marrow
and subsequent incorporation into haemoglobin. The reticulo-endothelial cells also serve as
a potential reservoir for storage ofiron not used for other purposes. The present studies were
undertaken to examine the way in which this system processes iron derived from non-
viable erythrocytes.

METHODS

The general plan of these studies involved: (1) tagging of erythrocytes with radioiron or
radiochromium; (2) damaging these cells so that they would disappear rapidly from the
circulation with a minimum of intravascular haemolysis; (3) administering the labelled cells
to compatible recipients under a variety of experimental conditions, and (4) measuring the
rate of removal of these non-viable cells from the circulation, their tissue localization and the
subsequent release o f radioiron from the reticulo-endothelial cells. Most of the investigations
were done on normal human volunteers and on patients. In certain situations where this was
not feasible, experimental animals were employed.

A. Human Studies

Erythrocytes tagged with radioiron were prepared by administering radioiron citrate in
multiple intravenous injections over a 6-day period to patients with polycythaemia vera.
The maximal total doses of 3 me of 55Fe or 1.5 me of 59Fc had no recognizable effect on the
marrow function of the donor. Tagged cells were obtained from these donors 2 or more
weeks later. Untagged erythrocytes were obtained from normal or polycythaemic donors.
All donors were screened for evidence of hepatitis by liver-function tests. Blood was shown
to be compatible by routine tests before transfusion and was examined by stained smear for
bacterial contamination. Blood was taken into citrate and rendered non-viable by storage
at 40 C. for 24-28 days, unless otherwise specified. These non-viable cells were administered
in amounts varying from 0.01 ml. to 1.5 ml. of erythrocytes per kg. body weight and con-
tained from 1 to 25 [JC of 59Fe, or from $to 30 nc of 55Fe. The normal human recipients were
young adult males with haematocrit values between 42 and 50 per cent and leucocyte counts
between 5,000 and 10,000. per cu. mm. Also studied were patients with pernicious anaemia
in early remission, iron deficiency, infection, iron-storage disease and aplastic anaemia.

*This investi%jiti_on was supgom_sd by a research grant from the United States Atomic Energy Commission (Contract AT-
(45-i)-21i8) and United States Public Health Service Research Grant No. H-z9e4. )

t Recipient of a U.S. Public Health Service Research Fellowship from the National Heart Institute, o

+In receipt of a Lcderle Travelling Fellowship for South Africa. Present address: Department of Medicine, University of
Witwatersrand Medical School, Hospital Street, Johannesburg, South Africa.



The general procedure for the study of erythrocyte disappearance and iron re-utilization
was as follows. Blood was first withdrawn from the subject in whom observations were to
be made for haematocrit, plasma iron and iron-binding capacity determinations. A weighed
aliquot of the tagged cells to be injected was taken as a standard for determination of the
haemoglobin and radioactive count. The desired amount of cells was injected intravenously
into the compatible recipient within a period of 2 minutes. Following injection, frequent
samples were withdrawn at appropriate intervals for determination of blood and plasma
radioactivity, plasma iron, iron-binding capacity and plasma haemoglobin. In some subjects
samples were taken over a 5-month period to follow the radioactivity in the recipients’
erythrocytes.

The disappearance of tagged cells from the circulating erythrocyte mass was determined
directly. Plasma activity, whether due to radioactive haemoglobin or radioiron bound to
transferrin, was excluded. The curves of disappearance of erythrocyte radioactivity appeared
to fit a simple exponential function as expressed by the formula:

Ct= C,e-kt ]

where Ctis the blood concentration at time t, COis the original concentration and k is the
fractional disappearance of the cells per unit time. Clearance was expressed either as: (x) the

fractional clearance per hour, or (2) the initial amount cleared (KX) in mg. iron per hour per
kg., according to the formula:

_ 0-693
Tj (hours) ®

erythrocyte iron injected X 0.693
Tj (hours) X body weight (kg.) Q)

The further distribution of the injected radioiron, arbitrarily assigned to: (a) iron remaining
in reticulo-endothclial tissues, or (b) iron released into plasma and susequently localized in
new haemoglobin production or in non-erythrocytic tissues, was determined by employing
two isotopes of iron for measurements. One isotope was given as previously described in
the form of non-viable erythrocytes, and the second isotope was injected intravenously to
tag the plasma transferrin iron pool (Finch, Bothwell and Donohue, 1958). The distribution
of radioiron from the plasma between new erythrocytes and other body tissues at .. days
was determined for this second isotope. From data of the activity of both isotopes injected

and the amount appearing in circulating erythrocytes at 12 days, the following calculations
could be made:

Percentage erythrocyte iron utilized A* X 100 av)
for haemoglobin production AJ

Percentage plasma iron localized in A?-A?
o X 100 )
non-erythrocytic tissues

Percentage erythrocyte iron released Al x A?
. . X 100
into plasma A? x Ai WD



Percentage erythrocyte iron localized

in non-erythrocytic tissues (V) x (V1) (Vi)
Percentage erythrocyte iron remaining .
in reticulo-endothelial cells oo — (V1) )

In the above equations A) refers to the amount of radioactivity injected as non-viable
erythrocytes and Af to the amount of radioactivity injected intravenously bound to plasma
transferrin. A* refers to the amount of radioactivity derived from broken down erythrocytes
which is incorporated in the circulating erythrocyte mass at 12 days and A to the amount of
radioactivity derived from the plasma-labelling isotope in the erythrocyte mass at 12 days.
In determining these figures, the erythrocyte mass was calculated from an assumed blood
volume of65 ml. per kg. multiplied by the peripheral haematocrit value and by 0.9 (Donohue,
Motulsky, Giblett, Pirzio-Biroli, Viranuvatti and Finch, 1955).

In addition to variations in the load ofnon-viable cells, several experiments were performed
in man to clarify factors involved in cell disappearance and subsequent iron distribution.
Sequential infusion of two loads of non-viable cells, each tagged with a separate isotope of
iron, was carried out to determine the effect of a prior load on the clearance and on the dis-
tribution of the iron released. An attempt was made to block iron release from the reticulo-
endothelial cells by intravenous injection of saccharated iron (200 mg.) 2 hours before the
infusion ofnon-viable cells, and by the oral administration of 1 g. ofexsiccated ferrous sulphate
(368 mg. iron) at a similar time. The mobilization of radioiron over a period of 140 days
was compared in normal subjects and subjects bled 500 ml. of whole blood every 2 weeks to
a total of 3000 ml.

In certain experiments an.attempt was made to localize the site of uptake of non-viable
cells by surface counting ofvarious areas of the body for radioiron content. A 5cm. iodide
crystal shielded with 76 nun. oflead was employed. The aperture measured 5cm. and there
was colhmation of 7 cm. While activity was recorded over sternum, sacrum, thigh, liver
and spleen at approximate intervals, only data concerning liver and spleen activity will be
reported.

B. Animal Studies

Studies in animals were performed on New Zealand white male rabbits weighing 2.2-
35kg. Erythrocytes were tagged either in vivo with radioiron, or in vitro by room tempera-
ture incubation for 1 hour with Nazl1Cr0 4 in a concentration of less than 1 pig. per ml. of
erythrocytes. Cells were rendered non-viable by storage at 40C. in citrate for 24-28 days, by
incubation at 50° C. for 45 minutes, by incubation with 0.05 M-Na2HAsO 4 at 20° C. for 14
hours, or by the intraperitoneal injection of acetylphenylhydrazine dissolved in 95 per cent
alcohol into a donor animal in a dosage of 40 mg. per kg., 12 hours before the removal of
erythrocytes. In these studies the amount of erythrocytes transfused varied from 0.3 to 6.0
ml. per kg. and the amount of radioactivity varied from 0.5 to 10.0 pc 51Cr. Organ localiza-
tion of cells damaged by heat, arsenic and phenylhydrazine was determined by sacrifice of
the animal 48 hours after injection of the damaged tagged cells. The organs removed,
including liver, spleen and lungs, were digested in nitric acid and an aliquot was counted for
radioactivity.

To test the effects ofvery high loads of non-viable cells, the clearance of phenylhydrazine-
damaged cells was followed: (a) directly in rabbits given acetylphenylhydrazine, and (b) in a



recipient rabbit subjected to exchange transfusion with cells removed from donor animals
12 hours after injection of phenylhydrazine. In the latter experiment, the heparinized donor
blood was infused into the marginal ear vein while an equal amount was removed by femoral
artery cannula, until twice the animal’s estimated blood volume had been exchanged.

Plasma iron determinations were performed by the method of Bothwell and Mallett
(1955); iron-binding capacity was determined using the measured method of Rath and Finch
(1948) and plasma haemoglobin was determined by the method of Flink and Watson (1942).
Plasma iron turnover was calculated as described previously (Bothwell, Hurtado, Donohue
and Finch, 1957). Radioiron and radiochromium were obtained from Oak Ridge National
Laboratory with specific activities approximating to 2-3 me per mg. for 59Fe, 2.5-3.5 me
per mg. for 55Fe and 35-45 me per mg. for olCr. The two isotopes ofiron were differentially
counted following wet-ashing and electroplating, using a helium-filled Geiger tube for 59Fe
and an argon-filled tube with a beryllium filter for 55Fe (Peacock, Evans, Irvine, Good, Kip,
Weiss and Gibson, 1946). When used separately, 59Fe and 51Cr were counted in a well-type
scintillation counter.

RESULTS

A. Amount of Intravascular Haemolysisfrom Non-Viable Cells

After injection into the circulation, non-viable erythrocytes rapidly disappeared. A fraction
of cell breakdown was reflected in intravascular liberation of haemoglobin. In seven subjects
followed with frequent determinations of plasma haemoglobin, maximal levels were found
within the first 15-30 minutes after injection. The free haemoglobin represented approx-
imately 12 per cent (range 6-18 per cent) of the erythrocyte haemoglobin injected (Table I).

Table |

MAXIMUM PLASMA HAEMOGLOBIN REACHED FOLLOWING INJECTION OF NON-VIABLE ERYTHROCYTES

Subject Estimated Amount Hb M ax. plasma Max. Hb in Proportion of

plasma volume injected _Hb level circulation injected Hb in

(m1) (mg-) (Wig/100 m1) (mg-) plasma (%)
Pe 2490 7800 A 1445 8.5
Ma 2240 7860 39 875 1.1
Le 3230 46,400 R 2850 6.1
Wi 3300 11,200 40 1320 X8
Ha 3400 11,200 0 1290 115
Mo 2672 22,300 102 2725 12.2
Fe 3400 22,300 112 3220 144

B. Clearance of Non-Viable Cells

The disappearance o f tagged cells down to 10 per cent of the initial concentration appeared
to be exponential (Fig. 1).

The disappearance of erythrocyte iron loads from 0.15 to 0.95 mg. iron per kg., expressed
as half-time of circulating activity, varied between 33 and 150 minutes (Table Il). A signifi-
cant correlation (r = .9917, t = 10.25) between the load and the Ti in 17 normal subjects
(Fig. 2a) was found in the range ofloads employed. The relation between the initial rate of
clearance (Kj) and load, asillustrated in Fig. 2b, has a correlation coefficient of .8072 (t = 4.18).



Fig.i. The disappearance of erythrocyte radioactivity from the peripheral
blood after infusion of tagged cells. In each instance the cell load is indi-
cated as erythrocyte iron per kg. body weight ofthe recipient. The clearance
appeared to be exponential over the period of observation.

Table Il
CLEARANCE OF TAGGED NON-VIABLE ERYTHROCYTES FROM CIRCULATION

Initial Initial
Condition Iroti load n clearance Transfusion Condition Iron load n clearance Transfusion
ofstudy (mg-lkg.) (min.) Gng.lkg./hr) group* o fstudy ('»?/ %) (min.) (mg./kg./hr) group™
Normal 0.15 40 0.16 A Oral iron 0.36 21 0.72 i
load
" 0.18 48 0.15 B " 0.40 19 0.88 K
0.25 57 0.18 C Intravenous 0.17 43 0.16 B
iron load
" 0.25 112 0.09 D " 0.26 c 0.15 1B
" 0.28 33 0-35 A 60 min. 0.27 94 0.12 D
after 50 ml.
erythrocytes
" 0.29 1SO 0.08 D W 0.32 78 0.17 C
" 0.30 48 0.26 C 120 min. 0.23 104 0.05 D
after 50 ml.
erythrocytes
" 0.30 34 0-37 A " 0.28 82 0.14 C
0.40 83 0.20 E Iron 0.24 35 0.29 L
deficiency
0.47 55 0-35 F " 0.39 59 0.28 E
0.48 7S 0.27 F " 0.58 54 0-45 M
" 0.53 44 0.51 F " 0.58 60 0.40 M
0.56 86 0.27 F Aplastic 0.66 129 0.21 N
anaemia
0-57 Si 0.29 G Carcinoma 0.46 24 0.0 L
0.80 54 0.62 G Haemolytic 0.46 40 0.48 (6]
anaemia;
arthritis
> 0.94 69 0.48 H Blood stored 0.46 100 0.19 E
3 weeks
0-95 83 0.57 H Blood stored 0.41 460 0.04 E
2 weeks
» 1.70 204 0.3s B Blood stored 0-43 oe E
i 1 week
Mean 0,52 j 0.31+0.16 (1 sd)

* All subjects in any one transfusion group received cells from the same batch.



It thus appears that in this load range, the fractional rate of cell clearance decreases in pro-
portion to the load of cells administered. The initial rate of clearance is even more signifi-
cantly related to the cell load, as illustrated in Fig. 2b.

To observe the effect on clearance of higher cell loads, experiments were continued in
rabbits. Cell loads in excess of 2.0 mg. per kg. resulted in relatively smaller changes in T>:
and fractional clearance (Table Ill). Considerably larger loads were produced in rabbits by
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Fig. 2. The left-hand chart (Fig. 2a) represents the relation between the load of cells administered,
expressed as erythrocyte iron per kg. body weight, and the half-time of disappearance of
radioactivity from the circulation.

The right-hand chart (Fig. 2b) shows the relation between the cell load and the rate of initial
clearance (K2). There appears to be a significant correlation between the cell load and the rate of
clearance.

Tabte Il

CLEARANCE OF NON-VIABLE ERYTHROCYTES IN RABBITS

Initial clearance

Load of
non-viable cells
Arsenic- Phetiylhydra- Cells
treated cells zine-treated incubated
cells at 50° C.
0.3 0.08 0.08 0.06
1-5 0.21 0.20 0.13
3-0 0.19 0.21 0.13
6.0 0.20 0.40 0.255

the administration of 40 mg. per kg. of acetylphcnylhydrazine. This renders all circulating;
erythrocytes non-viable within 12 hours, as demonstrated by the disappearance of these cells
within minutes after their infusion in small amounts to normal recipients. In rabbits treated
with phenylhydrazine, the time for disappearance of one-half of the cell mass was 48 hours.
To exclude any influence on clearance of the action of phenylhydrazine on other body tissues,
a normal rabbit was perfused with two blood volumes of whole blood from animals given
phenylhydrazine. This animal showed a similar initial clearance rate, amounting to about
0.5 mg. per kg. per hour.



The possibility that the type of cell damage might influence both the rate of clearance and
the kinetics of cell removal was considered. Therefore, clearance rates were studied in animals
after cell damage by phenylhydrazine in vivo, by cell heating and by arsenic in vitro. Generally
similar rates of clearance were found with these various types of cell damage (Table IlI).

Minutes After Infusion

Fig. 3. The effect on the clearance ofone population of cells by the infusion ofa
second population one hour later. There is some difference in the original
clearance of cells from different donors, perhaps related to variability in the
extent of cell damage. However, the most conspicuous finding is the marked
slowing of the original cell clearance following the second infusion.

Fig. 4. Tissue localization of erythrocytes subjected to varying degrees of in-vitro storage
damage. The activity in circulating blood is contrasted to the surface activity over the spleen
and liver. Both the liver and spleen showed accumulation of radioactivity as tagged cells
disappeared from the circulation, but liver activity fell slowly in contrast to the rapid release of
activity from the splenic area.



To investigate the factors further influencing the clearance of noil-viable cells, the effect
of a second injection of cells shortly after the first injection was studied in man (Fig. 3). A
marked slowing in disappearance of the remaining cells of the first cell population was
observed after the second infusion was begun.

NORMAL SUBJECTS

IRON DEFICIENT SUBJECTS

Fig. 5. Erythrocyte utilization of radioiron injected as non-viable erythrocytes (0.5 mg. iron per kg.) and as transferrin-
bound iron compared in three normal and four iron-deficient subjects. At 14 days, more than 50 per cent of the radio-
iron remains within the reticulo-endothelial system in normal subjects while 95 per cent appears in the circulation in iron

deficiency.

Condition of
iron icad

1.0 g. ferrous sulphate

2 hours before infusion
1.0 g. ferrous sulphate 2
hours before infusion
200 mg. intravenous iron
2 hours before infusion
200 mg. intravenous iron
2 hours before infusion

Erythrocyte
iron
load

{mg-lkV

0.36

0.40

0.26

C. Tissue Localization

Coincidental with the disappearance of soFe-tagged erythrocytes from circulation, there
was an increase in surface counting over the liver and spleen. In order to determine whether
the degree of storage damage affected tissue distribution, the tissue localization of cells stored
for periods of 1-4 weeks was studied (Fig. 4). Increasing amounts were deposited in the liver
and spleen as storage was prolonged. It was observed that radioactivity in the splenic area
decreased again within a few hours of its accumulation, while that in the liver remained at an

elevated level for many days.

Table IV

PRIOR IRON LOADING OF PLASMA TRANSFERRIN

Before infusion
Serum Iron-
iron binding
capacity
(UA /i do m-)
61 200
107 200
73 100
107

At infusion of cells

Serum 1 lron-
iron binding
(u£./i(}ocra}ip?)my
170 150
186 50
130 150
229

2 hours after infusion

Initial
Serum 1 lron-
iron | binding
1 capacity
(\ig.1100 ml.)
200 0 0.72
2.10 0 0.8X
0.16
0.15

D. Release of Erythrocyte Iron from the Reticule-Endothelial Cell
The processing of haemoglobin iron from the erythrocyte occurred rapidly. In subjects

Radlioiron
in circula-

clearance tion at 12

("'%-r!§c-| rfays (%)

50

40

40



given the smaller loads (0.0i mg. oferythrocyte iron per kg.), radioiron was detectable in the
plasma bound to transferrin within 30 minutes after injection of the cells and rose to 18-22
per cent of the radioiron injected at 2 hours.

The amount of radioiron derived from that injected which passed from the reticulo-
endothelial cell through the marrow to the circulating erythrocyte mass, was determined in
19 subjects given erythrocyte iron in amounts fronl 0.1 to 1.0 mg. per kg. An average of
42 per cent (range 19-69 per cent) of the injected erythrocyte radioiron was found in cir-
culating erythrocytes 12 days after injection. Within this dosage range there was no apparent
relation between the degree of erythrocyte uptake and the amount of erythrocytes admin-
istered. However, in three subjects given 0.01 mg. per kg. the utilization was 85 per cent
(range 81-88 per cent) at 12 days.

Fig. 6. The effect of non-viable erythrocyte infusion (0.5 mg. iron per kg.) on
the plasma iron concentration and plasma iron turnover. The plasma iron turnover
is significantly increased only in those subjects who showed evidence of a relative or
absolute deficiency in iron supply to the marrow.

A portion of radioiron not appearing in circulating erythrocytes is retained in reticulo-
endothelial tissue and the remainder is distributed to non-erythroid tissue following its
release into the plasma. A graphic representation o f such studies in normal and iron-deficient
subjects is shown in Fig. 5. Since, in normal subjects, the distribution from plasma was
85 per cent to erythrocytes and 15 per cent to tissues at 12 days, the approximate distribution
ofanon-viable erythrocyte iron load ofo.i to 1.0 mg. per kg. at 2 weeks would be: erythro-
cytes 40 per cent, other tissues 10 per cent and rcticulo-endothelial tissue 50 per cent. In
further studies (Table 1V) an attempt was made to alter the retention of erythrocyte radioiron
by reticulo-cndothelial tissue in normal subjects by iron loading of the plasma. In four
experiments the erythrocyte utilization at 12 days was 33-50 per cent of the administered
dose.

The effect of certain pathological states on the handling ofiron by the reticulo-endothelial
tissue in man was also studied (Fig. 6). In two iron-deficient subjects the transfusion of non-
viable cells was followed by an increase in both plasma iron and plasma iron turnover, and



the utilization of erythrocyte iron at 2 weeks was almost complete. In two patients with
pernicious anaemia responding to therapy, a similar response was observed. In patients with
infection, idiopathic haemochromatosis or arcgcncrative anaemia with transfusion haemo-
sidcrosis, there was no increase in either plasma iron or plasma iron turnover and the pro-
portion appearing in the circulating erythrocyte mass was greatly reduced.

E. Turnover of Storage Iron

The change in erythrocyte activity levels of seven subjects over a period of 100-140 days
after the injection of tagged non-viablc erythrocytes is shown in Fig. 7. A total of 3000 ml.
of blood was withdrawn by repeated phlebotomies from four of these subjects over a period
of 12 weeks. Virtually all of the radioactivity given as non-viablc cells was found in the
circulation or removed by bleeding by the end of the study in these four subjects (Fig. 7), but
only two-thirds was found in circulation in the remaining three subjects, who were not bled.
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Fig. 7. Total amount of circulating erythrocyte radioiron during 140 days following
the injection of 1101l-viable erythrocytes (0.5 mg. iron per kg.) into three normal
subjects (upper curves) and four phlebotomized subjects (lower curves). Approximately
one-third fails to appear in the circulation of the unbled subjects, but virtually all of
the radioiron initially retained in the reticulo-endothelial system of the phlebotomized
subjects has been mobilized.

DISCUSSION

In this investigation one segment of erythrocyte iron turnover has been selected for study,
namely the removal of erythrocytes from the circulation and the re-circuiting of their iron
to the erythroid marrow. Erythrocytes were damaged sufficiently to result in their rapid
disappearance from the circulation, but not sufficiently to lead to extensive intravascular
haemolysis. On the basis of the amount of plasma haemoglobin found after transfusion and
its maximal turnover rate in normal subjects of about io mg. of haemoglobin per minute

(Garby and Noyes, 1959), it is estimated that no more than 20 per cent of the injected cells
were disposed of in this fashion.



Non-viable human erythrocytes disappeared from the circulation of the recipient in a
manner consistent with a simple first order reaction. Curves of similar contour have been
obtained by Micscher (1957) in experiments on the transfusion of non-viable compatible
animal cells and by others in studies of the clearance of colloidal or particulate material by the
reticulo-endothelial system (Benacerraf, Biozzi, Halpern and Stiffel, 1957). The complexity
ot erythrocyte and reticulo-endothelial cell interaction, including the effects of the degree
of erythrocyte damage and prior erythrocyte phagocytosis and the incidence of collision
between erythrocytes and phagocytes, cannot be resolved by the present study. O f interest
in this respect, however, were the clearances of two cell populations administered sequen-
tially. Cells of the second transfusion were preferentially removed (Fig. 3). This might be
interpreted to mean that there was a spectrum of cell damage in each population of cells and
that the most severely damaged cells were removed first. The loads administered, 0.5 mg.
iron per kg., would seem far less than would be required to saturate the clearance mechanism.
Similar sparing effects have been observed between two species of colloidal particles admin-
istered in sequence (Dobson, 1957).

The ample capacity of the reticulo-endothelial system to remove non-viable cells is demon-
strated by the data summarized in Table Il. Rates of erythrocyte destruction of 20-40 times
the normal were found. These studies in man do not define the maximal capacity for cell
disposal. The phenylhydrazine studies in rabbits, however, demonstrate that there is a limit
to the amount of erythrocytes which may be removed per unit time. After exposure to the
drug, all erythrocytes arc non-viable, and disappear from the circulation within minutes
when transfused in small amounts to recipient animals. In the animal given an injection of
phenylhydrazine, on the other hand, or in animals exchange-transfused with phcnylhydrazine-
damaged cells, approximately one-quarter of the erythrocyte mass is disposed of in one 24-
hour period. The time required for disposal of the damaged cell population is enough to
permit the animal to survive through production of new erythrocytes. Only when cell
damage is sufficient to produce extensive intravascular haemolysis is the anaemia likely to
prove fatal.

After initial phagocytosis, the erythrocyte iron is split from the haemoglobin molecule,
part of it is retained within the reticulo-endothelial cell and part is returned to the plasma
transferrin for distribution within the body. In normal subjects with approximately phy-
siological loads of haemoglobin, most of the iron is promptly returned to the marrow.
With an average load of 0.3 mg. erythrocyte iron per kg., however, nearly half the iron is
retained at 12 days in the reticulo-endothelial cell. This distribution does not appear to be
appreciably affected by variations in dosage between 0.15 and 0.95 mg. per kg. This calcula-
tion of reticulo-endothelial cell retention is indirectly made, and caimot exclude the pos-
sibility of transfer of iron directly from the reticulo-endothelial cell to another tissue cell
without passage through the plasma. While Bcssis and Breton-Gorius (1957) have suggested
that this does indeed occur in the marrow, it seems unlikely from kinetic data that any large
portion of erythrocyte iron uptake bypasses the plasma transport system.

Elevation of plasma iron by ingestion ofiron or by the intravenous injection o f saccharatcd
iron oxide has no conspicuous effect on the total amount of iron released from the reticulo-
endothelial system. It would appear that the level of the plasma iron has no more effect on the
total amount ofiron released than it docs on the transport ofiron across the intestinal mucosa.

Increased release of iron following infusion of non-viable erythrocytes was observed in
patients with low plasma iron levels when this was associated with iron deficiency or increased
marrow requirements. It is therefore necessary to postulate a regulation of iron release by



the reticulo-endothelial cell which is integrated with the iron needs of the erythroid marrow.
The manner in which the marrow requirements are impressed on the reticulo-endothelial
system is not known. A special situation is observed in chronic infection where a decreased
plasma iron is associated with decreased iron release. This block in iron release in infection
has already been well described in experimental animals (Freireich, Miller, Emerson and
Ross, 1957).

There were differences in the handling of iron between different organs, as measured by
in vivo counting. Thus, the spleen rapidly lost radioactivity initially localized in that area,
whereas the activity within the Ever remained for many days. This is interpreted to mean
that the haemoglobin iron is rapidly released by the spleen for re-circuiting to the marrow,
while liver iron is held in more slowly moving stores. This has also been suggested by the
studies of Jandl, Jones and Castle (1957). Long-term studies of the iron in stores indicated
that over the 50 days following injection there was a gradual movement of radioiron from
the tissues to the erythrocyte mass (Fig. 7). Thus at 12 days, three subjects were calculated
to have 38, 40 and 52 per cent of the administered erythrocyte iron remaining in the reticulo-
endothelial system, while at 60 days they were calculated to have 29, 33 and 37 per cent in
this system. In four subjects phlebotomized in order to mobilize tissue iron, virtually none
of the radioiron remained in the reticulo-endothelial system. (The specific activity of ery-
throcyte iron of these subjects from day 15 to day 60 appeared the same as that in unbled
subjects, indicating that stores initially mobilized were uniformly labelled with radioiron.
By the 80th day the erythrocyte specific activity of the bled subjects was 20 per cent below
that of the unbled subjects, indicating a contribution of unlabelled iron either from intestinal
absorption or from less highly labelled stores.) A fraction of storage radioiron is slowly
released, as indicated by a gradual rise over 60 days in the calculated erythrocyte activity in
the three normal subjects. Approximately 45 per cent o fthe iron passing through the reticulo-
endothelial system from these cell loads appears to be retained within this pool, of which
perhaps one-quarter is returned to the marrow in the subsequent 6 weeks.

SUMMARY

The disappearance of non-viable erythrocytes from the circulation has been studied in
human subjects. The loss of erythrocyte radioiron appeared to be a first order reaction.
With injections of 0.1 to 1.0 mg. of erythrocyte iron, there was an average clearance of 61
per cent per hour or between 20 and 40 times the normal rate of erythrocyte destruction.

While small amounts of iron (i.e., 0.01 mg. per kg.) were almost completely utilized for
new haemoglobin synthesis, loads ofo.i to 1.0 mg. per kg. resulted in the retention ofapprox-
imately halfofthe iron by the reticulo-endothelial tissue at 2 weeks. The degree of retention
was not affected by the level of plasma iron, but did appear to be influenced by the iron
requirements of the erythroid marrow. There also appeared to be a difference in the be-
haviour of the spleen and liver in processing the iron from non-viable cells; the spleen
released its iron more rapidly to the plasma than did the liver. While a small additional
portion of iron appeared in the erythrocytes over the following six weeks, the majority of
the iron deposited in tissues remained there. This agrees with the concept of the relative
stability of normal body iron stores.
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The type of porphyria found most commonly in white South Africans is an in-
herited metabolic error with variable clinical manifestations [Dean and Barnes, 1959].
In some subjects the disease remains latent; in others acute abdominal episodes
occur often accompanied by neurological complications; while in a proportion
cutaneous lesions due to photosensitivity are the striking feature. In addition, both
abdominal episodes and skin lesions may occur in the same individual [Dean and
Barnes, 1959]. Biochemically the disease is characterised by the presence of persistently
raised levels of coproporphyrin and protoporphyrin in the stools and during acute
attacks increased amounts of S-amino-laevulic acid and porphobilinogen are found
in the urine [Dean and Barnes, 1959]. The clinical features and biochemical findings
in the urine during acute attacks are therefore similar to those found in acute inter-
mittent porphyria [Waldenstrom, 1957]. However, the two conditions can be distin-
guished from each other since skin lesions are never seen in subjects with acute
intermittent porphyria or in their relatives and urinary levels of S-amino-laevulic
acid and porphobilinogen are usually high during remissions. On the other hand South
African porphyria appears to be the same condition described as mixed porphyria
tfyg Schmid et al. [1954], and as hereditary coproprotoporphyria by Waldenstrom
1957],

Although acute intermittent porphyria and the porphyria found in white South
Africans appear to be distinct entities they are both thought to represent disturbances
in the hepatic synthesis of porphyrins since it has been shown that increased amounts
of porphyrins and/or_their precursors are found in the liver in both conditions
[Schmid et al., 1954]. They have thus been classified as forms of hepatic porphyria as
distinct from the rare erythropoietic variety in which the erythroid marrow shows
increased amounts of porphyrins [Schmid et al., 19542,

These various findings suggest that there is no interference with the synthesis of
haemoglobin in hepatic porphyria and this is supported by the clinical observation
that anaemia is not a feature in the South African cases [Murray, quoted by Barnes,
1951]. However, it remains possible that such a defect might exist during acute
episodes but be of a sufficiently transitory nature to be undetectable by conventional
techniques. Alternatively, it is possible that the formation of other iron porphyrin
complexes might be impaired. A study was therefore undertaken to find out whether
acute episodes of hepatic porphyria are ever associated with any detectable alterations
in iron metabolism.

MATERIAL AND METHODS

Clinical Material. Twelve adult white South Africans were studied during acute
abdominal episodes of porphyria. Six had a previous history of skin photosensitivity.
The diagnosis in each was established by examining stools for copro- and proto-

*In receipt of a grant from the Council for Scientific and Industrial Research, Pretoria.



porphyrin by the method of Holti et al. [1958{]1 and by examining the urine for
[S-grgino—laevulic acid and porphobilinogen by the method Mauzerall and Granick
1956].

As there was often a delay before the correct diagnosis was made the subjects were
usually investigated at a time when the attack had already been present for some
days. Six of the patients recovered and 4 died within 10 days of the commencement
of radioiron studies.

Iron Methods. Plasma iron levels were estimated by a modification of the method
of Bothwell and Mallett [1955] in which sulphonated bathophenanthroline [Trinder,
1956] was used as the colour reagent. Plasma iron turnovers were carried out as
previously described [Bothwell et al., 1957] using Fe59 in doses of approximately
5xc (specific activity 2-10/MC/Ag). The initial line of clearance of iron from the
plasma was also used for the estimation of the plasma volume and the total blood
volume was then calculated from this figure and from the packed cell volume cor-
rected for trapped plasma [Chaplin and Mollison, 1952] and for the body/venous
haematocrit ratio [Chaplin et al., 1953]. In some subjects blood sampling was
continued for a number of days after the injection of radioiron and the % utili-

sation of radioiron for red cell production was calculated from the following formula:
Radioactivity in 1ml. blood X Total blood volume
% Red cell utilisation = X 100
Total administered radioactivity

RESULTS

Porphyrin analyses. The stool and urine analyses at the time of study in each patient
are shown in Table I.

TABLE |
Stool and urine analysesfor porphyrin.
Ur ne Faeces
Case ) .
No. 8-Am|no_(ljaevullc Porphobilinogen Coproporphyrin Protoporphyrin
aci
(mg./1.) (mg./1.) (pg./g. dry wt) (ptg-/g. dry wt)
2 247 126 —
3 288 123 - _
4 m 146 178 105
5 127 29 - _
6 41 10 625 793
7 138 81 625 805
8 K1l 30 105 590
9 40 41 667 750
44 36 - —
10 - Moderate excess 428 307
n 80 63 — —
Normal 4 1 0—15 0—45

In cases 1and 12 quantitative analyses were not carried out but screening tests on the urine showed
large amounts of porphyrin and porphobilinogen.

Plasma iron levels. The plasma iron level was estimated in each of the 12 patients
when they were initially seen and in 9 of these a number of further estimations were
done at various times during their stay in hospital. In 7 subjects the level was initially
above the upper limit of normal (150 /xg./100 ml.) and in 2 others it rose subsequently



(Fig. 2). In the last 3 patients the plasma iron level was normal when first seen and no
further tests were done. Two of these subjects died from respiratory failure shortly
afterwards.

Correlation ofplasma iron levels with liver “function” tests. Since liver cell necrosis is
associated with raised plasma iron levels [Reissman and Dietrich, 1956] a comparison

Case

-~

Normal
values

Normal values. These are the normal ranges by the method used.
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Fig. 1 Changes in plasma iron levels during acute episodes of porphyria.
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Correlation between liver “function” tests and plasma iron levels.
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GOT, GPT — Glutamic-oxaloacetic and glutamic-pyruvic transaminases respectively.
Aik. P-ase — Alkaline phosphatase in King-Armstrong units.
ChE — Cholinesterase. The 100% value is 0-728 A pH/hr.



was made between the plasma iron level and the results of a series of liver “function”
tests in 7 subjects (Table I1). It can be seen that there was, in general, no evidence of
gross liver dysfunction and no obvious correlation between these changes and the
level of plasma iron.

Plasma iron turnover. Plasma iron turnovers were carried out on all 12 subjects
(Table 111). Although there was a wide scatter the mean plasma iron level was higher
than normal (160 ~g./100 ml., S.D. + 66) and the mean time taken for radioiron
to reach half concentration was longer than normal (140 minutes, S.D. iSlP. The
mean plasma iron turnover/100 ml. whole blood/day was, however, normal (0-69
mg., S.D. = 0-17). Thus, there was no significant increase in the amount of iron
passing through the plasma in spite of the raised plasma iron levels.

The plasma iron turnover was repeated in two subjects with initially high plasma
iron values at a time when they were in clinical remission and the plasma irons were
normal. In both instances there was some increase but the changes were not striking
(Table I11).

TABLE 11l
Plasma iron turnover and red cell utilisation data.
Case Age  Sex PCV Reticulocytes Plasma iron T+ Turnover  Utilisation
No. (cc) (%) +g. %)  (min)
1 20 F 36 1-6 108 100 0 69 —
2 30 M 57 01 255 296 037 49
3 46 F 36 1-6 87 68 0 8L 44
4 27 F 49 0-4 150 100 076 49
5 22 F 50 01 89 48 093 62
6 56 F 45 - 88 90 0 53 40
7 35 F 49 - 228 128 09 27
8 29 M 48 - 155 117 0 69 -
9 28 M 43 - 248 285 0 50 -
43 - 110 72 0 86 -
10 23 M 42 0-5 210 200 0 61 -
42 0-2 73 60 070 -
u 40 M 32 1-4 207 161 0 87 38
12 41 F 38 1-4 96 9 0 65 —
Average normal 1-2

45 110 90 06 80
values (and range)  (42—50) (0-2—2 0)  (70—150) (60—120) (0-4--0-8) (70—90)

T-j — Time in minutes for radioiron to reach half concentration.

Turnover — Plasma iron turnover (mg./day/IOO ml. whole blood).

Utilisation — Per cent red cell utilisation on 10th day, except in case 5 which gives the utilisation
at 4 days, the patient dying shortly afterwards.

Utilisation of radioiron for red cell production. The % red cell utilisation was
measured in 7 subjects (Fig. 2). In 6 it was reduced with a mean value at 10 days of
4% (S.D. + s%g. The remaining patient, who appeared clinically to be going into
remission, had a red cell utilisation of 62% by the 4th day. However, on the 6th day
she suddenly deteriorated and died in respiratory failure.

The diminished red cell utilisation noted in these subjects suggested a depression
in erythropoetic activity. Ancillary evidence in favour of this was obtained in the only
subject who was followed in detail during an attack which lasted several weeks. This
patient, who had a persistently raised plasma iron level and a low reticulocyte count,
showed a drop in haemoglobin level of about 4 g/TOO ml. over a period of 3 weeks



TIME (DAYS)

Fig. 2. The red cell utilisation of radioiron in 7 subjects. (The shaded area represents the range
of normal utilisation.)

Fig. 3. Serial changes in the levels of hemoglobin, plasma iron and reticulocytes during an acute
attack of porphyria (Case 2).

(Fig. 3). Recovery was associated with a fall in the plasma iron level and a rise in the
reticulocyte count.

DISCUSSION

The most striking finding in the present study was the common occurrence of raised
plasma iron levels during acute abdominal episodes of porphyria. There appeared to



be a definite correlation between the course of the episode and the level of plasma
iron. When symptoms were marked the plasma iron was usually high and with re-
covery it returned to normal levels. Although the reasons for these changes may be
complex some insight into the various possibilities can be obtained by considering
the factors which are known to influence the plasma iron level.

Most of the iron entering the plasma is derived from the breakdown of red cells
in the reticulo-endothelial system and the major portion leaving the plasma is taken
up by the bone marrow for red cell production. In addition stores, tissues and gut also
contribute to the iron passing through the plasma but the amounts are usually small.
A rise in plasma iron level is therefore almost always the result of an imbalance
between the rate at which iron is being fed into the plasma from reticulo-endothelial
cells and the rate at which it is removed by the developing red cell mass. There are,
however, certain situations in which other factors may be of importance. In states of
iron overload transfer of iron between stores increases and the plasma iron rises
[Finch and Finch, 1955], while with hepatocellular necrosis iron is released into the
plasma from damaged liver cells [Reissman and Dietrich, 1956], With these exceptions
changes in plasma iron levels indicate some alteration in the function of the reticulo-
endothelial system or the erythroid marrow. Raised levels can therefore occur (a)
when the rate of red cell destruction is increased acutely over a short period, (b)
when there is decreased blood formation, and (c) when there is a defect in the incor-
poration of iron into haem [Bothwell et a/., 1957]

Since hepato-cellular necrosis can give rise to a raised plasma iron level, liver
“function” tests were carried out in 7 subjects. Although the majority showed certain
alterations these did not correlate well with the plasma iron levels. Since the con-
centrations of glutamic-oxaloacetic and glutamic-pyruvic transaminases are sensitive
indicators of hepatocellular necrosis special attention was paid to these measurements.
The highest levels obtained were only about twice normal which is several times
lower than the values reported in infective hepatitis [Wroblewski, 1959]. When these
results are taken in conjunction with previous observations of only minimal histo-
logical changes in the majority of subjects dying during acute attacks [Goldberg, 1959]
it would appear unlikely that the high plasma iron levels are the result of liver cell
necrosis.

Two other possible reasons for the raised plasma iron levels were considered. It
was thought that they might either be due to a general depression in erythropoietic
activity or to some interference with the incorporation of iron into haem. If either
of these changes were present they would be reflected in the amount of iron passing
through the plasma and in the percentage used for red cell production. Plasma iron
turnovers and the percentage red cell utilisation of injected radioiron were therefore
measured since the first is a moderately accurate measure of total erythropoietic
activity and the second an index of effective red cell production [Giblett et al., 1956].
Although the results for plasma iron turnover were within the normal range these
findings are not incompatible with marrow hypofunction since the measurement
has been found to be relatively insensitive when erythropoietic activity is less than
normal [Bothwell et al., 1957]. More noteworthy was the fact that the turnover was
not increased in 4 subjects with haematocrits below 40%. Such a finding is strongly
suggestive of a relative hypofunction of the erythroid marrow since the plasma iron
turnover is normally increased 2 to 3 times the normal in the presence of anaemia
[Bothwell et al., 1957]. Added evidence to support the presence of marrow hypo-
function was the diminished utilisation of the radioiron for red cell production in 6
of 7 subjects.



The question remains as to whether these various findings are indicative of a defect
in the incorporation of iron into haemoglobin or whether they only reflect some less
Sﬁecific depression in overall erythropoietic activity. Although it might be argued that
the fundamental disturbance in pyrrole pigment metabolism leads to a lack of avail-
able protoporphyrin for combination with iron there are several reasons why this is
unlikely. Firstly, it has not been possible to demonstrate any abnormal porphyrins
in the marrows of subjects recovering from acute attacks [Schmid et al., 1954], In
the second place, defects in haem synthesis do not affect the actual uptake of iron by
red cell precursors and the abnormal metabolic pathways of iron actually lead to a
plasma iron turnover greater than normal [Bothwell et al., 1957; Crosby, 1959],
Finally, the observation that the reticulocyte count was reduced in a subject during
an acute attack and rose with recovery is more in keeping with a temporary depression
in overall erythropoietic activity. On balance, therefore, the pattern of iron kinetics
demonstrated in the present study is most likely the result of a hypofunction of the
erythroid marrow. Whether this is a direct result of the disturbance in porphyrin
synthesis or only a non-specific manifestation of the widespread metabolic upset
present in the acute attack is, however, not clear.

SUMMARY

Iron kinetics were studied in 12 adult white subjects during acute abdominal
episodes of hepatic porphyria. The plasma iron level was usually raised, the plasma
iron turnover was within normal limits and the percentage utilisation of injected
radioiron for red cell production was reduced. Although the interpretation of these
findings is difficult they suggest that there may be temporary depression in erythro-
poietic activity during acute attacks.
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In normal adult males, about 25% of the body
iron content is in storage depots (1). This iron
exists in two forms: as a diffuse soluble fraction
called ferritin, in which the molecules are dis-
persed, and as insoluble aggregates of hemosiderin,
which can be visualized by conventional micros-
copy (2). Although the liver is regarded as the
chief storage organ, chemical analyses suggest
that it normally contains up to 300 mg (3-5),
which is only between one-quarter and one-third
of what can be mobilized from total stores when
healthy young males are repeatedly phlebotomized
(6). Although little is known of the quantities
present in other organs, hemosiderin can be seen
in the reticuloendothelial cells of the bone mar-
row (7) and spleen (8), and there is some chemi-
cal evidence to indicate that significant amounts
of storage iron may be present in skeletal muscles
(9, 10).

The present study was undertaken to find out
how much iron is normally stored in the reticulo-
endothelial cells of the bone marrow and to de-
fine the extent to which these stores can expand
when iron overload is present. In addition, a
comparison was made between the concentrations
of iron present in the bone marrows and livers of
subjects with varying quantities of storage iron.

MATERIALS AND METHODS

Clinical material. The total iron stores present in
bone marrow were estimated in 61 adult subjects un-
dergoing thoracotomy. Forty-one were white and the
remainder were Bantu. The individual diagnoses are
shown in Table I.

The chemical concentrations of storage iron were esti-
mated in the livers and bone marrows of adult Bantu
and white subjects dying in the hospital. The Bantu
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specimens (58 males and 44 females) were obtained
from Baragwanath Hospital, Johannesburg, and the

white specimens (25 males and 28 females) from the
General Hospital, Johannesburg.
The use of radioiron as a marrow label. When a

tracer quantity of radioiron is injected intravenously,
most of it is taken up by the red-cell precursors of the
bone marrow (11). This iron is subsequently re-
leased over the next few days as part of the hemo-
globin of new red cells, and the percentage present in cir-
culation at 10 to 14 days has been used as a measure of
the fraction initially taken up by the bone marrow (12).
If a specimen of bone marrow is therefore removed be-
tween 18 and 24 hours after the injection of the radioiron
(i.e., at a time when marrow activity is maximal, and
circulating activity is negligible), it is possible to use
the Fe™ as a label for relating values in the sample to
the total marrow-. This principle, which has previously
been employed for estimating the total number of cell
precursors (13-15), w-as used in the present study as a
means of calculating the total amount of storage iron
present in the bone marrow. To do this, we must as-
sume that the reticulum cells containing storage iron are
fairly evenly dispersed throughout the erythroid marrow.

Isotopic techniques. Subjects undergoing thoracotomy
were given between 5 and 10 nc high specific activity Fe™
citrate intravenously between 18 and 24 hours before
surgery. A weighed sample of this solution was set
aside as a standard. Blood samples were collected over
the next few- hours, and plasma volumes were then cal-
culated from the line of clearance of radioiron as de-
scribed previously (16). The total blood volume was
obtained from the plasma volume and packed cell vol-
ume corrected for the body:venous hematocrit ratio at
an altitude of 5,900 feet (17). W.ith this approach, the
mean figure for blood volume in the group w-as 68.2 ml
per kg (SD, 10.7).

The rib removed at operation was squeezed dry, and
the marrow so obtained was weighed and counted for
radioactivity in a we-ell-type counter. The amount of
storage iron present was then measured chemically (see
Chemical methods).

Blood samples were collected from all the subjects 10
to 14 days after the injection of radioiron. The total per-
centage of injected radioactivity in circulation was then
calculated by using the estimation of blood volume ob-
tained from radioiron data on the first day of the study.
The mean figure for the group was 83% (SD, 10.7). On



the assumption that the radioiron present in circulation
at this time was in the marrow 18 to 24 hours after the
original injection, it was then possible to obtain a meas-
ure of the total iron stores present in bone marrow.
Marrow iron stores = (fraction of injected Fe® in cir-
culation at 10 to 14 days X counts injected/counts in
sample) X nonheme iron in marrow sample.

Chemical methods. The quantity of nonheme iron
present in specimens of marrow was estimated by a
modification of the method of Briickmann and Zondek
(18). Four ml saturated sodium pyrophosphate was
added to the marrow and sufficient 20% trichloroacetic
acid to give a final volume of 10 ml. (In this calculation
the specific gravity of the marrow was assumed to be 1.0).
After thorough mixing, the tube was heated in a water
bath and was maintained at a temperature of 80° C for
10 minutes. During this time the solution was stirred
frequently. After cooling, the mixture was filtered and
an iron estimation was carried out on a sample of the
filtrate by use of the thioglycolic acid method (19).

The validity of the whole procedure as a means of
separating heme from nonheme iron was established in
preliminary studies with solutions of hemoglobin and
ferritin and suspensions of hemosiderin granules. Fer-

Fig. 1

TABLE i

Clinical diagnoses in 61 patients
subjected to thoracotomy

White Bantu

Diagnosis M F M F

Mitral stenosis 7 9 0 0
Intrathoracic neoplasms 8 0 i 0
Pulmonary tuberculosis 3 0 8 3
Pulmonary sepsis 0 4 6 2
Hiatus hernia 6 4 0 0
Total 24 17 IS 5

ritin was prepared by the method of Mazur and Shorr
(20), and hemosiderin by the method of Shoden and
Sturgeon (21). Only 5% (range, 3 to 8%) of heme iron
was present in the filtrate. Calculations based on the
quantities of hemoglobin present in marrow samples in-
dicated that the error that could be introduced by hemo-
globin iron was not more than 10 /ig per g marrow.
The mean recovery of ferritin iron in concentrations
varying between 100 and 2,000 /xg per ml was 104%

Calculated values for total marrow iron stores in 61 human subjects.
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Fig. 2. Correlation between storage iron concentrations in the marrows and livers of

155 necropsy subjects.

(range 100 to 106%), whereas that of hemosiderin iron
in concentrations varying between 70 and 10,000 jtg per
ml was 103% (range 97 to 111%).

In necropsy studies, specimens of rib and samples of
liver were collected. Marrow was obtained from the
ribs by squeezing them dry, and the concentrations of
nonheme iron were estimated with the method described
in the previous paragraphs. As the validity of results
obtained for the concentrations of storage iron in mar-
row depended on there being a moderately constant re-
lationship between storage iron and the weight of mar-
row samples, some preliminary studies were done in
which the concentrations of storage iron were estimated
in samples of marrow obtained from different sites.
Specimens were taken from two sites in subjects with
concentrations of marrow storage iron varying between
15 to 4,476 ,itg per g. The average difference from the
mean of each pair of observations was 5.9% (range 0 to
23%) in 16 cases. It was felt that this degree of agree-
ment was sufficiently close for meaningful information
to be obtained from single samples.

The concentration of total iron present in each forma-
lin-treated sample of liver was estimated as described pre-

The regression line is indicated (r = + 0.88, p<.001).

viously (8). In addition, the concentration of heme iron
was estimated on a separate sample of liver, and the
concentration of storage iron was then obtained by sub-
tracting this result from the figure for total iron. This
proved somewhat difficult as there are no simple, de-
scribed techniques for the quantitative estimation of he-
moglobin iron in formalin-treated tissues. The method
eventually devised was as follows. Approximately 1 g
formalin-treated liver was blotted and weighed. The sam-
ple was then cut into slices and placed in a 50-ml volu-
metric flask. One-half ml of the detergent sodium alkyl
sulfate 1 was added, and the flask was made up to volume
with 1 N sodium hydroxide. The addition of the deter-
gent ensured a clear final filtrate. The flask was placed
in an oven at 56° C for 18 hours. After cooling, the
solution was filtered, and the optical density of the al-
kali-heme was determined by using an Evelyn colorimeter
with a 540 filter. The concentration of hemoglobin iron
present was then read from a calibration curve con-
structed with hemoglobin solutions of known iron con-

1Marketed as Teepol by the Shell Chemical Co., Lon-
don, England.



tent which had been treated in the same way. With
this technique, reproducible calibration curves were ob-
tained on solutions of hemoglobin that had been stored
in formalin for as long as 3 months.

In an attempt to establish the specificity of the method,
estimations of hemoglobin iron were carried out on
deeply jaundiced livers obtained from rats in which the
bile duct had been tied several days previously. The
results were no higher than in normal rats. In addition,
the fact that concentrations of heme iron were in the
same range as those obtained by other methods on
fresh liver specimens (9, 22) further supports the validity
of the present technique.

Histological methods. In the majority of studies,
samples of marrow specimens were squashed onto slides
that were then stained for iron by Dry’s method (23).
The arbitrary histological gradings of storage iron in
marrow particles were as follows: grade 0—no visible
iron under oil immersion (magnification X 720) ; grade
1+—small iron particles just visible in reticulum cells
under oil immersion (magnification x 720) ; grade 2+—

small, sparsely distributed iron particles usually visible
under low power (magnification X 80) ; grade 3+—nu-
merous small particles present in reticulum cells through-
out the marrow particles; grade 4+—Ilarger particles
throughout the marow with tendency to aggregate into
clumps; grade 5+—dense, large clumps of iron through-
out the marrow; and grade 6+—very large deposits of
iron, both intra- and extracellular, which obscure cellu-
lar detail in the marrow particles.

RESULTS

Total iron stores in the marrow (Figure 1).
The mean value in 17 white females was 99 mg
(range 19 to 237 mg), and in 24 white males,
288 mg (range 10 to 833 mg). Only 3 of the
males had values below 100 mg, and 2 of these
subjects gave a history of previous gastrointestinal
hemorrhage. The 3 males with figures above 500
mg were all suffering from bronchial carcinoma.

HISTOLOGICAL GRADING OF MARROW IRON

Fig. 3.

Range of chemical concentrations of storage iron in the marrows of 199 sub-

jects in whom the extent of reticuloendothelial stores was assessed histologically.



Only 5 Bantu females were studied. Results
showed a wide scatter, with values ranging be-
tween 56 and 781 mg. The mean value in 15
Bantu males was 1,629 mg (range 304 to 4,820
mg).

Correlation between concentrations of storage
iron in marrow and liver (Figure 2). The re-
sults in 155 subjects show that the concentrations
of storage iron present in the two organs were ap-
proximately the same over a very wide range.

Correlation between chemical and histological
assessment of storage iron in the marrow. The re-
sults in 199 subjects are shown in Figure 3. Al-
though there was some degree of overlap, moder-
ately good agreement was obtained between the
histological gradings and the chemical concentra-
tions of storage iron in the marrow. The mean
figures for each grade were as follows: 0 = 43 /g
per g (SD, 23); 14- = 130 /xg per g (SD, 50) ;
24- = 223 nS Per g (SD, 75) ; 34- = 406 jug per ¢
(SD, 131); 44- = 762 /xg per g (SD, 247); 5+
= 1,618 jug per g (SD, 464) ; and 64- = 3,681 juy
per g (SD, 1,400).

DISCUSSION

Estimates of the amounts of iron present in
stores have been made in different ways. When
normal subjects are repeatedly phlebotomized, the
red-cell deficit is corrected by mobilizing iron
from stores. Calculations from such data indi-
cate that the total stores in healthy young males
vary between 1,000 and 1,500 mg (). Although
data derived from an isotopic dilution technique
have given a mean figure of only 600 mg in man
(24), these discrepancies are not surprising, since
the response to repeated phlebotomies is a meas-
ure of the total mobilizable stores, whereas the
isotopic technique is only a measure of miscible
stores.

The major sites of storage iron in the body have
been demonstrated by using both histological and
chemical methods. The liver normally contains
up to 300 mg, and significant quantities are pres-
ent in the reticuloendothelial cells of the bone
marrow (7, 25) and spleen (3, 8). In addition,
there is some chemical evidence to suggest that
significant amounts of storage iron may be pres-
ent in skeletal muscles (9, 10). There is, how-
ever, little quantitative information on the total

amounts of iron present in organs other than the
liver and spleen.

In the present study, an attempt was made to
estimate the total amount of storage iron in the
bone marrow. This was done by adapting an
isotopic dilution technique which has been previ-
ously used for gauging the number of cell pre-
cursors in bone marrow (13-15). The data ob-
tained with this technique indicate a mean figure
for marrow storage iron of 288 mg in white males
and 99 mg in white females. Some of the indi-
vidual values must certainly have been modified
by the diseases from which the subjects were suf-
fering. For example, the highest figures in males
were obtained in subjects with cancer, while the
lowest results were in subjects with hiatus hernia
and a history of previous gastrointestinal hemor-
rhage. In spite of these qualifications, it is felt
that the results obtained are probably a fair re-
flection of the findings in the general population,
as the mean values in the 7 males and 9 females
suffering from uncomplicated mitral stenosis, with
no signs of rheumatic activity, were very similar
to those in the whole group, i.e., 256 mg and 70
mg, respectively. All these subjects had hemo-
globin levels above 13 g per 100 ml, and only two,
both of whom were females, had ever donated
blood (2 and 5 pints, respectively). The well-
marked sex difference, which is probably a reflec-
tion of the increased losses of iron via menstru-
ation and pregnancies in females, has also been
noted previously in histological assessments of
bone-marrow iron (26) and in chemical estima-
tions of liver iron concentrations (9, 27).

Figures for storage iron in Bantu subjects were
a good deal higher than in white subjects. The
mean figure of 1,629 mg in Bantu males was ap-
proximately 6 times the value in the white sub-
jects, and the highest figure obtained was 17
times greater. Although the majority of these
subjects were suffering from sepsis, the relative
hemosiderosis that is so often a feature in chronic
infection would not be expected to raise reticulo-
endothelial stores to more than about twice nor-
mal (28), and the very high values obtained
therefore represent an absolute increase in the
body iron content. This fits in with several previ-
ous studies that have demonstrated a high inci-
dence of varying degrees of iron overload in the
adult Bantu population of Southern Africa (s, 22,



29-31). The excess iron in these subjects is
largely derived from the containers used for the
preparation of alcoholic beverages (32). In most
individuals, the iron is almost exclusively stored
in the liver and in the reticuloendothelial system
of the body (s, 29).

In an extension of the initial investigation, speci-
mens of bone marrow and liver were obtained at
necropsy from white and Bantu subjects in order
to compare the concentrations of storage iron
present in the two organs. It was of considerable
interest to find that the concentrations of iron were
very similar in subjects with depleted stores,
normal stores, and all degrees of iron overload.
Although it is not possible to translate the ne-
cropsy data into accurate figures for the absolute
amounts of storage iron present in bone marrow
and liver, some idea of the relative capacities of
the two organs can be obtained from the isotopic
data. Calculations from these results gave a mean
figure for the total marrow weight of about 1,200
g, which is in the same range as the normal liver
weight. This suggests that the liver and mar-
row have a capacity to store iron that is of the
same order. Although the relationship probably
holds true when iron stores are normal or moder-
ately increased, there is usually significant hepa-
tomegaly when gross degrees of iron overload are
present (3, 5), and the liver’s capacity is there-
fore increased. In quantitative terms, the highest
marrow iron concentration obtained in the autopsy
study was 8,647 /xg per g. If it is presumed that
the total marrow weight in this subject was 1,200
g, then the total marrow iron stores must have
been approximately 10 g. This is about half the
amount usually present in the liver in idiopathic
hemochromatosis (3, 5).

One final point is worthy of comment. In the
past, the histological assessment of hemosiderin
in the reticulum cells of marrow particles has been
widely used as possibly the best method for as-
sessing the status of iron stores in an individual
(7, 26, 33, 34). In the present investigation, a
comparison was made between histological grad-
ings and chemical estimations of storage iron in
the marrow. The good agreement obtained over
a wide range of iron concentrations further con-
firms the validity of the histological assessment
of marrow particles as a useful means of gauging
the size of reticuloendothelial stores.

SUMMARY

Total bone-marrow iron stores were estimated
in 61 human subjects by use of an isotopic dilu-
tion technique. The mean value in 24 white males
was 288 mg as compared with 99 mg in 17 white
females. The high incidence of iron overload in
Bantu adults was reflected in the finding of a
mean value of 1,629 mg in 15 Bantu males.

Chemical analyses of iron concentrations in the
marrows and livers of 199 white and Bantu ne-
cropsy subjects revealed a close correlation over
a wide range of iron concentrations.

There was moderately good agreement between
histological assessments of bone-marrow iron
stores and chemical estimations of iron concen-
trations.
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Iron Metabolism in Scurvy with Special Reference to
Erythropoiesis*

T. H.Bothwell,B.A.Bradlow,P.Jacobs,K. Keeley, S. Kramer, H Seftel and S. Z ail

Departments of Medicine and Chemical Pathology, University of Witwatersrand Aledical School,f
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A number 0fobservations suggest that ascorbic acid may be involved in several phases ofiron
transport. Iron is probably absorbed in the ferrous state (Moore, Dubach, Minnich and Ro-
berts, 1944) and there is evidence that ascorbic acid facilitates the process (Moore, 1955). After
passing through mucosal cells, iron combines with a specific protein, transferrin, which
carries it to receptor tissues, such as the bone marrow and storage depots. The iron attached
to transferrin is in the ferric state (Surgenor, Koechlin and Strong, 1949). The iron in haem
is in the ferrous form and Goldberg (1959) has shown that ascorbic acid facilitates the forma-
tion of this complex. There is also evidence to indicate that ascorbic acid may be concerned
in the combination of iron with apoferritin to form ferritin (Fincberg, Kasbekar and Loe-
wus, 1959; Mazur, Carleton and Carlsen, 1961) and it has been shown that a number of
reducing agents, including ascorbic acid, are able to release iron fom ferritin (Mazur, Baez
and Shorr, 1955).

Since these various observations suggest that ascorbic acid may play an important role in
iron transport, a series of studies was carried out in scorbutic subjects to delineate the possible
relationships. Special interest centred on the absorption of iron, its transport through the
plasma and its incorporation into haemoglobin. In addition, it was possible to make certain
observations on the nature of the anaemia present in scorbutic patients.

MATERIAL AND METHODS

CLINICAL MATERIAL

Twenty-five adult Bantu patients admitted to Baragwanath Hospital suffering from scurvy
were studied. The diagnosis in each was made according to the strict criteria established in
this hospital by Grusin and Kincaid-Smith (1954). Further confirmation was provided by the
dramatic cessation of bleeding and by the return of haemoglobin levels to normal on treat-
ment with ascorbic acid alone.

METHODS

Routine haematological studies, including haemoglobin, packed cell volume (PCV) and reti-
culocyte count, were carried out on admission. Plasma iron was estimated in the majority by
a modification of the method of Bothwell and Mallett (1955) and the unsaturated iron-bind-
ing capacity was also measured in some subjects by the method of Bothwell, Jacobs and
Kamener (1959). Bone-marrow smears were examined in over halfthe patients.

Iron-absorption studies were carried out in several subjects after the oral administration of a
dose of $ mg. of ferrous sulphate labelled with 15 |ac. of 59Fe chloride. The percentage ab-

* This work was supported in part by a grant (AM-04912-02) from the National Institutes of Health, U.S.A., and in part

by a grant from the Council for Scientific and Industrial Research, South Africa,
f Postal address: Hospital Street, Johannesburg, S. Africa.



sorption was calculated from the red-cell radioactivity 8 days after administration of 59Fe.
(Preliminary studies indicated that between 80 and 100 per cent of the 59Fe introduced into
the plasma was present in red cells at this stage in recently treated subjects.)

The absorption of 59Fe was also measured in scorbutic guinea-pigs. Scurvy was produced
by a diet of bran (45 per cent), oats (30 per cent) and dried skimmed milk; the milk was heated
to iio° C. for 2 hours to ensure destruction of all ascorbic acid. Supplements of cod liver oil
were given twice weekly. Control animals received the same diet except for the addition of
ascorbic acid to the drinking water. In one study 50 ug. of 59Fe in the form of ferric chloride
was fed to the fasting animals 2$ days after the commencement of the diet; at this stage two
of the test animals had already died from scurvy and anaemia was present in most of the
remainder. In the second study a dose 0f25 ug. ofiron was used and absorption was measured
21 days after the start of the ascorbic-acid-frce diet. In both investigations ascorbic acid was
fed to the test animals 12 hours after giving 59Fe, and they were maintained on a normal diet
thereafter. The percentage absorption was measured 8 days after the administration of the
PFe chloride by placing the animals in a counter composed of a ring of Gceiger-Miiller tubes
(Veall and Vetter, 1952).

Plasma iron turnovers were carried out as described previously (Bothwell, Hurtado, Donohue
and Finch, 1957). The percentage of injected 59Fe which subsequently reappeared in circu-
lating red cells was measured in several subjects. In these calculations a blood volume of 70 ml.
per kg. was assumed.

The uptake of5SFe by bone marrow in vitro was measured on several specimens. Aliquots of
marrow were incubated ior varying periods in a mixture containing Eagle’s medium (Eagle,
1959) and plasma labelled with 59Fe. After incubation at 370C., the cells were washed with
0.9 per cent saline and the radioactivity was measured in a scintillation counter. The cells
were then haemolysed with water and after centrifugation at 3000 rev./min. further analyses
were carried out on the supernatants. Hacmin was crystallized by the method of Labbe and
Nishida (1957). In order to correct for the incomplete recoveries obtained with this technique
a solution of pure haemoglobin labelled with 55Fc was added to the 5Fe haemolysates at the
beginning of the procedure and the washed haemin crystals were finally digested, electro-
plated on to copper discs and counted for S5Fc and 39%e using methods previously described
(Bothwell ct ah, 1957). In this way it was possible to calculate the percentage of 59Fe-haem
in the original haemolysate. Ferritin was identified using an antiserum to human ferritin
prepared in rabbits; the immunochemical procedures were slight modifications of those
described by Rcissmann and Dietrich (1956).

RESULTS
Haematological Data

The mean values obtained on 25 patients before treatment were as follows: haemoglobin,
9.7 g. per 100 ml. (range 6.7-13.3); PCV, 29.2 per cent (range 20.0-39.0); MCHC, 33.1 per
cent (range 27.6-38.0); plasma iron, 60 ug. per too ml. (range 20-112) and total iron-binding
capacity (measured in 14 subjects), 247 ug. per 100 ml. (range 167-353).

On examination of peripheral blood smears the red cells were found to be normocytic
and normochromic in most subjects, but seven patients showed mild or moderate hypo-
chromia. The reticulocyte count on admission was variable, with figures ranging from 0.2
to 12.6 per cent (mean 4.2 per cent). Bone-marrow smears were examined in 14 subjects:
erythroid hyperplasia of normoblastic type was present to varying degrees in all the marrows
examined, and moderate to marked rcticulo-endothelial siderosis was a constant finding.



The frequency of iron overload was confirmed by carrying out liver biopsies on 12 subjects
after recovery. Siderosis was regarded as severe in 11 of them, using the criteria of Bothwell
and Isaacson (1962).

Absorption of 59Fe

The absorption of a 5 mg. dose of ferrous sulphate was measured in eight patients: in the
four subjects tested before treatment the mean absorption was 4.1 per cent (range 1.5-8.0),
as compared with a figure of 8.0 per cent (range 2.0-16.0) in four subjects studied shortly
after beginning treatment. All these figures are within the range found in apparently normal
Bantu males (Bothwell, unpublished).

Since these inconclusive results were probably complicated by the coexistence ofiron over-
load in the patients studied, it was decided to investigate the problem further in scorbutic
guinea-pigs. The results in two studies are shown in Table I. In both experiments the presence

T able I

ABSORPTION OF IRON IN SCORBUTIC AND CONTROL GUINEA-PIGS

Dose of iron Type and No. Hb Reticulocytes Absorption
(KS-) ofanimals (g./ioo ml.) (%) (%>
Scorbutic (6) n -3 21.3 11.8
(9.4-14-6) (12.0-40.1) (5.1-20.4)
5o
Controls (4) 16.8 1.4 1.8
(16.3-17.7) (0.8-1.7) (1.1-1.5)
Scorbutic (11) 14-7 0.9 14-7
(12.1-16.2) (0.2-2.0) (4-1-31-1)
25
Controls (9) 15.4 0.6 4-3
(13.1-17.8) (0.2-1.8) (0.7-8.7)

All values are given as means with ranges in parentheses.

of scurvy was associated with an increase in the absorption of iron. This increase did not
appear to be related to the presence of anaemia, as it was nearly as marked in the group of
animals studied before significant anaemia had developed.

Ferrokinetic Measurements

Plasma iron turnovers were carried out on 15 patients before treatment (Table I1): the mean
value was 2.6 times normal. In all except two subjects (Nos. 13 and 15) there was moderately
good agreement between values for plasma iron turnover and the reticulocyte count. These
results suggested that erythropoietic activity was effective in terms of the delivery of viable
red cells to the circulation. This point was investigated further by studying the red-cell
utilization of 59Fe in three subjects who were maintained on a scorbutic diet for several days.
During this period the subjects showed no clinical evidence of remission and there was no
significant rise in haemoglobin, reticulocyte count or plasma iron. The percentage o f®Fe
used for red-cell production was within the normal range in all three patients (Pig. 1).

In a further three patients, serial plasma iron turnovers were carried out before and after
treatment with ascorbic acid, to find out whether this was associated with any change in total



Iron Metabolism in Scurvy

Table Il

HAF.MATOLOGICAL AND FERROKINETIC DATA IN 15 UNTREATED PATIENTS WITH SCURVY

Plasma iron Production index'f
‘Corrected’™ Total turnover
Subject  Sex PCV Reticulocytes reticulocytes Plasma iron iron-binding 59Fe-Tt  {mg./dayl Plasma iron

No. (%) (%) (%) (tig./ioom1.) capacity (min.) 100 ml. Reticulocytes  turnover
(iig./iooml.) whole blood) (%) (%)
1 M 37 3-0 2.3 53 235 32 1.04 230 170
2 F 30 2.1 1-3 39 223 21 1.30 130 213
3 M 23 4.0 1-9 49 174 26 1.46 190 239
4 M 32 4.5 3-0 59 290 38 1.06 300 174
5 M 25 11.4 5-9 75 300 18 3-13 590 513
6 M 19 12.0 4.7 20 242 14 1.16 470 190
7 M 26 4.6 25 70 319 46 1.13 250 185
8 M 36 2.4 1.8 40 240 18 1.42 180 233
9 M 27 3-0 1-7 72 205 24 2.19 170 359
10 M 20 10.2 4.2 66 256 24 2.20 420 361
1 M 30 2.6 1.6 43 21 1.43 160 234
12 M 25 5.0 2.6 68 167 27 1.89 260 310
13 M 30 0.2 0.12 71 269 47 1.06 12 174
h M 38 2.2 1-7 112 353 36 1-93 170 316
15 M 35 0.2 0.15 96 181 42 1.49 15 244
Mean 29 4-5 2.4 62 247 29 1-59 236 261

* ‘Corrected’ reticulocgs = % reticulocytes x — T
/0 3 Normal PCV (48 per cent)

f In theserough estimates oferythropoietic activity a ‘corrected’ reticulocyte value o f 1.0 per centand a plasma iron turnover
of 0.61 mg. per 100 ml. whole blood per day were each taken as 100 per cent and individual figures were related to these
normal values.

Fig. 1. (a) Percentage of injected 59Fe appearing in red cells in three untreated patients with scurvy. The serial
changes in (b) plasma iron (ng. per 100 ml.), (c) haemoglobin (g. per 100 ml.), and (d) reticulocytes (per cent)
are also shown before and after the beginning oftreatment (R) with 1.0 g. o fascorbic acid daily.



Fig. 2. Serial plasma iron turnover measurements in a patient with scurvy before and after treatment, (a) Reticu-
locytes (per cent); (b) Plasma iron (tig. per ioo ml.); (c) Plasma iron turnover (mg. per day per ioo ml. whole
blood). The intravenous dose (arrow) of ascorbic acid (500 mg. of vitamin C) was followed by i.og. daily by
mouth.

Fig. 3. Effect ofascorbic acid (500 mg. intravenously) on the plasma iron in patients with scurvy (closed circles)
and in acontrol group (open circles).



erythropoietic function. In one there was a rise in plasma iron turnover from 1.2 to 2.0 mg.
per 100 ml. whole blood per day within several hours of administering ascorbic acid and this
turnover rate was maintained over the next few days. In the other two patients there was no
change in plasma iron turnover after treatment: the findings in one of these two patients are
illustrated in Fig. 2.

One point of interest was the rise in the level of plasma iron after giving ascorbic acid.
This phenomenon is apparent in Figs. 1 and 2, and was studied in more detail in eight other
patients with scurvy. The prompt and dramatic rise, which reached a maximum between
4 and 6 hours, was not observed in a control group comprising four normal subjects, three

Tabte I

UPTAKE OF 59Fe BY SCORBUTIC MARROW CELLS

Total uptake (counts/sec.)

Time of
incubation W ithout W ith
(hr.) ascorbic acid ascorbic acid
1 1330 1430
2 2100 2330
3190 3200
Table IV

DISTRIBUTION OF 59Fe IN SCORBUTIC MARROW CELLS

Radioactivity infractions (% o ftotal)

Time (hr.)

Haemin Ferritin Deposit Total
Scorbutic 1 81.4 7-9 18.5 107.8
marrow without 2 71-5 8-3 16.8 96.6
ascorbic acid 4 83.7 H -7 13.6 109.0
Scorbutic 1 77-4 7.0 18.7 103.1
marrow with 2 66.4 7.6 17-S 9i .5
ascorbic acid 4 72.2 9.8 17.2 103.2

patients with cancer, two with chronic infection and one with iron overload, or in a patient
with scurvy who had already been adequately treated (Fig. 3). In-vitro testing revealed that
the rise was not due to any local effect of ascorbic acid on scorbutic red cells and the most
likely explanation for its occurrence seemed to be an increased release of iron from reticulo-
endothelial cells.

Marrow Uptake o f59Fe

The fact that the major portion of injected 59Fe reappeared within new red cells in un-
treated patients ruled out any major interference with haemoglobin synthesis in scurvy.
As it remained possible, however, that more subtle alterations might exist, several in-vitro
studies were done in which aliquots of marrow from untreated patients with scurvy were
incubated with 59Fe-labelled scorbutic plasma.

In the first experiment the effect of adding ascorbic acid in a final molarity of 1 X io~4 was



studied. This molarity has been found to be optimal for the incorporation of iron into haem
in vitro (Goldberg, 1959). The absolute uptakes are shown in Table Ill. After haemolysing
the washed cells the percentage of radioactivity present in haemin and ferritin fractions was
then measured. It can be seen (Table 1V) that the addition of ascorbic acid did not affect the
percentage ofhaemin formed.

In further experiments on other scorbutic marrows ascorbic acid was used in molarities
varying between 1 Xio-5 and 5x i0~4, but essentially similar results were obtained. Marrows
were also incubated for periods up to 21 hours but again there was no difference.

DISCUSSION

These studies indicate that there is no interference with iron absorption in scurvy. Although
the percentage absorption ofa small dose ofiron was found to be relatively low in four patients
tested, this was also true of those who had already been treated. It therefore seems likely
that the absorption ofiron in scorbutic Bantu is modified by the severe degree ofiron over-
load which is present in the majority. This is supported by the two studies in scorbutic guinea-
pigs, since these showed that the absorption rates were actually greater than in control animals.
Although this enhanced absorption rate was probably the result of increased erythroid
marrow activity, it is somewhat surprising that it was noted in one group of animals at a
time when there had been no real change in haemoglobin and reticulocyte levels. Whatever
the explanation, it is clear that the increase in the absorption of food iron, which has been
noted in normal and iron-deficient subjects when ascorbic acid is added (Moore, 1955), must
be due to local effects within the lumen and not to any change in cellular behaviour.

Ferrokinetic measurements in patients with scurvy revealed a moderately consistent pattern,
with an erythropoietic rate, asjudged from plasma iron turnover data, of between 2 and 3
times normal. In addition, the utilization of 59Fe for red-cell production was normal in the
three subjects in which it was tested. These findings suggest that erythropoicsis is effective
in scurvy and further support for this is provided by the fact that the reticulocyte count was
usually raised to the same degree as the plasma iron turnover. It is clear, however, that this is
not always the case, since there are several reports of megaloblastic erythropoiesis in scurvy
(McMillan and Inglis, 1944; Bronte-Stewart, 1953; Brown, 1955). In the past this has been
ascribed to a disturbance in folic-acid metabolism secondary to the ascorbic-acid deficiency,
but there is recent evidence to indicate that diets with a low ascorbic-acid content are also
deficient in folic acid and that if such a diet is supplemented with ascorbic acid alone, frank
megaloblastic anaemia may develop (Zalusky and Herbert, 1961). Although the folic-acid
status of the subjects in the present study was not assessed, there is evidence that Bantu with
scurvy invariably show some biochemical evidence of folic-acid deficiency (J. Metz, personal
communication). It is ofinterest that two of the patients in the present study had dispropor-
tionately low reticulocyte counts and it is possible that these particular patients had a more
severe degree of folic-acid deficiency. The bone marrow, however, was judged as being
normoblastic in each ofthem.

The plasma iron was lower than normal in scorbutic subjects, despite the fact that they had
enlarged iron stores. The prompt rise in plasma iron that occurred when ascorbic acid was
given seemed to be due to an increased release of iron into the plasma, presumably from
reticulo-endothelial stores. The fact that a similar rise was not found in normal subjects or in
patients with infection, neoplasia or uncomplicated iron overload, suggests that there
must be some alteration in the way in which iron is released from reticulo-endothelial cells



into the plasma in scurvy. At the same time it is clear that the low plasma iron levels found in
untreated scorbutic subjects are sufficient to supply the needs of the marrow, since there was
little or no change in plasma iron turnover when the plasmairon had been raised by treatment
with ascorbic acid.

Although the present investigation was designed primarily to study iron metabolism in
scurvy, the results obtained give some insight into the pathogenesis of anaemia in this con-
dition. In the subjects studied, erythroid marrow activity was in the range which would be
expected as a result of acute anaemia (Bothwell et al., 1957) and both in-vivo and in-vitro
studies suggested that haemoglobin formation was normal. The anaemia present in these
subjects must therefore have been the result of a degree of haemolysis and/or haemorrhage
greater than the marrow’s capacity to respond. Although the survival time of transfused red
cells has been found to be less than normal in scorbutic patients (Merskey, 1953), interpretation
of data is difficult since similar results would be expected with continuing haemorrhage into
tissues. Red cells from three of the subjects in the present study, when labelled with 5LCr
according to the method of Mollison and Veall (1955), survived normally in compatible
recipients. This suggests that there is no intrinsic red-cell defect, but even this evidence is not
conclusive, since it is theoretically possible that any defect in the cells might be corrected by
the entry of ascorbic acid from normal plasma. Even if some degree of haemolysis does exist
in patients with scurvy, however, it is important to stress that the striking clinical manifesta-
tions are due to haemorrhage into tissues and this would seem to be the dominant, if not the
only, factor of importance in the production of anaemia.

One last point relates to the significance of the sidcrosis which was a major feature in the
Bantu subjects studied. This association, which has also been observed by other workers
(Schulz and Swanepoel, 1962) seemed to be more than fortuitous since the degrees of iron
overload present were greater than would be expected in a hospital population of comparable
age structure (Bothwell and Isaacson, 1962). It has been suggested that persons with sidcrosis
living on a borderline diet may be precipitated into clinical scurvy as a result of irreversible
oxidation of available ascorbic acid by the excessive deposits of ferric iron. Although there is
no concrete evidence to support this contention, two observations are at least compatible
with it. In one recent investigation attempts to saturate two siderotic scorbutic subjects with
oral ascorbic acid were unsuccessful and in one of them urine excretion was less than normal,
even after repeated parenteral injections (Schulz and Swanepoel, 1962). In the present
investigation two groups of guinea-pigs, one with normal and the other with increased
iron stores (50 mg./kg.), were placed on a scorbutic diet and followed to death. The average
survival time of the normal animals was 28 days (range 24-31) as opposed to 22 days (range
19-24) in the siderotic group. Although both these studies suggest that excessive iron stores
influence the metabolism o f ascorbic acid they do not indicate the mechanisms involved.

SUMMARY

The results of ferrokinetic measurements, carried out in adult Bantu with scurvy and in
scorbutic guinea-pigs, indicate that there is no major impairment in iron transport when
ascorbic-acid deficiency is present.

Iron absorption is greater than normal in ascorbic-acid deficiency, probably in response to
an increased erythropoietic activity of between 2 and 3 times normal. This activity appears to
be effective in terms of the delivery of viable red cells to the circulation and in-vitro studies
suggest that haemoglobin synthesis within the marrow is normal.



Although the plasma iron is lower than normal in scurvy, this does not limit the erythro-
poietic response, since the prompt rise which occurs when ascorbic acid is given does not
lead to any marked change in the rate ofblood formation.

The fact that Bantu subjects with scurvy almost invariably have moderate to severe
degrees of iron overload suggests that excessive iron deposits may modify the metabolism

ofascorbic acid in the body.
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The mechanisms involved in the uptake and
utilization of iron by red cell precursors have
been studied by a number of investigators. Ini-
tially iron is released from the plasma protein,
transferrin, onto the cell membrane and passes
rapidly into the cell interior (1, 2). The results
of several studies indicate that it is then taken
up by a nonhemoglobin protein before being in-
corporated into hemoglobin (2-4). The nature
of the precursor complex is, however, still not
clear. In a series of in vitro studies on human
and dog marrow suspensions, Greenough, Peters,
and Thomas (4) found that it could be distin-
guished from ferritin but had properties in com-
mon with”globin. They therefore suggested that
the iron combines with a protein, which is pos-
sibly a part of the globin molecule, and that this
complex (sideroglobin) then unites with proto-
porphyrin to form hemoglobin. Although such a
concept could well account for one pathway taken
by iron within the red cell precursor, it does not
elucidate the significance of the appreciable quan-
tities of ferritin that can be seen in erythroid pre-
cursors by electron microscopy (5). Theoreti-
caly it is possible that a proportion of the iron
entering the cell is temporarily stored in ferritin
before being used for hemoglobin synthesis, and
recent evidence has been presented in support of
this thesis (6). Alternatively, the ferritin iron
may represent a surplus that is excreted when the
cell has matured.

The present studies were undertaken to try to
elucidate the possible role of ferritin in hemo-
globin synthesis and to define the relationship, if
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This work was supported by a grant (AM 04912-02)
from the National Institutes of Health, Bethesda, Md.,

and by grants from the Council for Scientific and In-

dustrial Research and the Atomic Energy Board, South

Africa.

any, between it and the hemoglobin precursor
(Fraction 1) described by Greenough and co-
workers (4).

Methods

Marrow was obtained either from the ribs of sub-

jects undergoing thoracotomy or by aspiration from the

posterior iliac crest. All the marrows were obtained

from hematologically normal subjects, except for two

specimens that were obtained from patients with proven
iron-deficiency Venous blood

anemia. containing be-

tween IS and 20% reticulocytes was obtained from two
patients with pernicious anemia in early remission, and
from

one subject with idiopathic autoimmune hemolytic

anemia. Reticulocyte-rich blood was also obtained from
rats 3 to 4 days after the parenteral administration of an

ethanolic solution of phenylhydrazine (30 mg

per kg).
All these samples were treated the same as the marrow.
In addition, in VIiVO studies were carried out in one nor-

mal, splenectomized human subject and in both normal
and splenectomized rats.

marrow
(B.S.S.) (7)

/ug streptomycin, and

Specimens of were suspended in balanced

salt solution containing 200 U penicillin,

100 /xg neomycin per ml, and

w'ere processed and wused within 1 hour after removal

from the patient. M arrow obtained from ribs was

shaken vigorously and then syringed repeatedly through
a 20-gauge Luer lock needle until adequate dispersion of
the cells was obtained. In certain studies splenic sus-
pensions were also prepared in this way.
in cold B.S.S. to

natant fat and was then suspended in B.S.S.

The marrow

was washed once remove the super-
containing
10 to 30% autologous serum.

Fe~rCfi (SA, 20 to 30 /xc per /xg) bound to autologous
serum was added to the marrow suspension at the start
of the The

incubation. Fe5Cls added was

always less than the binding capacity of the serum pres-

amount of

ent. Serum iron levels were estimated by a modification
of the M allett (8) and iron
method of Bothwell,

method of Bothwell and

binding capacities by the Jacobs,

and Kamener (9). Equal samples of marrow suspension

were incubated at 37° C in air in 25-ml Erlenmeyer

flasks placed on top of a slowly revolving drum inclined

at 10° to the horizontal. Samples of marrow' were re-

moved at varying times, and the reaction was stopped by
the addition of 0.5% saline and

potassium cyanide in

rapid cooling to 0° C. In some experiments, further FeM

labeling of the marrow was stopped after 5 to 10 minutes’



incubation by cooling the marrow rapidly to 4° C, wash-

ing it free of external radioactivity, and reincubating

it in unlabeled incubation medium. After incubation the

marrow cells were washed 3 times with saline and were
then
The

4° C for

lysed by the addition of 4 vol of distilled water.

then shaken
The

The

samples were vigorously and kept at

30 minutes.
20 minutes at 1,500 X Q.

lysate was centrifuged for
clear red

The

resulting super-

natant solution was siphoned off and kept. precipi-

tate in 10 vol of

at 1,500 X § for 20

(“stromal fraction”) was washed twice
cold distilled water and centrifuged
minutes.

Isolation of Fraction 1 and main hemoglobin. A
ple of the

sam -
supernatant solution was
Type
Moore,

chromatographed on

Amberlite CG-50 resin, 11,1* prepared according to

‘lie method of Hirs, and Stein (10) as modified

by Greenough and co-workers (4). The fraction eluting
with the solvent front (Fraction 1) was separated with
the starting buffer (0.0067 M sodium phosphate with
0.0033 M KCN at pH 7.0), and all other components
(main hemoglobin) were eluted from the column by
changing directly to the limiting buffer (0.5 M NacCl
dissolved in the starting buffer). Recoveries of radio-

activity were between 85 and 95%. To ascertain whether

the main hemoglobin fraction represented an accurate

measure of hemin synthesis, the percentages of counts

of Fe“ incorporated into main hemoglobin and into he-

min in a sample of supernatant solution were compared.

Hemin Labbe and

Nishida

was crystallized by the method of
(11). To

this

correct for the incomplete recoveries

obtained with solution of

added to the

technique, a pure hemo-

globin, labeled with Fe“, was Fe@® super-

natant solution at the beginning of the procedure, and

the washed hemin crystals were finally digested, elec-

troplated onto copper discs, and counted for Fe5 and Fe@
(12).

percentage of

with methods previously described In this way it
FeS-labeled
W ith this
Fe8 incorporated

90%) of the

was possible to calculate the

hemin in the original supernatant solution.

approach the mean percentage of

77% to

into

hemin was 83.4% (range, value

for main hemoglobin.

Isolation of ferritin.
pared

Human liver ferritin was pre-

siderotic Bantu
(13). An

immunized with

from livers by the method of

Mazur and Shorr antiserum was prepared by

bleeding rabbits samples of alum-pre-
cipitated human ferritin by a modification of the method
(14).

approximately 1 mg

of Proom (One ml of the pooled antiserum pre-

cipitated ferritin). In studies on

rats an antiserum to purified horse spleen ferritin was

used, since a cross-immunity has been shown between

(15).
To 1 vol of the

these two species
added an
ethylenediaminctetraacetic
acid (EDTA) buffered to pH 7.0.

solution to be tested was

equal volume of 0.2 M sodium
One ml antiserum and
ml carrier ferritin solution containing approximately
added, and the

1 hour at 37° C. The

500 /xg ferritin were then mixture was

incubated for ferritin-antiferritin

complex, which appeared as a visible precipitate, was

lM anufactured by the Rohm & Haas Co., Philadelphia,
Pa.

washed 3 times with distilled water after centrifugation

at 1,5u0 X g for 10 minutes. The FeS activity of the
precipitate was determined.
In this method carrier ferritin was added to the solu-

tion for two reasons: l) Precipitation could be verified

by chemical methods, and 2) it allowed for the meas-

urement of minute amounts of labeled ferritin. The
theoretical possibility that free Fe®8 or some other la-
beled small molecule in the supernatant solution might

attach to the carrier ferritin and be precipitated with

the ferritin-antiferritin
EDTA

complex was avoided by the ad-

dition of to the solution, since preliminary stud-

ies showed that it prevented nonspecific attachment of

free Fe* to carrier ferritin. In a further experiment,

antiserum was added to a
ing EDTA

Under these

marrow hemolysate contain-

and ferritin labeled physiologically with FeS3
circumstances 96% of the

The

radioactivity was

precipitated. specificity of the antiserum was con-

firmed by the demonstration that when the antiserum
was incubated with solutions of hemoglobin and trans-
ferrin labeled with Fert® no activity was precipitated. In
addition, negative results were also obtained with Feb53

labeled main hemoglobin, obtained after chromatography

of marrow supernatant solutions.

Ferritin was also identified wusing the Ouchterlony
(16).
serum was placed in the center well while human
labeled N VItro with Fe5 and
supernatant solutions were placed

A fter the

agar gel technique as described by Bodman Anti-

ferritin

liver ferritin, marrow

in the peripheral wells.

bands of precipitation had formed, the gels

were washed for 3 days with frequent changes of dis-

tilled water. They were dried until paper-thin and were
then placed in apposition with X-ray films for several
days to obtain radioautographs.

Results

Demonstration of physiologically labeled fer-
ritin in marrow suspensions at various times of
incubation. The incorporation of Ferg into the
“stromal fraction,” Fraction 1, ferritin, and main
hemoglobin was followed over several hours in
six experiments. Since the major changes in the
pattern of incorporation of Fes into the various
fractions occurred in the first hour of incubation,
most samples were analyzed during this period.
To permit comparison between results obtained in
the different experiments, the amounts of radio-
activity present in the various fractions at dif-
ferent times were expressed as percentages of the
total cellular uptake at 1 hour.

Radioiron was rapidly taken up by the mar-
row suspension. After 5 minutes between 23 and
37% was already present in cells, and this rose
to between 71 and 79% by 30 minutes. Approxi-
mately half of this uptake was present in the



Fe*

main hemoglobin, and ferritin.

Fig. 1. Incorporation of into F raction 1,

Analysis of samples
of human rib marrow culture at various times up to 1

hour.

“stromal fraction.” Between 5 and 30 minutes
the mean percentage present in Fraction 1 rose
from 55 (range, 3.7 to 9.9%) to 16.8 (range,
12.7 to 22.0%). The rate of increase over the
next 30 minutes was much slower, the mean
figure at 1 hour being 18.5% (range, 15 to 28%).
Between 2.0 and 4.6% of the Fess was incorpo-
rated into ferritin by 10 minutes, and thereafter
the radioactivity in ferritin increased in linear
fashion up to 1 hour, when between 8.3 and
16.4% was present in this fraction. It was note-
worthy that the amount of radioactivity in fer-
ritin was always less than in Fraction 1 Only
small amounts of Feso (between 2.0 and 5.9%)
were incorporated into main hemoglobin in the
first 10 minutes, but by 60 minutes between 19.0
and 36% was present in this compound. The
pattern of changes occurring in one of the ex-
periments is shown in Figure 1

Between 1 and 12 hours there were no marked
changes in the distribution of Fes between the
various fractions. The rate of uptake of radio-
activity by the cells was not as rapid as over the
first hour, the figures after 4 hours ranging be-
tween 1| and 3 times the 1-hour uptakes. At this
stage between 17.6 and 32.5% of the activity
taken up was in Fraction 1, from 10.2 to 23.0%
in ferritin, and between 22 and 46% in main he-
moglobin.

Site of formation of ferritin. As marrow is a
heterogeneous tissue it was necessary to determine
whether the ferritin isolated in the marrow su-
pernatant solution had been labeled in red cell
precursors or in reticuloendothelial cells. Since
preliminary studies indicated that bone marrow
suspensions obtained from the femurs of rats
metabolized iron in similar fashion to human bone
marrow suspensions, three in vitro studies were
done in which the uptake of Fess from labeled
autologous plasma by marrow suspensions was
compared with that of splenic suspensions pre-
pared in the same way (see Methods). After
3 hours’ incubation the samples were washed 3
times with normal saline and were then counted
for radioactivity. The total uptakes by the
splenic suspensions were less than 10% of those
obtained with equivalent wet weights of mar-
row. After homogenization with 4 vol of water,
samples of the supernatant solution from the
splenic suspensions were set up with antiferritin
serum. It was found that 0, 2, and 14% of the
activity taken up by splenic cells was precipitated
as ferritin. The comparable figures obtained
with the marrow suspensions were 10. 23, and
16%. respectively. When these figures were re-
lated to the total uptakes of the two tissues, the
spleen’s capacity to incorporate Fero into ferritin
was between o and 10% of a comparable weight
of marrow. Although it is possible that reticulo-
endothelial cells in the marrow may behave dif-
ferently from those in the spleen, this seems
unlikely, and the results obtained therefore sug-
gest that the labeling of ferritin observed in mar-
row cultures was occurring predominantly in red
cell precursors and not in reticuloendothelial cells.

Demonstration of physiologically labeled fer-
ritin in Fraction I. Addition of antiferritin se-
rum to Fraction 1 resulted in the precipitation of
a significant number of counts as ferritin. When
a solution of Fraction 1 was placed opposite anti-
ferritin serum on an agar gel diffusion plate no
visible band resulted, but a radioautograph of the
washed plate showed a line of radioactivity op-
posite Fraction 1 that coalesced with the lines of
radioactivity corresponding to the bands of la-
beled pure ferritin (Figure 2). A similar band
was noted when a sample of the whole super-
natant solution was treated in the same way.
These results therefore confirmed the presence of



ferritin in both the supernatant solution and
Fraction 1

When the percentage of counts incorporated
into ferritin at various time intervals was meas-
ured directly on the supernatant solution, the re-
sults were in close agreement with those obtained
when the same estimation was carried out on
Fraction 1 (Table 1). These findings indicate
that all the ferritin present in the marrow super-
natant solution was in Fraction 1 In addition,
the percentage of radioactive ferritin present in
Fraction 1 increased with time (Table I1).

Effects of stopping labeling on different frac-
tions. Four experiments were performed in
which the marrow was incubated with FerSlabeled
plasma for a period of 5 to 10 minutes, and fur-
ther labeling of the marrow with Fer® was then
stopped. In this way it was possible to follow the
fate of a “cohort” of radioiron at various time
intervals. Figure 3 illustrates the pattern ob-
tained in one experiment. The radioactivity in
Fraction 1 and the “stromal fraction” fell with
time up to 6 hours, whereas the activity in hemo-
globin rose rapidly at first and then reached a
plateau. In contrast, the radioactivity in ferri-
tin remained the same throughout the time of in-
cubation. When the counts present in Fraction 1
were corrected for the ferritin present, the non-
ferritin fraction fell rapidly to a very low level.
During this period there was a reciprocal in-
crease in the activity present in main hemoglobin.

Fig. 2. R adioautograph of agar-gel diffusion plate.
Center well, human liver ferritin antiserum; 1, Fe“-la-
beled Fraction 1; 4, Fe“-labeled marrow supernatant
solution; 2, 3, S, and 6, Fe“-labeled human liver fer-
ritin.  Although no visible precipitate could be seen op-
posite the wells containing Fraction 1 and the marrow
supernatant solution, bands of radioactivity coalescing
with the liver ferritin bands are demonstrated.

TABLE i

A comparison of radioactivity in ferritin (expressed as a percentage of total marrow uptake) determined in
marrow supernatant solution and in Fraction 1 after various periods of incubation in vitro

Minutes

Exp’t no. 5 D 30

I. Supernatant 9.7 7.0 8.3
solution

Fraction 1 7.4 8.0 8.9

Il. Supernatant 9.9 8.4 9.8
solution

Fraction 1 8.4 9.2 9.9

Ill. Supernatant 7.2 9.9 m
solution

Fraction 1 4.2 6.6 8.3

IV. Supernatant 10.5 11.4
solution

Fraction 1 8.5 10.5

V. Supernatant
solution
Fraction 1

Hours

1 2 3 4 6
7.9 16.8
13.5 15.3

9.4 15.1

:D-O 16.1

10.3 ]J_O

8.3 :D.2

11.5 ]J_S 11.3

8.4 10.5 10.7

]J_2 ]J—Z 8.9

D-Z 81 8.9



Fig. 3. Incorporation of Fe" into
hemoglobin, and ferritin.

at various times up to 6 hours.

minutes by washing the cells and resuspending them in unlabeled medium.

triangles, “stromal fraction” ;
globin; open diamonds, ferritin;

1 minus ferritin.

in the three other experiments the results were
very similar. The percentages of radioactivity
precipitable as ferritin when labeling was stopped
were 9.9, 5.1, and 6.5 as compared with figures
of 9.9, 6.5 and 8.9, respectively, at & hours.
During this period the nonferritin activity in
Fraction 1 fell from 9.6 to 2.7, from 11.1 to 2.2,
and from 11.3 to 6.1. The increase in main hemo-
globin was from 26.3 to 64.6%, from 19.8 to
44.3%, and from 37.6 to 67.3% in the three ex-
periments. It thus appears that the portion of

TABLE I

The percentage radioactivity precipitable as ferritin in
Fraction 1 after various periods of incubation of marrow
in vitro (labeling with FeMnot stopped)

Minutes Hours
Exp’t
no. 5 D 30 1 2 3 4 6
i 43 51 51 59 69 74
ii 41 46 51 61 67
hi 30 43 49 50 58
v 31 33 55 58 71 78

“stromal fraction,”

open circles,

Fraction 1, main

Analysis of samples of human rib marrow culture

Further labeling with Fe5 was stopped after 5

Closed

Fraction 1; closed circles, main hemo-

hatched area, hemoglobin precursor, i.e., Fraction

Fraction 1 not precipitable by antiferritin serum
is the active intermediate for iron incorporation
into hemoglobin (hemoglobin precursor). Since
in control experiments in which labeling was not
stopped the activity in hemoglobin continued to
rise to between 12 and 25 times the figure at 10
minutes, these data also suggest that ferritin does
not act as an active intermediate for the incorpora-
tion of iron into hemoglobin in marrow cultures
over 6 hours.

Kinetics of Fes incorporation into ferritin in
marrow cells in vivo. Since it was not possible to
show any drop in ferritin activity during the in-
cubation of marrow in vitro, further studies
were carried out in vivo in rats to find out
whether labeled ferritin was still present in the
reticulocytes entering the circulation. Since it
seemed possible that the ferritin might be re-
moved by the spleen, studies were done in both
normal and splenectomized animals. Twelve
splenectomized rats and 12 controls were given
an intravenous injection of Fe®labeled plasma,



and batches were killed at intervals thereafter.
Four hours after injection the pooled marrows
from three splenectomized and three control ani-
mals contained 9.6 and 12.0%, respectively, of
the radioactivity in the ferritin fraction. At 24
hours the corresponding figures were 1.8 and
2.2%. However, it was not possible to show
radioactive ferritin in the circulating red cells
of the remaining animals at any time up to 4
days after the administration of the radioiron.
In an extension of the study, plasma (labeled
with 25 Ac Fe3) was injected into a normal
splenectomized human subject, and blood samples
were collected at daily intervals for 7 days there-
after. At no time was labeled ferritin demon-
strated. These findings suggest that the ferritin
present in red cell precursors is either ultimately
used for hemoglobin synthesis or is extruded be-
fore the cells leave the marrow.

Iron uptake by reticulocyte suspensions. Re-
ticulocyte suspensions, obtained from the blood
of two patients with pernicious anemia in early

Fig. 4.

poration of Fe® into

Iron-deficient human

globin.

iliac crest marrow culture.
“stromal fraction,”

Analysis of samples at various times up to 6 hours.

remission, were incubated with labeled plasma
for 4 hours. In both cases hemoglobin and Frac-
tion 1 formation was normal. No label was de-
tectable in ferritin in one experiment, but small
and possibly significant amounts of Fes were in-
corporated into ferritin in the other. In a third ex-
periment, a reticulocyte suspension from a patient
with idiopathic autoimmune hemolytic anemia
was incubated for 1 hour in labeled plasma. At
this time 10.3% of the activity taken up by the
reticulocytes was in ferritin.  Several samples of
the suspension were then reincubated in un-
labeled medium after the cells had been washed 4
times in cold saline. After a further 3 hours’ in-
cubation 8.5% of the radioactivity was still pres-
ent in the ferritin fraction.

Two similar experiments were carried out on
reticulocyte suspensions obtained from rats that
had been given phenylhydrazine 3 to 4 days previ-
ously. After 1 hour's incubation 2.0 and 0.9%,
respectively, of the Ferg were present in ferritin.
After 3 further hours of incubation in unlabeled

Incor-
Fraction 1, and main hemo-

Further la-

beling was stopped after 8 minutes by washing the cells and resuspending

them in wunlabeled medium.

circles, Fraction 1 ; closed circles,

identified at any stage.

Closed triangles,

main hemoglobin.

“stromal fraction” ; open

No ferritin could be



substrate the comparable figures were 3.2 and
0.6%.

Iron uptake by iron-deficient marrows. Mar-
row from a case of iron deficiency was incubated
with labeled plasma, and samples were taken at
progressive times of incubation up to 4 hours.
The incorporation of Fer® into hemoglobin and
Fraction 1 was similar to that observed in normal
marrows, but no labeling of ferritin could be
detected.

In an experiment using another severely iron-
deficient marrow in which further labeling with
Fers was stopped after 8 minutes’ incubation
(Figure 4), the activity in Fraction 1 fell to much
lower levels relative to the total uptake than in
normal marrows. This can be ascribed to the fact
that it contained only the hemoglobin precursor,
since no labeled ferritin was demonstrable at any
time.

Effect of lead on the incorporation of Fcm into
ferritin, Fraction 1, and main hemoglobin. In
five experiments IChu M lead acetate was added
to the marrow suspension at the start of incuba-
tion. There was little effect upon total iron up-
take, but radioactivity in the stromal fraction in-
creased by a mean of 95% (range, 40 to 154%)
compared with the control tubes. Both Fraction

Fig. S. E ffect of ICT1 M
RIB MARROW CULTURE. INCORPORATION OF Fe® INTO
“STROMAL FRACTION,” HEMOGLOBIN PRECURSOR, MAIN HE-
MOGLOBIN, AND FERRITIN AFTER 4 HOLERS.

fraction” ;

lead acetate on human

Black, “stromal

vertical lines, ferritin; unshaded, hemoglo-

bin precursor, i.e., Fraction 1 minus ferritin; diagonal

lines, main hemoglobin. There is diminished radioac-

tivity in hemoglobin and increases in “stromal fraction,”
ferritin, and hemoglobin precursor in the lead-poisoned

culture as compared with the control.

1 and ferritin activity were greater by mean
percentages of 38 (range, 12 to 97) and 40
(range, 12 to 90), respectively. The effect upon
Fes in hemoglobin precursor (i.e., Fraction 1
minus ferritin) was variable, ranging from a de-
crease of 46% to increases of 2, 34, 36, and
125%. Incorporation of radioactivity into main
behioglobin was inhibited by from 38 to 80%
(mean, 55%). The results in one experiment are
illustrated in Figure 5.

Effect of varying saturations of transferrin on
ferritin and main hemoglobin synthesis. A com-
parison was made between the uptake of iron into
ferritin and main hemoglobin, respectively, at
various saturations of transferrin. At high satu-
rations the amount of iron incorporated into main
hemoglobin did not increase, whereas incorpora-
tion into ferritin continued to rise progressively.
The results in one experiment are shown in Fig-
ure 6. In live similar experiments the general
pattern was confirmed, with a mean drop in the
ratio of the Fes main hemoglobin to Fess ferri-
tin from 4.1 at saturations between 30 and 40%
to 2.8 at saturations between 80 and 100%.

Discussion

Greenough and his collaborators have shown
that iron in red cell precursors passes through a
nonhemoglobin iron-protein complex (Fraction
1) before being incorporated into hemoglobin
(4). Although these workers were not able to
identify radioactive ferritin in Fraction 1, the
present studies indicate that it contains an ap-
preciable amount and that the proportion present
rises progressively with time. There are two
possible reasons for these discrepant findings.
In the first place experiments done in the current
study revealed that approximately 50% of the
radioactive ferritin in Fraction 1 is removed by
the high-speed centrifugation (100,000 x g for 30
minutes) to which Greenough and co-workers
subjected the marrow lysate before chromatog-
raphy, and secondly there were differences in
the immunochemical techniques used in the two
studies. As a result, the Kinetic patterns for
Fraction 1 reported by Greenough and co-workers
correspond more closely to those obtained for the
hemoglobin precursor (Fraction 1 minus ferritin)
in the present investigation. The current findings



Fig. 6.

Relationship detween transferrin saturation and the in-

corporation OF IRON INTO “STROMAL FRACTION,” FERRITIN, AND MAIN HEMO-

GLOBIN in human marrow culture.

A fter the addition of 10 /)CFeSQto 20

ml| plasma, unlabeled iron as ferrous ammonium sulfate was added to equal

samples in amounts calculated to produce the desired saturation

transferrin.

water for 16 hours before use.

diamonds, ferritin; closed circles, main hemoglobin.

Closed triangles,

of the

These samples were then dialyzed against running iron-free

“stromal fraction” ; open

At high saturations of

transferrin more iron was incorporated into ferritin.

lend further support to the suggestion (4) that
this substance is an important precursor of hemo-
globin. In experiments where labeling was al-
lowed to continue for several hours radioactivity
appeared in this fraction at an earlier stage than
in hemoglobin and then leveled off. In addition,
in experiments where further uptake of Fess was
stopped after 5 minutes’ incubation, the radio-
activity present in the fraction dropped while that
in hemoglobin rose reciprocally. The fact that
the fraction only fell to a limited extent is com-
patible with the suggestion that it was being fed
from a large stromal pool, or alternatively, it is
possible that some other active precursor sub-
stance was present.

Significant amounts of iron taken up by mar-
row cultures were rapidly incorporated into fer-
ritin.  However, since ferritin is visible on elec-
tron microscopy both in red cell precursors and
in reticuloendothelial cells of the marrow (5) it
was important to establish the cellular location
of the labeled ferritin in the various experiments.
In an attempt to resolve this problem the uptake
of plasma-bound radioiron and its incorporation
into ferritin were compared in bone marrow and
splenic  suspensions.  Since only negligible

amounts of radioiron were incorporated into fer-
ritin in the splenic suspensions, it seemed likely
that the reticuloendothelial cells of the bone mar-
row were not responsible for the degree of ferri-
tin labeling observed in marrow cultures. These
findings are in agreement with the results of
other workers (17-19) who have shown in sev-
eral different ways that reticuloendothelial cells
have an extremely limited capacity to take up iron
bound to transferrin. Although it therefore seems
probable that the incorporation of radioiron into
ferritin observed in the present study was taking
place predominantly in developing red cell pre-
cursors, there is still some doubt as to its sig-
nificance. Recently Mazur and Carleton (6)
have suggested on the basis of both in vivo and
in vitro studies that most of the iron derived from
plasma is incorporated into ferritin before its in-
corporation into heme. They based this conclu-
sion on several observations. When rats were
given Fes intravenously, the activity in marrow
ferritin dropped between 5 and 12 hours while
the activity in hemoglobin was still rising. This
relationship was not shown in animals in which
radioiron uptake had been stimulated by phenyl-
hydrazine or depressed by endotoxin. Under



these circumstances the rise and fall of radio-
activity in ferritin and hemoglobin fractions ran
parallel. In further experiments Mazur and
Carleton incubated reticulocytes in vitro with
Fe®laheled plasma. Further labeling was then
stopped after 20 minutes. At this time the spe-
cific activity of the ferritin iron was much lower
than that of the iron in heme. However, since
ferritin contains approximately 2,400 atoms of
iron per molecule as compared with only 4 in
heme, they calculated that each ferritin molecule
had accumulated many more atoms of iron than
each heme molecule. They therefore interpreted
these observations as indicating a precursor re-
lationship between ferritin iron and heme iron.
At the same time these authors pointed out that
when incubation of reticulocytes was continued for
120 minutes after further labeling had been
stopped, the calculated loss of Feso per micromole
of ferritin was many times greater than the gain
by hemoglobin. These results suggested that the
major portion of the labeled iron in ferritin might
eventually leave the cell. These interpretations
depend on the assumption that Feso taken up by
ferritin is uniformly dispersed in a large iron pool.
It is, however, doubtful whether such an assump-
tion is justifiable, since it has been shown that
plasma-bound Feso is incorporated to a greater
extent into the low density, iron-poor molecules of
hepatic ferritin than into the high density ferritin
molecules of high iron content (15). This lack
of homogeneity of hepatic ferritin indicates the
difficulties associated with any quantitative inter-
pretation of the uptake and release of Fes by
ferritin.

In the present study an attempt was made to
elucidate the significance of the ferritin formed
in red cell precursors by studying the incorpora-
tion of Fess into this fraction under various ex-
perimental conditions. At high saturations of
transferrin more iron was taken up by red cell
precursors, but this additional uptake was not
incorporated into heme. These results are in
agreement with those obtained by other workers
(20). In the present investigation the bulk of the
extra iron was found to be incorporated into fer-
ritin. A similar build-up in ferritin activity was
noted when hemoglobin synthesis was depressed
by lead. In contrast, when marrow from an iron-
deficient subject was incubated in radioactive

plasma, there was a rapid movement of iron
through the hemoglobin precursor into hemo-
globin, but no ferritin was formed at any time.
These observations suggest that iron is only in-
corporated into ferritin when more iron enters the
cell than can be immediately utilized for hemo-
globin synthesis. Since this storage form of iron
could not be identified in circulating red cells, it
is either utilized for the synthesis of heme at some
later stage, or is removed from the red cell pre-
cursors. Although it seems entirely possible that
ferritin iron is available for hemoglobin formation
if required, no evidence in support of this thesis
was obtained in the present investigation. In the
experiments in  which isotope labeling was
stopped, the activity in ferritin rapidly reached
a plateau, and there was no significant fall in ac-
tivity for several hours afterwards. In contrast,
there was a sharp decline in the activity present
in the hemoglobin precursor while the activity in
hemoglobin rose. In addition, in studies where
labeling was allowed to continue for as long as
12 hours there was a steady build-up in ferritin
over the whole period. Although these results
in no way exclude the possibility that iron taken
up and stored in ferritin is slowly released for
hemoglobin synthesis, they afford no positive evi-
dence that this occurs.

If ferritin iron is not utilized for heme syn-
thesis, it must leave the red cell precursors, since
labeled ferritin could not be identified in circulat-
ing erythrocytes. This could theoretically occur
either within the bone marrow or after the reticu-
locyte enters the circulation. Since it has been
established that the spleen has the capacity to
remove hemosiderin granules from young red
cells (21), in vivo experiments were carried out
in splenectomized rats to find out whether labeled
ferritin could be identified in circulation at any
time after the intravenous administration of radio-
iron. Although appreciable quantities of radio-
active ferritin were present in the marrows of
these animals, none was found in the circulation.
Although these observations appear incompatible
with the demonstration that reticulocytes incu-
bated in vitro can incorporate radioiron into ferri-
tin, the explanation for this apparent discrepancy
may lie in the limited capacity of the reticulocyte
to take up iron from the plasma under normal cir-
cumstances (17). If Fes incorporated into fer-



ritin within red cell precursors is not utilized for
heme synthesis, then it seems probable that it
leaves the cell before it enters the circulation.
This possibility would fit in well with previous
electron microscopic findings in which it has been
demonstrated that ferritin can move freely be-
tween the red cell precursors and the reticulo-
endothelial cells of the marrow (5). Although it
was originally suggested by Bessis that the move-
ment was in the opposite direction, several work-
ers have questioned the validity of this interpre-
tation (12, 22). If the present proposal is a
valid one it might explain, in part at least, ferro-
kinetic data which indicate that some of the iron
delivered to the marrow enters a labile pool
which may feed it back into the plasma again
(23). Although evidence has been produced to
show that this pool is located on the stroma of
red cell precursors, the present findings are com-
patible with another short circuit involving the
movement of iron from plasma into ferritin in red
cell precursors, and thence to reticuloendothelial
cells that release the iron back into the plasma.

Summary

In vitro and in vivo studies were carried out in
human subjects and in rats on the uptake and
utilization of transferrin-bound iron by red cell
precursors. Iron rapidly appeared in a fraction,
isolated on column chromatography, which con-
sisted of ferritin and an active hemoglobin pre-
cursor. Further experiments were then carried
out to elucidate the significance of the ferritin
component.

With increasing percentage saturation of trans-
ferrin more iron was incorporated into ferritin,
while no ferritin labeling was detected when mar-
row from an iron-deficient subject was cultured.
These observations suggest that the iron not im-
mediately required for hemoglobin synthesis in
red cell precursors is incorporated into ferritin.
No evidence of the later utilization of this ferritin
iron for the formation of hemoglobin was ob-
tained. although this possibility could not be ex-
cluded. Since labeled ferritin could not be identi-
fied in circulating erythrocytes, ferritin iron not
utilized for heme synthesis must leave the red
cell precursors. The possibility that the spleen
might remove ferritin from reticulocytes was in-

vestigated in splenectomized rats. Although la-
beled ferritin was demonstrated in the marrow of
these animals after the intravenous injection of
FeV, at no stage could it be detected in circulating
red cells. It was concluded that iron incorporated
into ferritin in red cell precursors may leave these
cells before they enter the circulation. It is pos-
sible that this removal is effected by reticuloendo-
thelial cells within the marrow.
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The use of radioisotopes in the study of iron metabolism. Radioactive isotopes of
iron have contributed considerably to present concepts of iron metabolism. Of the many
facets which have been studied most attention has been directed to the absorption and
excretion of the metal and to the kinetics of its transport within the body.

In the normal adult male only small amounts of iron are excreted and these losses are
balanced by the amounts absorbed from the gut. Although it is apparent that variations
in the rate of absorption are of importance in the maintenance of iron balance, there is still
no clear understanding of how this is achieved. However several factors seem to be of
importance. These include: (a) the amount and form of the iron presented to the gut;
(b) the functional integrity of the intestinal mucosa; (c) the state of the body’s iron stores,
and (d) the activity of the erythroid marrow.

In the metabolism of iron within the body the plasma occupies a central role since all
the iron being transported from one site to another passes through this compartment.
Quantitative kinetic measurements using tracer amounts of Fe® have shown that most of
this iron is concerned with haemoglobin production and that erythropoietic activity is the
major factor determining the amount of iron passing through the plasma. Using this approach
it has been possible to define the patterns of red cell production in a variety of conditions.
Since the techniques involved are simple ones they can easily be applied to the routine
handling of haematologic problems.

Les radioisotopes dans I’£Etude du metabolisme du fer. Les radioisotopes du fer ont
largemcnt contribue &expliquer le metabolisme de ce metal. L’auteur a surtout etudie
I'absorption et I’excretion du fer, ainsi que la cinetique de son transport a I’interieur de
I’organisme.

L’adulte male normal n’excrcte que de faibles quantites de fer; ces pertes sont compensees
par les quantites absorbecs de I’intestin. Il est manifeste que les variations du taux d’absorption
influent sur le bilan du fer, mais le mecanisme de ce processus est encore mal connu. Toute-
fois, plusieurs factcurs semblent intervenir, notamment: a) les quantites de fer offertes a
I’intestin of la forme sous laquelle le metal se presente; b) I'integrite de la fonction de la
muqueuse intestinale; c) I’etat des reserves de fer de I’organisme; d) I’activite de la moelle
rouge.

Le plasma joue un role primordial dans le metabolisme du fer a I’interieur de I’organisme,~
car e’est par lui qu’est transports tout le fer qui passe d’un endroit a I’autre du corps. Il
ressort de mesurcs cinctiques quantitatives faites a I’aide du fer-59 employe comme indicateur,
que la plus grande partie du fer sert a produire de I’hemoglobine et que les quantites de fer
transportees par le plasma dependent surtout de I’activite erythropoietique. Cette methode
a permis de definir les modes de production des globules rouges dans differentes conditions.
Les techniques employees sont simples et se pretent aisement a la solution courante des
problemes d’hematologie.

Hcnojib30BaH»e motoiiob b MeccjicTtoBauimx Merafio.nnMa /Ke.ieta, llcno.iL30BaHne paxiao-
aKTHBHMX H30TOIIOB >Kejie3a BHeCJIO 3HaHHTeJlbHbIH BKJiafl B HbllieUJHIOIO KOHlienUHIO MeTa-
60jin3Ma yxeaeia. H3 mhothx tnyHCmibix (JiAKTOB Han6ojibiuee BHHMawte 6buio yaejieHO
a6cop6iiHH h BhiacaenMio btoto MeTajuia n KHiietHKe ero nepelieineHna BHyrpH opramoMa.



y HopManbHoro Bspoc.ioro MyacHHHbi BbiflejTHeTca Jirnub He6ojibinoe kojihmcctbo Xccae'ia,
h 3tm noTepa ypaBHOBeiiiiiBaioTCH KOjmiecTBaMw, norjiomaeMWMH H3 KHLucHHHKa. X otb
0aeBHfIHO, bio paBJiHHua b CTcnenu a6cop6unn iiMeioT 'snaBemie fljia coxpaueiiHa paBiioBecaa

HKeae3a b opraHH3Me, Bee €rne He bcho, KaKHM 06pa30M sto aociHraerca. P>ia (fakTopoB,

npHcyTCTByiomero b KMineHHHKe, b) ctiyHKHHOHaabHaa iieaocTHOCTb cjth3hctoh o6ojiohkm
KHineHHHKa, C) cocroaime 3anacoB acejreaa b opraHH3Me, h d) aenTeabHocrb 3pniponanoro
MO03ra.

B MeTa6oJiH3Me >Kejie3a b opraHH3Me njia3Ma m pacT uciiTpaubnyio pojib, Tax xax Bee
acejie30, nepeHOCHMoe H3 oanoro yaacTxa b apyroii, npoxoaiir NEPer say nperpaay. Kojih-
aecTBeHHbie KHHenwecKHe 3aMepbi C HcnoJMOBaHHeM mmnKaTopHbix KOJiimecTB aceae3a-59
noKa3ajiH, hto Sojibinas aacTh 3Toro 3xeae3a CBH3aHa C npoH3BOfICTBOM reMor\no6nHa N bto
3pnTpoTBopHaa aeaTeabHOCTb BBJiaeTCa rjiaBHbiM (JiaKTopOM, onpeaeaaioiHHM kojimhcctbo
acejie3a, npoxoaamero aepe3 ruia3My. ripn 3tom noaxoae CTajio BO3MoacHbiM onpeaeliHTh
ijjopMbi npoH3BOfICTBa xpacHbix KpoBaHbix Teaeq b pa3JinHHbix ycHOBHax. nocicojibKy CBa3aHHbie
C3thm MeToaw aBJTaioTca npocTHMH, ohh jierKo MoryT npHMeHaThca np« 06biHHOK pa3pa6oTKe
reMaToaorHaecKHx npobneM.

Los radioisotopos en el estudio del metabolismo del hierro. Los isotopos radiactivos
del hierro han contribuido notablemcnte a ampliar nuestros conocimientos sobre el meta-
bolismo de ese elemento. El autor ha estudiado con particular atencion los proccsos de
absorcion y excretion del hierro, asi como la cinetica de su transporte en el interior del
organismo.

El varon adulto normal solo excreta pcquenas cantidades de hierro; esas perdidas son
compensadas por las cantidades absorbidas al nivel del intestino. Si bien es evidente gae las
variaciones del indice de absorcion ejercen influencia sobre el balance del hierro, el mccanismo
de este proceso solo se conoce imperfectamente. Con todo, existen al parecer varios factores
determinantes, entre ellos, los siguientes: a) la cantidad y la forma del hierro presente en
el intestino; b) la integridad funcional de la mucosa intestinal; c) el estado de las reservas
de hierro del organismo; d) la actividad de la medula roja.

El plasma desempena un papel primordial en el metabolismo del hierro, pucsto que
asegura el transporte de todo el hierro que pasa de un punto a otro del organismo. Se ha
demostrado mediante mediciones cineticas cuantitativas, efectuadas con 59e como indicador,
que la mayor parte del hierro interviene en la production de hemoglobina y que la actividad
eritropoyetica es el principal factor determinante dc la cantidad de metal transportada por
el plasma. Este procedimiento ha permitido determinar el esquema de formation de los
hematies en diferentes condiciones.

Las tecnicas empleadas son sencillas y permiten resolver los problemas hematologicos
corricntes.

Introduction

Using radioactive isotopes of iron it has been possible to approach the investi-
gation of iron metabolism from a number of different angles. Such measurements
can be divided into two large groups. In the first the exchange between the individual
and his environment has been characterized by quantitating the amounts absorbed
and excreted while, in the second, exchange between tissues within the body has
been followed. In this way it has been possible to construct an overall scheme for
iron metabolism and to define a number of ways in which it may become disturbed.

In studies using radioactive iron two isotopes have been used. Feso has a half-life
of 45 d and decays with both beta- and gamma-ray emission while Fes has a half-life
of 2.94yr and decays with the emission of Mn characteristic X-rays. Of the two
isotopes Feso has been more widely used since its gamma emissions are easy to count
and, in addition, it has a relatively short half-life. The type of counting set-up used



is dependent on the size and nature of the samples to be analyzed. A well-type
scintillation counter is ideal for blood and plasma samples but is not as suitable
for samples larger than a few cc (e.g. faeces) since aliquots must then be taken.
Under such circumstances it is preferable to use a counter large enough to take the
whole sample as this eliminates the necessity for homogenization. A suitable counter
for this tvpe of work is one constructed from a ring of mached GM tubes [1],
A carton containing the sample is placed in the centre of the ring and the counts
obtained are recorded on a suitable scaler. In some studies both Fe® and Fe%
are used. When this is done the preparation and counting of samples is more
complex as the samples must be digested and electroplated on to copper discs.
The beta emissions of the Fe® can then be counted with a helium-filled GM
tube and the X-ravs of the Fe% with an argon-filled tube covered by a beryl-
lium filter [2], Although such techniques are laborious they are not particularly
difficult and have several applications since there are a number of ways in which
the two isotopes can be advantageously used in the same individual.

External iron exchange

Technical considerations

Iron Absorption. In early studies the percentage absorbed was estimated by deter-
mining the amount which subsequently appeared in the blood as circulating haemo-
globin [3], The method was a simple one since all that was required was an aliquot
of blood collected 10—14 d after the administration of radioiron. The total amount
in circulation was calculated by using a figure for blood volume estimated from
body weight and it was then possible to calculate the percentage of the administered
dose which was absorbed. In this method it was assumed that all the iron absorbed
into the plasma was rapidly utilized for haemoglobin production. However, sub-
sequent investigations have shown that this is not usually so and only in iron
deficiency anaemia is 100% incorporated into red cells [4—®6], In normal subjects
the figure is about 80% while in some anaemias it may be very low and the per-
centage of radioiron in circulation under these circumstances is therefore no reflec-
tion of the amount absorbed. In spite of these qualifications the method is still
applicable to certain types of study and can be expected to give moderately accurate
results in normal subjects and in patients with iron deficiency anaemia.

Another method for measuring iron absorption is one in which the amount of
unabsorbed radioiron in faeces is measured [7]. The percentage absorption is then
determined by the difference between intake and faecal loss. In this technique all
faeces are collected until less than 0.5% of the administered dose is present in a
24 h specimen. This normally occurs between 5 and 7 d after the giving of the test
dose. The chief disadvantages of the method lie in the prolonged faecal collections
and in the very limited absorption normally found. Since the percentage absorption
is usually less than 10%, a minor inaccuracy either in stool collections or in the
estimation of their radioiron content may alter the calculated figure for absorption
considerably. The method is, however, accurate enough for most purposes and has
yielded a considerable amount of meaningful information.

In many ways the most attractive of current methods for measuring iron absorption
is one in which two isotopes of iron are used [8], With this technique it is possible
to obtain absolute figures for iron absorption without resorting to stool collections
or to blood volume estimations. The rationale of the method is as follows: when
iron is absorbed from the bowel it passes into the plasma. From there the major



portion is directed towards the erythroid marrow and subsequently it appears in the
circulation incorporated in haemoglobin. In addition, variable amounts go to other
tissues. Now the blood is the most convenient iron compartment to sample but no
absolute measure of absorption can be obtained unless corrections can be made for
the fraction going to other sites. This can be done using two isotopes of iron. A
known amount of FeSis given orally and a known amount of Fe®bound to plasma
is simultaneously injected intravenously. The subsequent distribution of the iron
absorbed into the plasma from the gut has been shown to be the same as that given
intravenously [8—9] so that if a blood sample is collected when circulating radio-
activity has reached a stable level, the actual amount of absorption can be calcu-
lated :

Ratio Fe/FeRin Red Cells
Ratio Fe/Fe®Administered

Although the fact that samples must be digested and electroplated prior to counting
is a disadvantage the method is the most accurate of current techniques and has been
profitably applied to clinical studies. Both isotopes can also be used in another way.
Interest sometimes centers not so much on the absolute amount of iron absorbed
as on the relative difference between the absorption of iron administered in various
ways. However, the individual variations in absorption are so large that it is difficult
to compare results in different subjects without testing large numbers. This problem
can be overcome when both test doses are given consecutively on 2 days to the same
individual [9], The subsequent levels of the two isotopes in a blood sample col-
lected 2 weeks later will then give ameasure of their relative absorption. This approach
is especially valuable in assessing the efficiency of different therapeutic preparations
of iron and the effects of such factors as reducing agents, blocking agents and food
on the absorption of iron.

Iron Excretion. Two different approaches have been used in the measurement of
iron excretion using radioactive iron. In the first, radioiron is injected intravenously
and the amounts which subsequently appear in excreta, hair, nails and sweat are
measured [10]. Such studies can be continued over long periods especially when
Fe3 with its long half-life is used. The amount of iron excreted is then calculated
by relating the isotope excretion to the ratio of injected radioiron to total body iron.
In the second method FeSis again injected intravenously and measurements are then
made of the change in specific activity with time [11]. When this is done there is an
initial drop in the level of radioactivity in circulating blood over the first year which
has been interpreted as due to mixing of radioiron with non-erythrocytic iron.
Thereafter the drop in circulating radioactivity occurs at a slow exponential rate
which probably reflects the loss of iron from the body. Calculations from such data
suggest that the normal male loses about 0.6 mg daily and the menstruating female
12mg [11].

% Absorbed = 100

Pathophysiology of external iron exchange

Quantitative aspects of iron absorption and excretion have been well defined in
a number of studies. During infancy and childhood there is a positive iron balance
in which more is being absorbed into the body than is excreted. Under optimal con-
ditions the infant absorbs about 0.5 mg daily and this probably rises a little in child-
hood and adolescence to between 0.5 and 1 mg daily [12], These amounts more than
balance the small quantities excreted with the result that there is a steady increase
in the iron content of the body. In this way the needs of an expanding red cell mess



and an enlarging storage depot are satisfied so that by the time adulthood is reached
3—4 g are present in the body. During adult life the situation is somewhat different.
In the male the absorption rate falls to about 0.6 mg daily which is about equal to
the losses in excreta and from the desquamation of skin [13—15]. In the female, on
the other hand, there are the added losses incurred by menstruation and pregnancies
which raise the daily requirements to between 1and 2 mg.

From these various observations it is apparent that the absorptive mechanism
plays a key role in the maintenance of iron balance and isotopic studies have contri-
buted considerably to the understanding of what factors influence mucosal behaviour.
Iron is probably absorbed in the ferrous state by mucosal cells [16] and it has been
shown that this occurs maximally in the duodenum with a decreasing gradient
through the lower bowel [17]. Since iron in food is mostly in the ferric form, com-
plexed with organic molecules, there must be mechanisms within the lumen of the
upper bowel whereby the iron is first made ionizable and then is reduced to render it
available for absorption. How this is accomplished is by no means certain. Although
gastric hydrochloric acid was previously thought to play a role in the breakdown
of the iron-protein complexes in food, subjects with achlorhydria do not show im-
paired absorption [18]. This does not imply that hydrochloric acid has no action but
suggests that it is not acritical factor. Of more importance seem to be the composition
of the diet and the relative proportions of different constituents. It has been shown
that absorption is enhanced when large amounts of reducing agents, such as ascorbic
acid, are added to the diet [13, 15] or when the phosphate content is low [19]. On
the other hand absorption is reduced when an excess of phytate is added [20], It is,
however, still not clear to what extent absorption of food iron is influenced by the
quantities of these substances present in the normal diet. Possibly there are local
secretory factors of importance although as yet there is no experimental proof of
their existence.

The quantity of iron absorbed at any one time does not, however, depend solely
on the number of free ferrous ions presented to the mucosa of the upper bowel. The
absorptive process is an active one, and the mucosal cells have the capacity of accept-
ing or rejecting iron according to the body’s needs. Although this ability is a more
limited one than was formerly thought, there seems no doubt that there are internal
regulatory factors that affect the behaviour of the mucosal cells. Two major in-
fluences appear to be important: the size of the iron stores and the rate of erythro-
poiesis [9], When the body is depleted of iron or when red-cell production is increased,
there is a rise in the absorption rate, whereas increased iron stores or decreased
ervthropoiesis leads to a depression of iron absorption. How these various stimuli
exert their effects on the mucosal cells is not known.

Although the variations in absorption that have been described in different con-
ditions are of considerable academic interest, it is important to realize that the amounts
of iron that can be absorbed from food, even with a maximal stimulus, are fixed
within a comparatively narrow range. A normal diet contains about 10 to 15 mg of
iron, and in the healthy adult only about 5% of this is absorbed and even when
gross iron deficiency anaemia is present absorption can only be increased to between
2to 5 mg daily [13, 15]. When this is measured against the small, though significant,
normal losses it is apparent that the balance between absorption and excretion is a
delicate one that can easily become disturbed when abnormal losses of iron occur.

The relative unavailability of iron in foodstuffs for absorption is due to a number
of factors, the most important of which is probably the tight binding of the iron
into organic molecules. Thus simple iron salts, especially the ferrous ones, are ab-



sorbed at least twice as well as iron in food. When such salts are administered to
healthy adults in doses up to 1 mg/kg about 5 to 15% is absorbed while in patients
with iron deficiency anaemia 20 to 60% is retained [7, 9],

The isotopic investigations which have defined the various limits to iron absorp-
tion and excretion provide a useful backcloth against which to consider the clinical
disorders that are due to derangements in external iron exchange. In essence these
disorders can be divided into two major groups:—those in which there is too little
iron and those in which there is too much iron in the body.

Iron deficiency

Iron deficiency can only develop in one of three ways. It is either due to (a) defi-
cient intake or poor absorption, (b) excessive loss of iron from the body, or (c) a
combination of both factors.

A deficient intake of iron is the most common cause of iron deficiency in the infant
and growing child. As with the adult the infant normally absorbs less than 10%
of the iron in food and it has been calculated that an intake of 1.0 to 1.5 mg/kg/d is
necessary if requirements are to be satisfied [12], These requirements are only just
met when the health is good and the diet optimal and in the absence of such condi-
tions iron deficiency can easily develop.

In the adult male a deficient intake is almost never a cause of iron deficiency,
since losses are small and when the diet is inadequate extra iron can readily be
mobilized from body stores. In the adult female on the other hand there are the
added losses incurred by menstruation and pregnancies. Thus, to remain in iron
balance the normal female must absorb greater quantities of iron from the diet but
this is not easy to do since much of the iron in food is relatively unavailable. These
difficulties are even more serious when the intake of iron-containing foods is less
than normal and under these circumstances iron deficiency readily develops.

Poor absorption through the bowel wall is a definite though rare cause of iron deficiency.
It is a feature of idiopathic steatorrhoea in which there is a general malabsorptive
defect but is not present in steatorrhoea due to anatomic disease of the bowel wall
or to pancreatic failure [21]. It has also been noted that patients who have under-
gone partial gastrectomy do not absorb iron from food well [15]. This is, however,
almost certainly not due to any change in the behaviour of the bowel mucosa since
the absorption of simple iron salts is normal [22], It therefore seems probable that
the defective absorption is due to the rapid transmission of the food bolus through
that part of the upper bowel where conditions for absorption are optimal.

Although an inadequate intake of iron is sometimes the primary factor in the
aetiologv of iron deficiency it is more often only a secondary one. By far the com-
monest cause is blood loss. The degree of haemorrhage need not be great. For example,
a loss of 5to 10 cc of blood/d, which is equivalent to 2 to 5mg of iron is sufficient
to cause a negative iron balance and eventual iron deficiency. In the female the
equilibrium is most commonly disturbed by excessive menstruation or repeated
pregnancies while in the male the source of bleeding is usually in the bowel. Although
these are the only important sources of loss in Western climates the possibility has
been raised that excessive sweating may be a significant one in tropical climates.
Results of chemical studies suggest that the concentration of iron in sweat may be
as much as 6 mg/1 most of it being derived from desquamated cells [23], Although
chemical methods have given misleading results in the past, these findings are of
such potential importance that the problem deserves careful reappraisal using
isotopic techniques.



lron excess

Although iron deficiency is the most common disorder of iron metabolism there
are three situations in which an excess of iron can accumulate in the body. The first
is the condition of idiopathic haemochromatosis, a disease characterized by an
alteration in the behaviour of the gut mucosa that leads to an excessive absorption
of iron [24], The second occurs when large amounts of iron are present in the
diet [25] and the final one is found in patients with refractory anaemias who are
given many blood transfusions [24].

In idiopathic haemochromatosis the deviation from the normal absorption rate
is not a large one. Isotopic studies indicate that the majority of subjects with the
disease only absorb about 3 to 4 mg daily but this is enough to create a positive
iron balance and by middle age between 25 and 50 g are present in the body [24].
The same thing can happen when there are excessive quantities of iron in the diet.
For example, the Bantu of Southern Africa consume a diet containing up to 100 mg
daily [25] and the majority of adults show varying degrees of iron overload [26].
It is therefore apparent that there is no absolute block to iron absorption and that
if enough is presented to the mucosal cells excessive amounts will be absorbed.
The last situation associated with an excess of iron in the body is found in subjects
with refractory anaemias maintained on repeated blood transfusions for long periods.
Since each pint of administered blood contains 250 mg iron large amounts can be
introduced by the intravenous route. Although this is the commonest cause of iron
overload in subjects with refractory anaemias it is not the only one since there is
evidence that a proportion develop iron overload even when little blood has been
given. This is seen particularly in those with hypercellular marrows who have
received prolonged oral medication with iron [27].

There seems little doubt that gross degrees of iron overload can eventually lead
to pathologic changes and this is especially so when the deposits are predominantly
in parenchymal cells [24]. Thus the liver, which contains the largest amounts
becomes cirrhotic, pancreatic involvement leads to diabetes and myocardial deposits
to heart failure.

Internal iron exchange

Over the past few years a considerable amount of work has been done on the
transport of iron within the body. In this transport the plasma occupies a central
role since all the iron being transferred from one part of the body to another passes
through this compartment. If, therefore, the plasma iron is labelled with a tracer
quantity of radioactive iron the normal transport mechanism can be studied [28],

Technical considerations

About 10 ml of the patient’s plasma is incubated with 5—10 uc of high specific
activity Fe® for about 30 min. A weighed amount of the plasma is then injected
intravenously and a small quantity is kept for the preparation of standards. Several
blood samples are collected over the next 2 to 3 h and their radioactive content is
measured. In addition a plasma iron estimation is also performed. The levels of
radioactivity in plasma samples over the first few hours are then plotted on semi-
logarithmic paper and normally give a straight line showing an exponential fall in
activity. The amount of iron passing through the plasma per day can then be cal-
culated using the following formula:



Total Plasma Iron (mg) X Natural Logarithm of 2x24
Time taken for Radioactivity to reach Half Concentration
(h)

Normally the plasma iron turnover is between 30 and 35 mg/d which indicates that

the small plasma iron pool is renewed about 12 times daily [28].

When plasma iron turnover measurements are carried out it is customary to
continue blood sampling at daily intervals for about 2 weeks, in order to find out
how much of the iron passing through the plasma is incorporated in new red
cells [28]. Normally about 70 to 90% of the injected radioactivity re-appears in
circulation which suggests that most of the iron being transported through the
plasma is normally being directed to the bone marrow for haemoglobin synthesis.

Additional useful information can also be obtained if plasma iron turnover and
red cell utilization data are coupled with in~vivo counting over various body organs
[29]. This is usually done over bone marrow, liver and spleen. When the counting
rates obtained at various times after the injection of radioiron are plotted graphically
a qualitative measure is provided of the movement of iron in and out of these organs.

Plasma Iron Turnover =

Interpretation of ferrokinetic measurements

Although tracer studies are relatively easy to perform there are a number of
difficulties relating to their interpretation. This is due to the fact that at least three
major variables might theoretically affect the plasma iron turnover. These include
the rate of red cell destruction, the rate of red cell production and the state of the
body’s stores. Attempts have, therefore, been made to find out to what extent
these different factors do, in fact, influence plasma iron turnover.

In assessing the effects of increased transfer between stores the best example
is probably that of idiopathic haemochromatosis since the stores are enlarged mani-
fold in this condition. In spite of this the plasma iron turnover only rises by about
50% which suggests that gross alterations in the size of body stores can affect it but
to only a limited extent [30], The second condition is one in which there is in-
creased red cell destruction but no increase in red cell production. When such a
situation is produced experimentally the plasma iron level rises but the turnover
remains the same [30], It is therefore evident that increased red cell destruction
does not affect the amount of iron passing through the plasma. On the other hand
there is a close correlation between the plasma iron turnover and the rate of erythro-
poiesis. After bleeding it rises to approximately twice normal and when the rate of
erythropoiesis is depressed by X-irradiation, cytotoxic agents or hypertransfusion
there is a drop to about 50% of normal [30].

Al these various observations seem to indicate that the major regulating factor
for the amount of iron passing through the plasma is the rate of erythropoiesis
and the plasma iron turnover has therefore been extensively used as a simple and
moderately accurate index of erythropoietic activity [6, 28, 30]. On the whole the
correlation between such measurements and other indices of erythropoietic activity
such as the reticulocyte count has been a good one. In acute haemolytic anaemias
the turnover is 2 to 3 times normal while in haemolytic anaemias of long standing
(e.g. congenital spherocytosis) it may increase to between 6 and 8 times normal.
With marrow hypofunction results tend to be lower than normal but the results
are not quantitatively meaningful since there is increased exchange between other
tissues [30]. In these various conditions the red cell utilization patterns are also
helpful. Normally about 80% of the injected radioactivity re-appears in red cells



within 10—14d. In haemolytic anaemias the radioiron usually re-appears rapidly
but stabilizes between 50 and 60% while in aplastic anaemia the red cell utilization
is very low [6]. Although ferrokinetic measurements usually correlate well with
other indices there is a group of conditions in which interesting discrepancies have
been noted. It includes pernicious anaemia [31], Cooley’s anaemia [32] and certain
refractory normoblastic anaemias [33], In these diseases the plasma iron turnover
is very high which is consistent with the hypercellular erythroid marrows present.
However, very little of the radioiron appears in new red cells and the reticulocyte
counts are low. It has been suggested on this and other evidence that a good deal
of the marrow activity is ineffective in terms of the delivery of viable red cells to
circulation [34]. It seems probable that in these conditions a large number of red
cell precursors are broken down insitu'in the marrow or that red cells are delivered
into circulation which only survive for a very short period.

Since the plasma iron turnover and red cell utilization data are so helpful in de-
fining the degree and type of erythropoietic activity they have wide applications in
clinical practice. However, it should be remembered that such measurements do
not stand alone but must be correlated with morphologic and other criteria. When
used in this way it is possible to gain insight into quantitative aspects of red cell
production and to assess whether the marrow' is effective or ineffective in terms
of the delivery of viable red cells. In addition, calculations can be made which indicate
whether the erythroid marrow is responding optimally to the stimulus it is receiving.
From available data it would appear that the marrow should increase its output
two to threefold with acute anaemia and more than sixfold with chronic anaemia.
When figures less than this are obtained relative marrow hypofunction is present
and it has been shown that this is a factor in the genesis of a number of anaemias,
e.g. cancer [35], rheumatoid arthritis [36], etc.

At a more fundamental level tracer data have emphasized the fact that most of
the iron within the bodv is intimately concerned in the cycle of blood production
and destruction. Only in conditions of iron overload does transfer between other
tissues reach significant propor.ions. Unfortunately ferrokinetic measurements have
contributed little so far to our understanding of the turnover and activities of that
small, but vital, portion of the body’s iron which is contained within enzymes.
This aspect of iron metabolism remains a major challenge for future investi-
gation.
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DISCUSSION V

L. Hallberg: In connection with Dr. Bothwell’s elegant review on his studies
on iron absorption and iron metabolism | would like to mention some data from
our laboratory [L. Hariberg et al Acta Med. Scand. 168 suppl. 3ss3. | will do
this not so much for the discussion of the regulation of iron absorption but
rather as an example of the possibilities of using simultaneously more than one
radioisotope of the same element in absorption studies. Absorption studies are
usually designed as a balance study where the absorption is calculated from the
difference between input and output of a certain substance. In such studies
no information is obtained on the time element of the absorption. For closer
analysis of an absorption process it may be necessary to determine the absorption
rate to be able to analyse factors influencing the absorption. In such studies
radioisotopes will be of great help. The change of concentration of iron in
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plasma during the absorption is dependent on the absorption rate, on the outflow
of iron from plasma to the bone marrow and storage compartments, on the inflow
of iron from catabolized red cells, for instance, and on the plasma volume. If the
orally administered iron is labelled with one isotope and if another radioiron isotope
is administered intravenously in trace amounts to determine the outflow of iron
from plasma it is possible, as illustrated in Figs. 1 and 2, to determine and follow
continuously the absorption rate and the in and outflow of iron to and from plasma.
B.  W. Subhiya: With regard to iron loss in sweat mentioned by Dr. Bothwell
and by Dr. Foy, | should like to report that in Baghdad we have been working



on the problem using the whole-body counting technique described by Dr. Veall.
After intravenous administration of Fe® counting is carried out at 10-day intervals
with the patient standing in a “cage” surrounded by eight G.26 GM counters.
We have investigated four volunteers and from the results found the effective half-
life to range from 38.5 to 41 d, and have calculated the biological half-life as ranging
from 260 to 450 d. Now our difficulty is that we have no base line with which to
compare the figures we have obtained, and we are planning to repeat the experiments
with the same volunteers under colder conditions during the winter, so as to have
a basis for comparison. oriver and Lajena [Nature 134 (1959) 1882] con-
cluded, by indirect calculation from daily loss and body stores of iron, that the
normal biological half-life of iron is 1400 d.

We have also attempted some short-term experiments taking the form of whole-
body counts of patients at the beginning and end of 4-day periods of exercise and
rest, but no differences between the two periods have been detected.

G. R. Wadsworth: In Dr. Bothwell’s excellent paper precise measurements of
the intake of iron into the body from the lumen of the gut were reported, and we
have also heard exact data from Dr. Roche on iron losses in hookworm disease.
I should like to draw attention to a very serious defect in knowledge caused by our
almost total reliance on the analyses given in standard food tables. Perhaps | may
illustrate this with one or two examples. Fox, quite a long time ago now, showed
that although the average iron content of maize meal in South Africa was 3.8 mg/
100 g, the content of individual samples ranged from 1.2 to 7.1 mg [A Afr. J. Si.
36 (1939) 36], Some analyses | made of rice bought in shops in London showed
iron contents varying from as little as 1.7 to as much as 4.6 mg, about three times
as much. In a recent survey in a country in the Western Pacific region it was found
that, whilst the iron intake of one group of subjects was 12.7 mg/d as calculated
from food tables, strict chemical analysis of food as eaten gave a figure of 82.2 mg.
In another group calculated intake was 13.2 mg whereas that based on analysis
was 34.3 mg. | think it is clear, therefore, that not much reliance can be placed on
measurements of dietary iron intake based on standard food tables.

T. H. Bothwell: | agree wholeheartedly with Dr. Wadsworth about the difficulty
in knowing what iron intakes are. In the case of the Bantu of Southern Africa, for
example, it is useless to take any statement by a subject as a reliable guide to what
he actually has eaten. | feel that the most accurate way of determining intake of
food iron is measurement of the faecal content. Absorption is so low that one can
be fairly certain that a 24-hour specimen of faeces is very close to what the subject
is getting. | have no doubt that for field studies faecal analysis would be the answer
to many of our problems in this connection.

C.  S. Leithead: | should like to ask Dr. Bothwell if he has considered the possi-
bility that in malaria there may be iron stores which are not available for haemo-
globin synthesis, at least for a period immediately following their deposition. I refer
to the work of my colleagues Dr. b eegan and Professor m aegrairn 0N malarial
pigment which they originally identified and have continued to study [Ann. trop.
Med. Parasitol. 50 (1956) 194 and 212; 52 (1958) 232], This is an area in which
isotopes are likely to be extremely valuable, that is to say in the study of metabolism
and distribution of iron in the malarial host. | should like to summarize my col-
leagues’ recent observations on P. berghei malaria in rats.

The isotope Fe® was administered subcutaneously as a standard inoculum of
1.0 pc in 1.0pg total iron. The distribution in the blood, liver, spleen, kidneys and



femur (bone marrow) was followed at intervals for 50 d in groups of normal animals.
The isotope was incorporated into erythrocytes within 10 h, indicating a very rapid
uptake by the emerging reticulocytes, which could be confirmed autoradiographi-
cally. In this way a highly radioactive “batch” of erythrocytes entered the circulation.
Thereafter the overall blood content of radioactivity remained constant at about
60% of the total isotope injected.

The original batch of tagged erythrocytes reached the end of their life-span in
approximately 60 d and at this point a rise in bone marrow and spleen content of
the isotope (but not in that of the liver) was recorded, presumably indicating a
turnover of Fed from the disintegrating cells. The level of activity in the liver,
which remained constant subsequent to the tenth day after injection of the isotope
and was not affected by the disintegration of the tagged erythrocytes, indicates a
remarkably static iron store, which autoradiographs showed was largely in the
form of ferritin.

Animals were infected intraperitoneally with P. berghei on the twentieth day after
inoculation of the isotope, at which point the distribution of Fe® had reached
equilibrium. The progress of the infection was subsequently followed, groups of
rats being examined at the crisis, i.e. the period of maximal erythrocyte infection
(20—25%; about 10 d after inoculation), and subsequently at intervals up to the
recovery stage (54—67 d).

The isotope content of the blood of the infected animals fell appreciably during
the period of heavy parasitic infection and subsequently returned to a figure lower
than that reached in the equilibrium established 20 d after inoculation of the Fe3

The splenic content rose during the heavy parasitaemia to as much as 12 times
the normal. It subsequently fell in the convalescent stage to about three times
normal level, where it remained to the end of the experiment.

The liver content was roughly doubled during the parasitaemia and returned
slowly to normal in recovery. That of the bone marrow rose at the height of the
infection to about 60% above the normal value and fell to the original level in
recovery. The content of the kidneys was increased slightly during the parasitaemia
in animals exhibiting haemoglobinuria (with visible iron-containing residues in
the renal tubular epithelium), and returned to normal in recovery.

The total content of Fe®in the blood and the tissues studied in animals on reaching
the recovery stage was about 10% less than in normal animals given the same dose
of isotope. As there was no evidence of abnormal excretion of iron in the infected
animals, some of the radioactive iron had thus clearly become “unavailable” during
the production of reticulocytes in the convalescent period. The proportion of this
“lost” iron deposited in other tissues in the form of insoluble haemozoin and that
stored as ferritin or haemosiderin was not assessed. Histological studies demon-
strated, however, that deposition of the former was considerable.

In the liver there was a considerable rise of Fe®content during active parasitization
of the erythrocyte and a fall in the first stage of recovery. Turnover of iron must
therefore have been very active and since the synthesis of haemoglobin subsequent
to the crisis of the infection involved much less Fe3 the static liver content in re-
covery must indicate radioactivity due to the accumulated haemozoin (malarial pig-
ment), which was clearly not available for synthesis.

In the case of the spleen the rapidly rising concentration at the crisis and the
subsequent persistence of a high level can best be accounted for by deposition of
large amounts of unavailable iron.



At the height of infection the spleen contained large deposits of granules of haemo-
zoin and haemosiderin and a blue haze of visible ferritin. Ten days later the only
visible iron-containing pigment was haemosiderin (very active autoradiographically).
It can be presumed tberefore that the high concentration in the crisis resulted from
deposition in the tissues of fixed haemozoin plus labile haemosiderin and ferritin.
A small proportion of the iron content must have come also from the temporary
local accumulation of erythrocytes.

The indications seem to be that at the crisis the turnover of iron in the liver con-
siderably exceeds that in the spleen. During recovery and the associated high pro-
duction of reticulocytes the amount of Fe® available for resynthesis of haemoglobin
is reduced by loss in the form of unavailable haemozoin, and the necessary iron is
derived from other sources, including haemosiderin and possibly the homeostatic
stores. This possibly explains the lowered Fe®content of the blood in the homeostasis
achieved in recovery as compared with the content before infection (See Fig. 1).

Administration of Fe® Flo-t

20 d after administration of Fe® (Also point of infection)

30 d after Fe® (10 d after infection; i. e. the crisis)

45 d after Fe® (Convalescence)

60 d after Fe® (Length of erythrocyte life-span; recovery stage in malaria).

It is mterestmg to note that the changes in tissue Fe® concentration associated
with the end of the life cycle of the originally tagged erythrocytes (i.e. in the region
of 60 d from inoculation) were not evident in the infected animals. This indicates that
the initial batch of tagged cells must have been disintegrated during the malarial
crisis. Some uninfected cells must have been lysed, since the available Fe® (less that
locked up in the haemozoin formed in the infected cells) was incorporated into new
cells in a proportion only 10 to i5 % less than in normal homeostasis, during aperiod
in which the erythrocyte count dropped from 7.8 to 3.2 million cells per mm3

These experiments demonstrated that the haemozoin produced by the parasites
was unavailable immediately for the re-synthesis of haemoglobin. They will be
extended to ascertain the role of dietary iron in such re-synthesis.

It would be profitable to examine the iron balance in the human field, and study the
synthesis of haemoglobin and the absorption and date of dietary iron not only in
malaria, but in other anaemic states including sicklaemia, favism, thalassaemia and
especially hookworm infection.
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T. H. Bothwell: | am afraid | have no experience at all of this particular problem.
We have always assumed that iron in stores is available for haemoglobin production.
This is certainly exemplified in the iron storage diseases, such as idiopathic haemo-
chromatosis, where it is often possible to remove a pint of blood every five days over
a period of a year or two and yet see haemoglobin levels maintained. Some of these
stores must have been present for many years. There is one anomaly, however, and
that is in the condition of idiopathic pulmonary haemosiderosis, in which there is
repeated bleeding into the lungs. The iron released from these haemorrhages is laid
down as haemosiderin. It is, however, not available for blood formation since iron
deficiency anaemia often develops in spite of the deposits in the lungs. The reason
for this probably relates to the location of iron in idiopathic pulmonary haemosidero-
sis; it is neither available to transferrin nor are the phagocytes containing iron able
to gain access to circulation.

A. S. McFarlane: Dr. Hallberg’s interesting demonstration of a slow absorption
of mucosal iron suggests that the rate of mucosal regeneration, about which so much
more is now known, may be a factor to be considered in any comprehensive explana-
tion of absorption generally. 1 should be interested to know whether Dr. Hallberg
has considered this.

I have also a question to ask Dr. Bothwell: in conditions in which a viable type
of abnormal red cell appears in the circulation, is there any possibility that exchange
of serum iron with that in the abnormal cells occurs? This would of course greatly
affect iron turnover values.

T. H. Bothwell: No evidence has as yet been found that mature red cells can
extract iron from the serum in man. It is, however, possible that small amounts may
be taken up when large numbers of reticulocytes are in circulation. In this context
it is interesting to note that the abnormally high turnovers reported with ineffective
ervthropoiesis may not always reflect excessive pyrrole pigment metabolism. ¢ rosby
[Blood 12 (1957) 165] has produced data to suggest that in conditions associated with
blocks in haeme synthesis there may be a significant uptake of iron by red-cell pre-
cursors which is not converted into haeme. When such cells entre circulation, the iron
granules are rapidly removed by the spleen and re-routed to the marrow. In such
conditions there may therefore be very high turnovers of iron as a result of the abnor-
mal shunt.

L. Hallberg: | agree with Dr. McFarlane that the turnover of the mucosal cells
may affect the values for mucosal storage of iron. One must suppose, as far as | can
see, that cells containing iron and finding their way into the intestines have their iron
re-absorbed.

H. Foy: Does Dr. Bothwell, when examining marrows for haemosiderin, find
sometimes clumps and sometimes scattered particles, and does he consider that the
clumps are probably less utilizable than the scattered particles? Referring to Dr. Leit-
head’s question about the availability of “malarial pigment” for haemoglobin syn-
thesis, it is difficult to distinguish between “malarial pigment” and the clumps of
haemosiderin which we find in the marrow. Is this “malarial pigment” utilizable or not?

T. H. Bothwell: | do not know very much about the various types of clumping
that are observed, but data have been obtained which suggest that in aplastic states,
where there is a slow turnover of iron, the haemosiderin seems to accumulate gradual-
ly into large clumps, whereas, in conditions like pernicious anaemia where there is
much ineffective erythropoiesis and high turnovers through the marrow, the granules
are much smaller. As far as availability is concerned, large clumps are formed in



haemochromatosis and it is possible to pull them out by repeated phlebotomies. |
doubt whether the physical form makes much difference; there may be an initial lag,
but all the iron is theoretically available.

D. L. Mollin: Professor Dacie has pointed out in this connection that whenever
there is an excessive number of siderotic granules in the red cells, this is reflected
by the accumulation of a fine dusting of haemosiderin in the reticulum cells in the
marrow. Otherwise, it is merely stored in larger clumps.

H. Vetter: In describing methods of calculating plasma turnover, Dr. Bothwell
stated that the plasma disappearance curve is an exponential one in most cases. Now,
there seems to be evidence that in certain cases, particularly where plasma iron turn-
over is very rapid, this is not so. | wonder whether he would care to comment on
this difficulty which many people have encountered.

T. H. Bothwell: | confess that this was an over-simplification on my part.
Although most people using the plasma iron turnover as a measurement of ery-
thropoiesis have ignored minor deviations from the straight line at the lower levels
of activity, these deviations have significance, and mean that iron is being fed back
from some other pool. Various attempts have been made to fit mathematical models
to these data, but | feel that we have not yet sufficient knowledge of where the iron
goes and what it is doing for us to be able to obtain biologically valid results from
such analyses. On the other hand, this approach has certainly underlined the need
for more experimental studies to find out the fate of all the iron leaving the plasma.
Meanwhile | think that useful clinical data can still be obtained from simple analysis
of ferrokinetic measurements.

H. Vetter: In this matter of over-simplification of the plasma turnover calculation,
I think Dr. Bothwell has been extremely modest in not even mentioning one source
of error which he himself was the first to point out, namely the diurnal variations in
plasma iron concentration and radioiron disappearance rates. | consider this question
to be of some importance, and | would welcome a comment from him thereon.

T. H. Bothwell: In normal subjects, the plasma iron level is usually higher in the
morning than in the evening. However the plasma iron turnover remains constant.
This is accomplished by reciprocal changes in the clearance rate of iron from the
plasma. On the other hand there is some evidence that the turnover becomes less
during sleep. In pathologic states where there is a relative deficiency of iron (e.g.
pernicious anaemia in early remission) any rise in plasma iron is associated with an
increase in the turnover rate. These various observations indicate that a plasma iron
turnover measured over a short period may not, in fact, reflect the state of affairs
over the whole twenty-four hours. At the same time | should like to emphasize again
the fact that the plasma iron turnover is only a semi-quantitative measure of erythro-
poiesis and these discrepancies do not detract from its clinical usefulness.

N. Veall: It occurs to me that one of the factors influencing the plasma iron turn-
over rate may be the rate of blood flow through the extracting organs and tissues.
If the removal is in any way limited by blood flow, it is possible that changes in
haemodynamic factors such as cardiac output during sleep account to some extent
at least for the diurnal variations.

T. H. Bothwell: This is an intriguing possibility that can certainly not be excluded.
It is, | think, generally believed that the variations which have been noted reflect
alterations in either reticulo-endothelial or erythropoietic function but the question
remains an open one.
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A Familial Study in Idiopathic
Hemochromatosis*

T. H. Bothwell, m.d., l.

Cohen, m.b., O. L. Abrahams, b.sc. and S. M. Perold, b.sc.

Johannesburg, South Africa

t is generally believed that the clinical mani-

festations of idiopathic hemochromatosis
reflect the tissue damage caused by excessive
iron in the body [7]. Thus the liver, which is the
chief reservoir, becomes cirrhotic and the heavy
pancreatic deposits lead to diabetes in about 80
per cent of subjects. In addition the skin be-
comes pigmented. Cardiac involvement is not
uncommon.

Since iron overload occupies the central role
in the pathogenesis of the disease, rational
therapy is directed towards the removal of this
iron by repeated venesections [23]. On this
regimen iron is mobilised from stores to satisfy
the increased needs of the erythroid marrow.
Such therapy has caused amelioration of symp-
toms and it seems probable that it will improve
the prognosis of patients with the disease.
However, the degree of improvement must
depend on the amount of damage to the organ
that has occurred prior to the start of treatment.
The ideal subject for therapy would therefore
be someone in whom excessive iron stores had
not been present in sufficient quantities for a
long enough period to cause irreversible tissue
damage. Unfortunately these cases are difficult
to diagnose as clinical manifestations are evident
only when the iron has already led to consider-
able pathologic changes. Since, however, there
is growing evidence that idiopathic hemo-
chromatosis may be a familial inborn error of
metabolism [7] it is possible to detect a propor-
tion of such cases by investigating relatives
of patients with overt disease. Although reported
examples of the fully developed clinical disease
in relatives have been few, it has been shown that
about 20 per cent have elevated serum iron
levels [t,4\.

The present paper records the results of such a
survey. These findings have some bearing on the

pathogenesis of the condition and also underline
the practical importance of detailed familial
studies in idiopathic hemochromatosis.

METHODS

Fifty-two immediate relatives (i.e., parents, siblings
and children) of six patients with idiopathic hemo-
chromatosis were investigated. The six patients were
all subjects in whom the disease had been confirmed
histologically. In five it was proved at autopsy and in
one by liver biopsy.

Each of the relatives was examined clinically, and
fasting serum iron estimations were made by the
method of Bothwell and Mallett [5] in all except five
young children. In this laboratory the'average normal
figures for serum iron are 114 yug./IOO ml. for males
and 104 yug./IO0 ml. for females. Although values
above 150 /tg./100 ml. have been found in some
healthy subjects they have not been constantly raised
on repeated testing. In the present study results above
150 jug./100 ml. were therefore regarded as abnormal
only when present on two or more successive occasions.
In addition the unsaturated iron-binding capacity
was estimated in about half the subjects, using the
technic of Rath and Finch [6]. When possible, liver
biopsies were performed in relatives showing per-
sistendy raised serum iron levels. Sections of these
biopsy specimens were stained with hematoxylin and
eosin, and with Prussian blue by Dry’s method [7].

RESULTS

The salient clinical features of propositi and
affected relatives are recorded in the family
reports which follow. These reports also include
the relevant biochemical abnormalities and, in
most instances, the results of liver biopsy. (Figs.
land 2)

Family A. The propositus was a woman who
had been followed for several years as an estab-
lished case of hemochromatosis prior to her death
at the age of fifty-eight years. She finally died following
a hematemesis.

*From the Department of Medicine and the Department of Pathology and Microbiology, University of the
Witwatersrand, Medical School, Johannesburg, South Africa.
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Fig. 3. Family D. Liver biopsy specimen from a twenty-
eight year old woman. Hemosiderin granules are present
in parenchymal cells. The portal tracts (not shown in
figure) show round cell infiltration and slightly increased
fibrosis. Perl’s stain. Original magnification X 120.

The husband and three children were examined:
The only abnormalities detected were in a daughter,
aged twenty-two years, who had a firm two-finger
hepatomegaly, a raised serum iron level and a reduced
unsaturated iron-binding capacity. No pigmentation
of the skin was noted. Menstruation was normal. She
refused further investigation.

Family B. The propositus was a young man in
whom diabetes developed. He subsequently died in
cardiac failure at the age of nineteen years.

The parents and an only brother were examined.
All appeared clinically normal but the mother, who
was forty-eight years old, had a serum iron level above
200 jtg./IOO ml. on three separate occasions over a
period of eight months. A hysterectomy had been
performed three years previously for menorrhagia of
several years’ duration. Liver function tests were
normal as was the blood count (hemoglobin 14.5 gm./
100 ml.). Finally a liver biopsy was performed. No
abnormalities in the liver were found. Venesections
were then started at three weekly intervals. After
approximately 1,200 mg. iron had been removed in
this way the hemoglobin level was 12.5 gm.,/100 ml.
and the serum iron level was 35 jug./IOO ml. At this
stage venesections were discontinued.

Family C. The propositus was a forty year old man
with diabetes, pigmentation of the skin and testicular
atrophy. A diagnosis of hemochromatosis had been
established by liver biopsy several years previously.
At the time his relatives were studied about 35 gm.
iron had already been removed from the patient by
phlebotomy.

The parents and two sisters were examined. One
sister was known to have acute intermittent porphyria
but showed no evidence of iron excess. The only other
abnormalities were found in the father who had a firm
hepatomegaly and a high serum iron level. In view of

Fig. 4. Family E. Liver biopsy specimen from a forty-nine
year old woman. There is marked peripheral fatty
change and fine hemosiderin granules are present in
parenchymal cells. The portal tracts show no increased
fibrosis. Perl’s stain. Original magnification X 240.

his age and apparent good health no further tests were
carried out.

Family D. The propositus was a young man, aged
twenty-one years, who succumbed to the cardiac
complications of the disease. Full details of this pa-
tient, including radioiron data, have been recorded
elsewhere [<SP].

The patient’s parents and two siblings were ex-
amined. The brother was normal but the sister showed
classic clinical features of the disease with pigmenta-
tion of the skin, endocrine changes and cardiac signs.
The diagnosis was confirmed by liver biopsy. (Fig. 3.)
In spite of energetic therapy she died at the age of
twenty-eight years in gross congestive failure. (The
clinical features of this patient have also been de-
scribed previously [70].) The father appeared normal
but the mother was found to be a diabetic of several
years standing whose diabetes was adequately con-
trolled on 20 units of protamine zinc insulin daily. In
addition she had a two-finger hepatomegaly. In
view of these findings a biopsy specimen of the liver
was obtained, in spite of the fact that the serum iron
level was persistently normal. Histologically the sec-
tions appeared normal with no evidence of excessive
iron deposits.

Family E. The propositus was a forty-six year old
man in whom cardiac failure developed. In addition
there was pigmentation of the skin and a three-finger
hepatomegaly, but no diabetes. The diagnosis of
idiopathic hemochromatosis was supported by skin
biopsy findings. He died suddenly several months
after the onset of symptoms, and at autopsy showed the
typical features of the disease.

The mother was examined and appeared normal.
The father was reported to have died at the age of
forty-two years from “acute heart failure” but un-
fortunately no further details were available. In



Fig. 5. Family E. Liver biopsy specimen from a forty
year old woman. Scattered foci of liver cells contain fine
hemosiderin granules. The histology is otherwise normal.
Perl’sstain. Original magnification X 240.

addition a brother had been killed in an accident at
the age of thirty. All the other seven siblings were
investigated. Of these only two, a brother and sister,
were completely normal. All the remaining siblings
showed raised serum iron levels, reduced unsaturated
iron-binding capacities and abnormal findings on liver
biopsy.

The eldest was a forty-nine year old woman, with
three children, the youngest of whom was eight years
old. A hysterectomy had subsequently been carried
out because of menorrhagia. On examination there
was a suggestion of pigmentation of the skin and a one-
finger hepatomegaly. The liver biopsy showed
scattered deposits of hemosiderin confined to paren-
chymal cells and well marked fatty infiltration. (Fig.
4.) There was no increased fibrosis of the portal tract.
Liver function tests and a glucose tolerance curve
were within normal limits.

The other affected sister was a forty year old woman
with three adolescent children, who was clinically
normal. In view of the serum iron findings a biopsy
specimen of the liver was obtained. Fine granules of
hemosiderin were present in parenchymal cells but
the histologic findings were otherwise normal. (Fig. 5.)

The eldest affected brother was forty-two years old.
He gave a history of having suffered from dyspnea on
effort for the previous six months. On examination he
was found to be in mild congestive failure with
cardiomegaly and a gallop rhythm. There was gen-
eralised slaty grey pigmentation and a three-finger
firm hepatomegaly. The glucose tolerance was nor-
mal. A biopsy specimen of the liver showed the typical
features of idiopathic hemochromatosis with a well
marked monolobular cirrhosis and extensive iron
deposits. (Fig. 6.)

Another brother, aged thirty-seven years, gave a
history of an excessive alcohol intake but otherwise
appeared to be normal. A liver biopsy showed finely
dispersed hemosiderin throughout the liver cells but
there was no increase in fibrous tissue. (Fig. 7.)

Fig. 6. Family E. Liver biopsy specimen from a forty-two
year old man. Coarse hemosiderin granules are present
in the parenchymal cells and also in the Kupffer cells and
portal tracts. There is well marked fibrosis of the portal
tracts with linkage of adjacent tracts. Areas of nodular
regeneration are present. Perl’sstain. Original magnifica-
tion X 150.

The last affected brother was thirty-five years old,
with no subjective complaints. On examination there
was some generalised pigmentation with a one-finger
hepatomegaly. Liver biopsy showed massive iron
deposits with early portal fibrosis. (Fig. 8.)

Seventeen members of the third generation of the
family were examined. All were clinically normal but
a daughter and son of an affected female, aged fifteen
and sixteen years, respectively, showed serum iron
levels persistently between 150 and 200 /ug./100 ml.
Sections from liver biopsy specimens were, however,
quite normal. The daughter was subsequently
venesected weekly until the hemoglobin level had
fallen to 9.0 gm./IOO ml. At this stage approximately
1500 mg. iron had been removed.

Family F. The propositus, a yound woman who
died at the age of twenty-eight in cardiac failure, has
been fully described elsewhere [77]. Both parents
appeared to be healthy although the mother, who
had given birth to fourteen full term infants, com-
plained of menorrhagia. Her serum iron level was
only 29 /ig./100 ml. but she did not appear to be
anemic. A possibly significant point in the family
history was the fact that a brother of the mother had
died from diabetes at the age of sixty-two years.

Two of the patients’ siblings were stillborn and a
sister had died at the age of twenty-six years from a
“bleeding disorder.” The remaining ten siblings were
all examined. One brother, aged twenty-four years,
was found to be under treatment elsewhere for fully
developed hemochromatosis. The salient features were
pigmentation of the skin, diabetes and pituitary
infantilism. A biopsy specimen of the liver showed the
characteristic features of the disease. (Fig. 9.) He
subsequently died in heart failure. Another brother,
aged twenty years, in apparently good health, showed



Fig. 7. Family E. Liver biopsy specimen from a thirty-
seven year old man. There are fine hemosiderin granules
in parenchymal cells. The liver histology is otherwise
normal. Perl’s stain. Original magnification X 600.

some increased pigmentation, a two-finger hepato-
megaly and a raised serum iron level. A liver biopsy
specimen showed heavy deposits of iron in hepatic
cells with some bands of fibrosis in the portal tracts.
(Fig. 10.) Further investigations revealed apparently
normal endocrine, hepatic and cardiac function.

COMMENTS

It seems probable that the clinical manifesta-
tions of idiopathic hemochromatosis are the end
result of tissue damage caused by excessive iron
deposits within the body. To understand how
such a situation arises it is first necessary to
consider some quantitative aspects of iron bal-
ance in the normal subject. In an adult male
there is about 3 to 4 gm. iron, of which 60 to 70
per cent is in hemoglobin and about 25 per cent
in stores. The accumulation of this iron from

Fig. 9. Family F. Liver biopsy specimen from a twenty-
four year old man. Fleavy deposits of hemosiderin are
present in parenchymal cells and small amounts are
also present in Kupffer cells and portal tracts. There is a
moderate degree of portal fibrosis. Perl’s stain. Original
magnification X 150.

Fig. 8. Family E. Liver biopsy specimen from a thirty-five
year old man. Fine and coarse hemosiderin granules are
present, chiefly in parenchymal cells but also in Kupffer
cells and in the portal tracts. There is a slight increase in
portal fibrosis. Perl’s stain. Original magnification
X 150.

infancy to adulthood implies a net daily gain of
between 0.35 and 0.6 mg. over this period [72].
Thereafter the balance in the male remains more
or less constant. Only about 0.6 mg. iron is
excreted per day and this loss is balanced by the
absorption of a similar quantity from the gut
[72]. In the absence of blood loss the body has
little capacity to alter the excretion rate of iron
so that when absorption from the gut is increased
most of the excess iron is retained within the
body. Thus a positive balance of as little as 3to 4
mg. per day over a period of fifty years will lead
to an accumulation of about 50 gm. of iron
within the body. From this it is apparent that
relatively minor alterations in the absorptive
rate of the male can eventually lead to the mas-
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Fig. 10. Family F. Liver biopsy specimen from a twenty
year old man. Fine and coarse hemosiderin granules are
present in parenchymal cells and to a lesser extent in the
portal tracts and Kupffer cells. The portal tracts show a
moderate increase in fibrosis with infiltration by lympho-
cytes, histiocytes and polymorphonuclear leukocytes.
Perl’s stain. Original magnification X 190.



sive accumulation of iron (30 to 60 gm.) found in
idiopathic hemochromatosis at the time when
clinical symptoms occur. In the female, however,
it is more difficult to establish a positive iron
balance since there are the normal losses incurred
by menstruation, pregnancies and lactation.
Such losses, which probably total between 10
and 15 gm. iron over the average productive
life, offer at least a partial explanation for the
much lower incidence and the delayed onset of
the full blown disease in females [7],

Although the clinical features of idiopathic
hemochromatosis are relatively characteristic,
these only occur at a time when excessive iron
has already led to extensive tissue damage, and
diagnosis is more difficult in that long latent
period when iron is steadily accumulating in the
body. Some affected individuals can, however,
be detected in the preclinical phase of the disease
by other means. It is known that iron overload is
usually associated with a rise in the serum iron
level and this has proved a useful screening
procedure [7,4]. In the present study serum iron
estimations were carried out on the immediate
relatives of patients with idiopathic hemo-
chromatosis and liver biopsy specimens were
obtained in most of those with raised levels.

Relatives were chosen as test subjects because
there is some evidence that, although most cases
of idiopathic hemochromatosis are found spo-
radically, the disease may be a familial disorder
[7], The true incidence is difficult to assess since
little attention has been paid to this aspect of the
disease. Finch and Finch, who recently reviewed
787 histologically proved cases of hemo-
chromatosis reported in the last twenty years,
were able to find only eleven instances in which
two or more members of the same family were
definitely shown to be suffering from the disease
[7]. It is, however, doubtful, whether these
figures are a true reflection of the familial
incidence since there are also a number of
instances in which suggestive clinical findings
or raised serum iron levels have been described
in relatives [7]. All except one of these reports
[75] have recently been extensively reviewed by
Boulin and Bamberger [74] and by Pirart and
Gatez [75]. Unfortunately an analysis of the
various findings is fraught with difficulty as the
criteria for diagnosis have not always been
adequate. For example, although the families
of thirty-two patients with this disorder appear
to have been examined in some detail, only about
half of the original cases were proved histo-
logically. In spite of these shortcomings the

evidence which is available fits in well with the
concept of idiopathic hemochromatosis as a
familial disorder.

In the studies on thirty-two families which
have been reported in the literature, twenty-six
parents were examined. Of these, one was stated
to have proved hemochromatosis, five showed
clinical evidence of the fully developed disease,
two were regarded as subclinical, three were
diabetic and one had hepatomegaly. In no in-
stance did more than one parent show suggestive
findings.

The results of examination of 107 siblings were
even more impressive. There were nine cases
proved histologically, twenty-five in whom a
firm clinical diagnosis was made, and an addi-
tional sixwho were thought to be probable exam-
ples of the disease. In addition, ten subjects
had raised serum iron levels, six were diabetic,
seven had hepatomegaly and one was suffering
from carcinoma of the liver. There was thus
some evidence that about half the siblings were
affected in varying degrees.

In the present investigation fifty-two im-
mediate relatives of six patients were examined.
The most striking findings were in siblings. Of
nineteen investigated, three were found to be
suffering from the clinical disease and another
five showed varying degrees of iron excess on
liver biopsy. The incidence of affected siblings
may be even higher than these figures suggest
since six of the subjects were under the age of
twenty years and thus may yet exhibit manifesta-
tions at a later date. The significance of the
findings in parents and children was more
difficult to assess since there was no example of
the fully developed disease in a parent and child.
There was, however, some evidence to support
a hereditary factor. In family B the mother
showed a persistently raised serum iron level
but the liver biopsy was normal. She gave a
history of menorrhagia for many years and it
seemed probable that the expression of her
metabolic abnormality had been modified by
continued blood loss. In family C the father had
hepatomegaly and a raised serum iron level but
could not be investigated further. It was possible
to examine the children of affected persons in
only two families. In family A there were three
children. One of the daughters, aged twenty-two
years, had a high serum iron level and hepato-
megaly but refused further investigation. In
family F most of the children were very young
and appeared normal. However, two adolescent
children of an affected female had raised serum



iron levels. In both the liver biopsy findings were
normal.

Although these results are not sufficiently
complete to permit firm conclusions, they do
allow for some speculation as to a possible
genetic linkage in idiopathic hemochromatosis.
In two of the five families in which parents were
examined there was some evidence that one
parent in each family was affected. In a third
family the mother was diabetic but otherwise
normal. In a fourth family the mother, who suf-
fered from menorrhagia and had given birth
to fourteen full term infants, appeared healthy
but her brother had died previously from
diabetes. The significance of these latter findings
is difficult to evaluate. (It should, however, be
noted that although the diabetes which occurs in
idiopathic hemochromatosis is almost certainly
due to iron deposits in the pancreas, a higher
incidence of diabetes in otherwise unaffected
relatives has been noted previously [74]. In
addition, it has been possible to increase iron
absorption experimentally by ligating the
pancreatic ducts [7d] and by damaging the
pancreas [77]). In the last family the mother was
normal but the father had succumbed previously
to heart failure at a young age and may possibly
have suffered from the disease. All this evidence
is at least compatible with the idea that a parent
in each of the families examined was suspect in
one way or another.

In siblings the findings were much more con-
crete, since about 50 per cent of those over the
age of twenty years showed histologic evidence
of varying degrees of iron overload. Finally,
there was suggestive evidence that three chil-
dren of two affected parents were suffering from
the metabolic defect. These data therefore fit
in well with the concept that idiopathic hemo-
chromatosis is a familial disorder, and they lend
some support to Neel and SchulPs thesis that it is
due to an autosomal gene of incomplete pene-
trance which is transmitted as a Mendelian
dominant [78\. Whether, in fact, the penetrance
is incomplete is difficult to evaluate from the
available data. The present findings would also
be compatible with a more complete degree of
penetrance but a variable expressivity. The
resolution of this problem will be possible only
when the nature of the fundamental biochemical
defect is discovered. Meanwhile it would be
helpful to have data on the rate of absorption of
iron from food in seemingly unaffected parents,
and to know whether or not the apparently
higher incidence of diabetes in relatives, unac-

companied by iron excess, has any significance.

The possibility that common environmental
factors, such as unusual eating habits, might
explain the present findings seems hardly tenable
since affected siblings had been living in different
localities for long periods prior to the study.
Nevertheless it is probable that the clinical
expression of the disease in subjects with a similar
degree of absorptive defect can be modified by
other factors, such as the amount of iron in the
diet and the amount of iron loss from the body,
e.g., menstruation and pregnancy. In addition,
many workers have noted the higher incidence
of alcoholism (+£30 per cent) in patients with
the clinical disease [ 7]. Whether such an abnormal
diet increases iron absorption or potentiates
damage to the liver and thus accelerates the on-
set of the symptomatic stage of the disease is not
known. However, the fact that no example of
the fully developed disease in different genera-
tions was found in the present series cannot be
explained on environmental factors alone and
seems rather to represent a variability in expres-
sivity of the abnormal gene. On the other hand
the severity of the metabolic defect in affected
members of the same generation is remarkably
constant. Thus in two of the present families
there were five affected siblings, all of whom
showed severe involvement in the third decade
of life. In a third family four brothers appeared
to have an absorptive defect of about the same
intensity. In this family two sisters were also
probably affected to a similar degree but the
iron stores were not as large. This difference
could well be explained by the ameloriating
effects of blood loss via menstruation.

A surprising finding was the poor correlation
between the raised serum iron levels and the
degree of iron overload as judged by liver biopsy
findings. In subjects with a high serum iron the
hepatic histology ranged from normal to the
changes of fully developed idiopathic hemo-
chromatosis. In subjects with normal biopsy
findings it was thought that there might be still
some increase in non-stainable iron in the
liver but the response to venesection showed lit-
tle if any difference from normal. Although the
biologic significance of a high serum iron level in
subjects with normal iron stores is not clear, it
could be a reflection of an abnormal gradient
between the iron in cells and plasma. Whatever
the explanation it is obvious that a raised serum
iron level is not of itself a good indication of the
degree of iron overload. In most instances the
total iron-binding capacity was also measured.



Although the mean value in affected relatives
was somewhat reduced (285 /ug./100 ml.), the
results were not definite enough to be useful
diagnostically.

For a better understanding of the amount of
excess iron in relatives with high serum iron
levels, liver biopsy was extremely helpful. Using
the technic it was possible to demonstrate the
various phases in development. In the early
stages the iron was found as discrete granules of
hemosiderin in hepatic cells, either finely dis-
persed throughout the liver lobules or in focal
scattered areas. With greater quantities, the iron
aggregated together into coarser masses and was
uniformly distributed throughout the lobules.
With marked iron excess there was a slight
to moderate increase in fibrosis of the portal
tract but a true monolobular cirrhosis was seen
only in association with the fully developed
clinical disease.

Although idiopathic hemochromatosis is a
relatively rare disorder it is probable that famil-
ial studies of the present type would uncover a
considerable number of affected indivduals,
especially in siblings of patients suffering from
the disease. The detection of affected subjects
in the preclinical phase of idiopathic hemo-
chromatosis is of some practical importance since
the excess iron can be removed by repeated
venesections [23]. The rigorous use of such
therapy should prevent or arrest the develop-
ment of tissue damage in such individuals
[79,20],

SUMMARY

Fifty-two immediate relatives of six patients
suffering from idiopathic hemochromatosis were
examined. In eleven subjects with raised serum
iron levels three were found to have the fully
developed disease while five others showed
varying degrees of iron excess on liver biopsy.

The present results support the concept that
idiopathic hemochromatosis is a familial dis-
order in which the absorption of excessive
amounts of iron from the gut eventually leads to
massive accumulation of iron within the body.
The disorder is probably the result of an auto-
somal genetic defect of incomplete penetrance
and/or variable expressivity which is transmitted
as a Mendelian dominant.

The practical value of familial studies in idio-
pathic hemochromatosis is stressed since affected
persons can in this way be detected and treated
in the preclinical phase of the disease.
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Idiopathic haemochromatosis is the end-result of an inherited metabolic disorder
which is associated with an increased absorption of iron; by the time clinical mani-
festations occur the body iron content is very large. Although it is likely that the pri-
mary defect in the condition resides in the mucosal cells of the gut it is still possible
that the alteration in mucosal behaviour is secondary to some other intrinsic metabolic
derangement. For example, it has been suggested that the transferrin of the plasma
(iron-binding protein) may have an abnormal avidity for iron [Crosby, 19585). This
contention is supported to some extent by at least two observations. Firstly it has
been noted that the plasma iron level tends to return rapidly to high levels when
phlebotomies are stopped in subjects whose stores have been depleted by repeated
venesections [Crosby, 1958]. In the second place it has been shown that some affected
relatives of patients with idiopathic haemochromatosis have raised plasma iron
levels at a time when iron stores are still normal or only moderately increased [Both-
well et al., 1959]. In view of these findings a study was undertaken to compare the
in vitro and in vivo behaviour of transferrin from haemochromatotic individuals with
that from normal subjects.

EXPERIMENTAL

The sera used for testing in both the in vitro and in vivo studies were obtained from
two Eatients with histologically proven idiopathic haemochromatosis whose stores
had been depleted by repeated venesections. At the time of the investigations their
serum iron levels were within or below the normal range. In all studies the samples
were labelled by adding radioiron of high specific activity in quantities which were
well within the binding capacities of the sera. In the discussion which follows, haemo
chromatotic serum is referred to as H serum and normal serum as N serum.

In vitro studies

(A)  Electrophoretic mobility. Two samples of H serum and two of N serum were
labelled with 5Fe chloride. Aliquots of 0 02 ml. were then subjected to paper electro-
phoresis for 20 hours at 120 volts in a veronal buffer (pH 8-6). Autoradiographs
prepared from these strips revealed a single band of radioactivity in the  globulin
fraction in all instances. In a second experiment starch gel electrophoresis was carried
out on the same sera using the technique described by Smithies [1955], Both N and H
sera showed the single band Transferrin C. On autoradiography the radioactivity
was confined to this band in the test and control sera (Fig. 1).

‘This study was supported by a grant from the Council for Scientific and Industrial Research,
South Africa, and by a grant (No. A-4912) from the United States Public Health Service,
fin receipt of a bursarship from the Council for Scientific and Industrial Research, South Africa.



N, Hj N2 H2

hFig._l. Fe® autoradiographs of normal and haemochromatotic sera after starch-gel electro-
phoresis.

N,, Hi — Normal and haemochromatotic Fe® autoradiograph.
N2 H2— Normal and haemochromatotic, starch gel stained with Amidoschwarz 10 B to
show protein bands.

(B) Solubility in ammonium sulphate. Since it has been shown that iron remains
attached to transferrin when the protein is precipitated with ammonium sulphate
[Feinstein et al., 1953; Itzhaki, 1961] it is possible to use 5Fe as a marker for studying
the solubility of transferrin in various concentrations of ammonium sulphate.

Two series of tubes were set up containing quantities of saturated ammonium
sulphate (pH 7-5) varying between 2 and 8 ml. In each instance the volume was made
up to 9 ml. with 0-08M Tris (tris-(hydroxy-methyl)-amino-methane) buffer (pH 7-5).
One ml. aliquots of N and H serum labelled with 8Fe chloride, were then added to
each set of tubes. After mixing, the tubes were incubated at 37° C for 4 hours. In
addition, duplicate control tubes were set up containing 1 ml. aliquots of serum and
9 ml. Tris buffer. After incubation the solutions were filtered through Whatman No.
542 paper and 4 ml. aliquots were counted in a scintillation counter. Results were
expressed as the percentage of transferrin in solution at various saturations of ammo-
nium sulphate. It can be seen (Fig. 2) that there was no difference between the solu-
bilities of the normal and haemochromatotic transferrins.

(C) Competition between transferrin and EDTA for added iron. Unsaturated iron-
binding capacities were estimated by the method of Bothwell and co-workers [1959]
on aliquots of serum collected from 2 normal and 2 haemochromatotic subjects.



Fig. 2. The percentage of normal transferrin (open circles) and of haemochromatotic trans-
feriin (closed circles) in solution with varying saturations of ammonium sulphate.

Fig. 3. The percentage of Fe® ammonium citrate taken up by the transferrin of 3 normal
sera (open circles) and by the transferrin of 2 haemochromatotic sera (closed circles) in the presence
of increasing concentrations of EDTA.

Non-active iron in the form of ferric ammonium citrate was then added when neces-
sary to each specimen in order to give a final unsaturated iron-binding capacity of
150 /xg/100 ml. The sera were incubated at 37° C for 30 minutes. An 0- 1M solution
of disodium diamino-ethane-tetra-acetic acid (EDTA) was made up and adjusted to
pH 7-5with NaOH. From this stock solution various dilutions were made up to give
molarities of between 0-0025 and 0-020. One ml. aliquots of these solutions were
measured into conical flasks and these were followed by 1 ml. samples of serum. The
mixtures were allowed to equilibrate at 37° C for 15 minutes. To each was then
added 0-2/xg. SFe ammonium citrate contained in 0-2 ml. (This was prepared as
previously described (Bothwell et al, 1959) ). After thorough mixing the solutions
were incubated for a further 30 minutes at 37° C. At the end of this period the trans-
ferrin-bound iron was precipitated by adding 18 ml. saturated ammonium sulphate
(pH 7-5) to each flask. After 30 minutes the solutions were filtered through Whatman
No. 542 paper and 4 ml. samples of the filtrates were counted in a scintillation counter
against appropriate standards. Results were expressed as the percentage of radio-
active iron attached to transferrin in the presence of varying molarities of EDTA.
The findings in 3 normal and 2 haemochromatotic subjects are shown in Fig. 3.
Results in the two groups were similar.

In an extension of this study a fixed concentration of EDTA was used and the re-
action was stopped at periods varying from 15 minutes to 4 hours. Again there were
no differences between the behaviour of N and H serum.



(D)  Capacity of EDTA to remove transferrin-bound iron. Two N and two H sera
were labelled with tracer quantities of 8Fe ammonium citrate (pH 7-5). After 15
minutes, non-active ferric ammonium citrate was added in amounts calculated to
ensure complete or almost complete saturation of the transferrin. After incubation
for a further 15 minutes, 1 ml. aliquots were measured into conical flasks and equal
volumes of various molarities of EDTA (pH 7<5) were added to each. After incubation
at 37° C for 1hour, 18 ml. of saturated ammonium sulphate were added to each flask.
The contents were mixed and allowed to stand for 15 minutes. The solutions were then
filtered through Whatman No. 542 paper and the radioactivity in 4 ml. aliquots was
counted in a scintillation counter. Duplicate control samples prepared from 1ml.
serum and 19 ml. saline were also counted. Results were expressed as the percentage
of radioactivity bound to EDTA (i.e. in the filtrate). It can be seen (Fig. 4) that there
was no difference between the results obtained with 2 samples of N serum and 2
samples of H serum.

In vivo studies
The objective of these studies was to compare the rate at which iron bound to N
serum was cleared from the plasma in vivo with that of iron bound to H serum.
Heparinised samples of blood were collected from a normal volunteer and from a
patient with idiopathic haemochromatosis. Twenty ml. plasma from each subject
were then incubated with tracer quantities of radioactive iron. In the one instance
1 juc 3Fe chloride (specific activity 10 /xc//xg iron) was used, and in the other 15

Fig. 4. The percentage of iron detached from the transferrin of normal sera (open circles)
.';I\Enlsz(X 2 haemochromatotic sera (closed circles) by incubation with increasing concentrations of

Fig. 5. The in vivo clearance rates of radioiron bound to normal plasma (open circles) and to
haemochromatotic plasma (closed circles) in a normal subject (upper figure) and in a patient with
idiopathic haemochromatosis (lower figure).



/tc 5Be chloride (specific activity 8 pc/p-g iron?. The two samples were then injected
intravenously into the normal volunteer and blood samples were collected at regular
intervals over the next 90 minutes. Ten ml. aliquots of plasma were digested, electro-
Blated onto copper discs and differentially counted for 6e and Fe as described
y Saylor and Finch, [1953]. In a further experiment, blood was collected from a
normal subject and from a second haemochromatotic patient. In this instance the
procedure was the same except that the two samples were injected into the subject
with haemochromatosis. The results of these two studies are shown in Fig. 5. It can
be seen that iron bound to haemochromatotic plasma was cleared from the circulation
at the same rate as iron bound to normal plasma.

COMMENT

The present study was undertaken to explore the possibility that the iron-binding
protein (transferrin) in idiopathic haemochromatosis is different from normal. How-
ever, the results of both in vitro and in vivo investigations were uniformly similar.
The electrophoretic mobility, solubility in ammonium sulphate and capacity to
compete for iron with a strong chelate were all normal. In addition the in vivo clear-
ance rate of radioiron bound to haemochromatotic plasma was identical with that of
radioiron bound to normal plasma in both a normal subject and in a patient with the
disease.

Although these results do not totally exclude the possibility that the transferrin
in idiopathic haemochromatosis is different from normal they make it unlikely. The
question therefore still remains as to why the plasma iron level is sometimes raised
in subjects with the disorder at a time when stores are normal or only moderately
increased. There is some evidence that the most important regulator of the plasma
iron level is normally the reticulo-endothelial system and it is possible that there is
some subtle alteration in the gradient for iron between reticulo-endothelial cells and
transferrin in idiopathic haemochromatosis. At present there is no evidence in favour
of or against such an hypothesis.

SUMMARY

A series of in vitro and in vivo studies failed to demonstrate any abnormality in
the behaviour of transferrin in subjects with idiopathic haemochromatosis.
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Siderosis in the Bantu

A Combined Histopatholoc/ical and Chemical Study

THOMAS H. BOTHWELI, M.D., and BASIL A. BRADLOW, M.B., Ch.B., Johannesburg, South Africa

The widespread incidence of iron overload
in the adult Bantu population of South
Africa was initially noted by Strachan 1and
has subsequently been confirmed in a num-
ber of investigations.27 In addition sidero-
sis has been described in Bantu subjects
from Rhodesia,58 Bechuanaland, Nyasaland,
Mocambique,5 and West Africa.910 The
material examined has been obtained from
subjects dying in the hospital and from
subjects dying accidental deaths, and the
incidence of siderosis in these different stud-
ies has varied between 40 and 88%. All
grades of iron overload have been found,
varying from a slight excess to amounts of
iron comparable to those found in idiopathic
hemochromatosis.

Although there is general agreement on
the widespread incidence of the condition in
Southern Africa, there is some dispute as to
both the pathogenesis and the histopatho-
logical findings. On the one hand the Gill-
mans 11 consider that siderosis represents a
manifestation of a widespread metabolic de-
fect associated with chronic malnutrition,
while Walker and Arvidsson 12 believe that
the abnormal deposition of iron in these
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people is due primarily to their habitually
high iron intake. From a pathological point
of view the Gillmans 211 found that the ear-
liest stage of iron overload was manifest by
the appearance of iron granules in paren-
chymal cells of the liver, while Higginson,
Gerritsen and Walker 5 thought that retic-
uloendothelial involvement represented the
earliest stage in evolution.

The most accurate reflection of iron over-
load in the general Bantu population can be
gained by an examination of material from
subjects dying traumatic deaths. Of all the
previous investigations only one used such
material,24 and as this study was completed
over 15 years ago it was decided to reinves-
tigate such a group to find out whether there
had been any change in the incidence and
histopathological features. Although most
attention was focused on the liver findings,
the spleen was also examined in a propor-
tion of cases. In addition chemical analyses
for iron were carried out on all the tissues
examined.

Material and Methods

Pathological Materials— one hundred and forty-

seven liver specimens were obtained from ran-

domly selected autopsies carried out on Bantu

50 subjects
The sub-

subjects dying traumatic deaths. In
specimens of spleen were also obtained.
jects ranged in age between 11 and 70 years, most
of them of 20 and 50

being between the age

years. There were 131 males and 16 females in

the series.



All sections were stained routinely with hema-

toxylin and eosin. Sections were also stained for

hemosiderin using Perl's method without heating
and were counterstained with basic fuchsin. Chemi-
cal analyses were

carried out on formalin-fixed

tissues, and no allowance made for hemo-
that the
error introduced in this would be
in the order of 0.02 to 0.04% dry weight.2 The
specimens were dried at 110C for
500c. The

centrated hydrochloric acid,

was

globin iron since it has been shown

maximum

12 hours and

ashed at ash was dissolved in con-

diluted up to a suit-

able volume, and iron estimations then

These

were done using a modification of the method of

were

carried out on aliquots of the solution.

Bothwell and M alletti3 in which the solution was

buffered with sodium acetate, and iron was esti-
mated in the ferrous form using thioglycollic acid
as reductant and sulfonated bathophenanthrolinel4
as the color reagent. All
100 gm. dry weight.

Histological Grading of Liver— The amount of

hemosiderin present in parenchymal

results were expressed as

percentage per

cells, Kupffer

cells, and portal tracts was assessed separately.

Grade 0=
Grade -f- — a few small fine gran-

(a) Parenchymal Cells:
iron granules;
ules of hemosiderin usually confined to the biliary

pole in some, or most, of the liver cells espe-

cially in the periportal regions. Grade -j—b = nu-

merous fine granules of hemosiderin in most of

AGE

Fig. 1— Iron concentrations in the
males and the open circles, females.)

livers

no stainable

at various

the cells, and Grade ~+——b = numerous coarse
granules of hemosiderin in most of the liver cells.

(b) Kupffer Cells: Grade 0= no stainable
hemosiderin granules. Grade + = occasional fine
hemosiderin granules in some of the Kupffer cells.
Grade -—b = numerous fine hemosiderin granules
in most of the Kupffer cells, and Grade -—b=
numerous coarse hemosiderin granules in most of
the Kupffer cells. (With Grade H—+b the Kupf-
fer cells were usually markedly enlarged.)

(c) Portal Tracts: Grade 0= no stainable
hemosiderin granules. Grade + = occasional fine
hemosiderin granules in portal tract macrophages.
Grade {—b = small clumps of macrophages con-
taining fine and coarse hemosiderin granules, and
Grade b = coarse irregular intra- and extra-
cellular masses of hemosiderin.

Portal Fibrosis: Grade 0= essentially normal
histology. Grade + = slight thickening of the
portal tracts. Grade H—b = moderate thickening
of the portal tracts, and Grade H——b = marked
thickening of the portal tracts, with early linkage
of adjacent tracts in some areas but without dis-
tortion of the architectural pattern.

Cirrhosis was only regarded as being present
when there was a marked increase in portal fi-
brosis with linkage of adjacent portal tracts, dis-
tortion of the lobular pattern and areas of nodular
hyperplasia.

Histological Grading of Spleen.—Grade 0= no
stainable hemosiderin granules. Grade + = occa-

IN YEARS

ages. (The closed circles represent



Table 1—Relationship Betiveen the Iron Concentrations in the Liver and the
Histological Findings

Iron
Content
(% Dry
Weight)

Parenchyma
No. of
Cases

Average

Age + 4
<0.1
0.1-0.19
0.2-0.39
0.4-0.59
0.6-0.99
1.0-1.99

>2.0

16

16 19

28

sional fine granules of hemosiderin in some of the
pulp macrophages. Grade H—b = numerous fine
and coarse hemosiderin granules in pulp macro-
phages, and Grade -—+b = numerous large
masses of coarse intra- and extracellular hemo-
siderin in the splenic pulp and trabeculae.

Hemosiderin granules were also present in
venous endothelial cells and in the subcapsular
region in the majority of specimens graded -—b
or ++ +.

Results

Iron Concentration of the Liver at Differ-
ent Ages.—These results are shown in Fig-
ure L Only 16 of the subjects had iron
concentrations which were less than 0.1%,
a figure accepted as the upper limit of nor-
mal.1510 Although there was a wide scatter,
there was a tendency for the iron concen-
tration to rise with age, and maximal con-
centrations were reached about the age of
40 to 50 years. Between 10 and 19 years
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the average concentration was 0.16% (S.D.
+0.10), between 20 and 29 it was 0.32%
(S.D.+£0.17), between 30 and 39 it was
0.50% (S.D.x0.15), between 40 and 49 it
was 1.10%; (S.D.x0.28), and over 50 years
the average concentration was 0.88% (S.D.
+0.11). There were too few female sub-
jects to allow for a comparison between the
sexes. Taking the group as a whole 71 sub-
jects showed mild increases in iron concen-
tration (0.10 to 0.39%), 32 showed
moderate increase (0.40 to 0.99%), while
28 had marked increases, with iron concen-
trations above 1.0%.

Comparison of Histological Findings in
Liver and Iron Concentrations.—These re-
sults are shown in Table 1 It can be seen
that with iron concentrations of less than
0.10% iron was not demonstrable histologi-
cally. Between 0.10 and 0.19% half the

Fig. 2—Section of liver
showing fine hemosiderin
granules in parenchymal
cells with virtually no
hemosiderin in  Kupffer
cells. Perl’s stain; re-
duced about 30% from
mag. X 600. (Ilron con-
centration 0.19% dry
weight.)

+©

%



subjects showed a mild increase in paren-
chymal cells and 17% had similar changes
in Knpffer cells (Fig. 2). (In only 2 sub-
jects was Kupffer cell hemosiderin demon-
strable in the absence of parenchymal
deposits.) With iron concentrations be-
tween 0.20 and 0.39% the majority of sub-
jects had a mild increase in parenchymal
cells, and a few showed moderate amounts.
About 30% had slight deposits in the
Kupffer cells while only 10% showed mild
portal tract involvement. Between 0.40 and
0.59% the majority of subjects showed a
moderate increase in parenchymal hemosid-
erin, while most of the cases showed a mild
increase in Kupffer cells (Fig. 3). Portal
tract deposits were present in less than half

Fig. 4—Section of liver
showing moderate sidero-
sis of parenchymal and
Kupffer cells with very
little present in the portal
tracts. Perl’s stain; re-
duced about 30% from
mag. X 120. (lron con-
centration 0.96% dry
weight.)

Fig. 3.—Section of liver
showing a moderate in-
crease in hemosiderin
granules confined to pa-
renchymal cells. Perl’s
stain; reduced about 30%
from mag. X 120. (Iron
concentration 0.52% dry
weight.)

the cases and when present were of either
mild or moderate degree. With iron con-
centrations between 0.60 and 0.99% all sub-
jects had moderate parenchymal deposits
and the Kupffer cell deposits were of dl
degrees, most of them being moderate, while
the majority of subjects also showed portal
tract involvement which was usually mild
or moderate (Fig. 4). When the iron con-
centration varied between 1.0 and 19%
the parenchymal cell involvement was mod-
erate or severe, and this was true also for
Kupffer cells and for portal tracts in most
subjects (Fig. 5). However, occasional
cases showed only mild Kupffer cell ad
portal tract involvement in spite of the heawy
parenchymal deposits. With iron concentra-



Fig. 5.—Section of liver
showing moderately se-
vere siderosis involving
parenchymal cells, Kupf-
fer cells and portal tracts.
Perl’s stain; reduced
about 30% from mag.
X 120. (lron concentra-
tion 1.47% dry weight.)

fil

lions above 2.0%, all subjects showed heavy
deposits in parenchymal cells, Kupffer cells
and portal tracts (Fig. 6).

Relationship Between Siderosis and Por-
tal Fibrosis—These results are shown in
Table 2. It can be seen that only 5 of 96
subjects with iron concentrations of less

Table 2.

Iron Content of Liver
No. of Cases Average Age (% Dry W eight)
90
40

1 41

<0.5
0.5-1.99
>2.0

Relationship Between the Iron Concentration m

(T VjVvess
3

than 0.50% showed portal fibrosis, and this
was mild in 4 of them. One subject in this
group with an iron concentration of 0.20%

Fig. 6.—Section of liver
showing massive hemosid-
erin deposits in parenchy-
mal cells, Kupffer cells
and portal tracts. (lron
concentration 2.0% dry
weight.)

had findings suggestive of subacute hepatitis
with moderate portal fibrosis and granulom-
atous lesions compatible with chronic bilhar-

zial infections. Of 40 subjects with iron
the Liver and Portal t'lbrosis
Portal Fibrosis
0 + ++ -f-f-f- Cirrhosis
91 4
31 8



concentrations between 0.50 and 1.99%, 8
showed mild portal fibrosis and one had
portal fibrosis of a moderate degree. In
striking contrast were the findings in 11
subjects with iron concentrations above
2.0%. Portal fibrosis of varying degrees
was present in all these subjects. In two
it was mild, in five moderate (Fig. 7), in
two severe, while the last two showed a
septal cirrhosis (Fig. 8).

Other Histological Features in the Liver.

Mild to moderate fatty infiltration was
found in seven subjects; miliary tuberculosis
was noted in one subject, and findings com-
patible with acute hepatitis and subacute
hepatitis respectively were present in two

Fig. 8—Section of liver
showing an early septal
cirrhosis with portal fi-
brosis, cellular infiltration
of the portal tracts and a
hyperplastic nodule. He-
matoxylin and eosin; re-
duced about 30% from
mag. X 120. (lron con-
centration 3.4% dry
weight.)

Fig. 7.—Section of liver
showing moderate portal
fibrosis. Hematoxylin and
eosin ; reduced about 30%
from mag. X 120. (Iron
concentration 2.0% dry
weight.)

others. Cellular infiltration in the portal
tracts of varying degrees was present in 60
specimens. In 95 subjects (average age 31
years) with iron concentrations of less than
0.50% there were 26 who showed mild or
moderate cellular infiltration, while in 52
subjects (average age 39 years) with iron
concentrations above 0.50% there were 34
cases showing all grades of cellular infiltra-
tion.

Comparison Between the Concentration of
Iron in the Liver and Spleen.—These results
are shown in Figure 9. It can be seen that
there was a close correlation between the
rise in concentrations of iron in the liver
and in the spleen. In even the mildest cases
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Fig. 9—A comparison of the iron concentrations in liver and spleen.

represent males and the open circles, females.)

of hepatic iron overload the splenic concen-
tration of iron was usually above the aver-
age normal value of 0.14%.18 In mild cases,
the degree of rise in iron concentrations was
approximately of the same order in liver
and spleen while in subjects with moderate
and marked increases in liver iron content
the splenic concentration always tended to be
higher. There was a good correlation be-
tween the concentration of iron in the spleen
and the histological findings (Table 3).
With iron concentration of less than 0.15%
hemosiderin was not demonstrable histologi-
cally in the spleen except in one case. With
concentrations between 0.15 and 0.49% the
majority showed slight deposits (Fig. 10),

(The closed circles

with concentrations between 0.50 and 2.0%
most showed moderate deposits (Fig. 11),
while with concentrations above 2.0% all
showed massive iron deposits (Fig. 12).

Comment

The results of this study confirm the high
incidence of siderosis in the adult male
Bantu of Johannesburg. Judging by the
findings in the liver and spleen the siderosis
first becomes manifest in late adolescence
and reaches its greatest degree in the forties.
In the present series the subjects varied in
age from 11 to 70 years, although most were
between 20 and 50. Of the cases 89%

Table 3.—Relationship Between the Iron Concentration of the Spleen and the
Histological Findings

Spleen Histology

Iron Content L
No. of Cases Average Age (% Dry Weight) 0 + + + + o+ +
8 80 <0*15 7 1
20 31 0.15-0.49 2 18 .
n 37 0.50-2.0 3 8 .
1 42 2.0 -5.32 . 1



Fig. 10. — Section of
spleen showing hemaosid-
erin granules in occa-
sional pulp macrophages.
Perl’s stain; reduced
about 30% from mag.
X 120. (lron concentra-
tion 0.21% dry weight;
corresponding liver con-
centration 0.26% dry
weight.)

Fig. 12. — Section of
spleen showing large
masses of intra- and
extracellular hemosiderin.
Perl’s stain; reduced
about 30% from mag.
X 120. (Ilron concentra-
tion 3.02% dry weight;
corresponding liver con-
centration 1.19% dry
weight.)

Fig. 11.— Section of
spleen showing large he-
mosiderin granules in
macrophages throughout
the pulp. Perl’s stain; re-
duced about 30% from
mag. X 120. (lron con-
centration 0.98% dry
weight; corresponding
liver concentration 0.68%
dry weight.)



showed varying degrees of hepatic siderosis.
However in 59% the siderosis was of mild
degree (between 0.10 and 0.39%). At the
other end of the scale there were 19% with
iron concentrations above 1.0% which is in
the range found m idiopathic hemochroma-
tosis.15

A comparison of the histological findings
in liver and spleen with the chemical concen-
trations of iron in these organs made it
possible to trace the sequence of events in
the pathogenesis of the condition. In the
majority of subjects with iron concentra-
tions in the liver between 0.1 and 0.4% fine
hemosiderin granules were visible in paren-
chymal cells, especially in the periportal
areas. In a small proportion of these cases
hemosiderin was also present in Ivupfifer
cells. With concentrations of iron between
04 and 0.6% moderate amounts of iron
were present in parenchymal cells, and in
most cases there were also minimal deposits
in Kupffer cells while a few showed early
portal tract involvement. In subjects with
levels above 0.6% increasing amounts of
hemosiderin were present in parenchymal
cells, in Kupffer cells and in portal tracts,
and when the concentrations of iron was
2.0% or more, deposits were maximal in all
three sites.

These results are in moderately close
agreement with those previously reported by
Gillman and Gillman2311 and by Wain-
wright ¢ and do not support the contention
of Higginson, Gerritsen and Walker6 that
reticuloendothelial involvement is present in
the liver from the beginning. It is possible
that this difference may be due to the fact
that these last workers regarded a diffuse
blue flush in Kupffer cells as indicative of
increased iron while in the current study
and in those of the Gillmans iron was only
regarded as being present when hemosiderin
granules were visible. One discrepancy be-
tween the present results and those of the
Gillmans2 was their observation that iron
granules were sometimes present in paren-
chymal cells even with normal iron concen-
trations. On this basis they suggested that
the earliest stage in the genesis of the condi-

tion was a disruption of mitochondria with
the release of iron already present.11 How-
ever, it should be noted that they also found
stainable hemosiderin in 25% of medicolegal
autopsies carried out on white subjects,4
and it seems more likely that the discrep-
ancy is due to different staining techniques
since the Gillmans used a method in which
heat is applied while the present results were
obtained using cold potassium ferrocyanide.

Although it is evident that Bantu siderosis
initially manifests in the liver as paren-
chymal deposits, it was of interest to find
that the splenic concentration of iron rose at
the same time as did the liver concentration
and that with increasing levels of iron the
splenic concentration rose to higher figures
than did the liver. These findings, as pre-
viously pointed out by Higginson, Gerritsen
and Walker,5 are different from those in
idiopathic hemochromatosis where reticulo-
endothelial deposits are not prominent even
at advanced stages of the condition.15 On
the other hand, this distribution is very
similar to that reported in animals placed on
deficient diets with heavy iron supple-
ments.1719 In all such studies iron deposits
have been found in the spleen and in the
parenchymal and Kupffer cells of the liver
relatively early in the development of iron
overload. Although the reason for these
different patterns of iron distribution is not
immediately apparent they can possibly be
explained if attention is paid to the normal
transport mechanism of iron within the
body.

The plasma iron occupies a central role
in the transfer of iron from one part of
the body to another, and approximately 35
mg. iron entering this small pool of about
3 mg. is derived from the breakdown of
red cells in the reticuloendothelial system,
while the major portion leaving the plasma
is directed towards the bone marrow for the
formation of new red cells. Other tissues
appear to have little ability to take up iron
from the plasma, and the only other receptor
which has any capacity for removing iron
from the plasma is the liver. 224 This ca-
pacity is, however, an extremely limited one



when compared with that of the erythroid
bone marrow.24 When iron is absorbed
from the bowel, it enters the plasma pool,
but the amounts absorbed from a normal
diet are so small that they do not signifi-
cantly raise the level of iron in the plasma.
On the other hand, the level of plasma iron
can be raised by feeding large amounts of
iron orallyld or by injecting nonviable
erythrocytes.6 When this is done the
amount of iron passing through the plasma
is not significantly increased in normal sub-
jects,Z7 although the subsequent distribution
of the iron is altered with an increased up-
take by the liver.I7 While the reason for
this increased hepatic uptake is not known,
in vitro studies have shown that the amount
of iron taken up from the iron-binding pro-
tein of the plasma by liver slices is increased
when the iron level is high.28 From these
various observations it might therefore be
anticipated that subjects continually absorb-
ing excessive amounts of iron from the gut
have high plasma iron levels and increased
deposits of iron in the liver. Tn the Bantu
there is good evidence that such a situation
exists since the iron content of the diet is
known to be high 12 and the average plasma
iron levels in apparently normal Bantu
males is above normal (229/.<g/100 ml.
as compared to 113,ug/100 ml. in white
males).2 Most of the absorbed iron probably
passes directly into the plasma, but lym-
phatic absorption may also contribute to
some extent as it has been shown that heavy
deposits of iron are often present in the
lamina propria of the duodenum and in the
related lymph glands.511

Although the hepatic deposits found in
early iron overload can be reasonably ex-
plained, it is more difficult to account for the
splenic deposits since kinetic measurements
suggest that the spleen takes up little if any
iron directly from the plasma.Z24 It is
therefore possible that the deposition of
iron in the spleen and other reticuloendothe-
lial tissues may, at least in part, be due to
impaired release of iron from these sites.
Little is known of the factors which affect
the release of iron from the reticuloendo-
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thelial cells, but it is conceivable that a de-
creased release might occur in situations
where the plasma iron is continually raised
as g, result of increased absorption from the
intestine. If this were so, a gradual build-
up of iron derived from hemoglobin break-
down would occur in the spleen and other
reticuloendothelial tissue. However, such an
explanation probably does not explain all the
iron present, and it appears likely that some
of the portal tract deposits in the advanced
stages of siderosis are derived from the
breakdown of iron-laden hepatic paren-
chymal cells.

There are several views on the cause of
the excessive iron absorption which must be
present in Bantu subjects who develop iron
overload. It has been demonstrated that the
average Bantu diet contains large amounts
of iron with quantities often exceeding 100
mg. per day and occasionally even double
this figure.12 Although the basic foodstuffs,
such as maize, consumed by the Bantu con-
tain moderate amounts of iron, most of the
ingested iron is derived from the iron uten-
sils used in cooking and in the preparation
of fermented beverages. On the basis of
these findings it has been suggested that iron
overload in Bantu subjects is primarily due
to their habitually high iron intake.122 This
view is supported by the observation that the
amount of iron retained in the body in-
creases with the size of the dose.303L How-
ever, little is known of the long-term results
of oral iron overload, although there have
been isolated reports of the development of
hemochromatosis in subjects taking exces-
sive iron over long periods.2 From a quan-
titative point of view the amounts absorbed
daily in the Bantu would not have to ke
large to account for the deposits usually
found by the ages of 40 to 60 years. Thus
a daily retention in the male of 2.5 mg. per
day between the ages of 20 and 40 years
would lead to an accumulation of about 10
gm. by the age of 40, which is probably
somewhat more than the average amount
present in Bantu subjects. However, it is
still not clear whether the amount of iron
in the diet is the only factor in the patho-
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genesis of siderosis in the Bantu, and it
remains possible that other constituents and
their relative proportions may be of impor-
tance. For example, it is difficult to
overload animals with iron unless the phos-
phorus content of the diet is low.1933 Al-
though the over-all phosphorus content in
the average Bantu diet is if anything greater
than normal,12 the amounts present in kaffir
beer, which is a major source of iron, are
relatively low. Whether this influences the
quantities absorbed is not known. Finally,
it is possible that the behavior of the bowel
mucosa may be altered in Bantu subjects
who develop siderosis, and the Gillmans 11
have postulated that the increased absorption
is the result of a widespread metabolic de-
fect induced bv chronic malnutrition. How-
ever, it should be remembered that the
present material was obtained from subjects
in apparently good health and although mal-
nutrition, as evidenced by such manifesta-
tions as kwashiorkor in infants and pellagra
in alcoholics certainly does «r» occur in the
general Bantu population, it is doubtful
whether it is as widespread as the incidence
of siderosis would suggest. In fact, there is
some evidence that the average diet of urban
Bantu in Johannesburg, although by no
means optimal, may not be as inadequate as
is commonly supposed. For example, one
study done recently in the Johannesburg
area showed that the average Bantu diet
contained 25 gm. of animal protein, 39 gm.
of vegetable protein, 37 gm. of fat, and 442
gm. carbohydrate without taking into ac-
count the amounts of carbohydrate con-
sumed as beer.3 It is therefore somewhat
difficult to relate the siderosis produced in
animals by feeding diets of corngrit and
lard 17 or of uncooked corn meal,19 together
with iron supplements, to the situation in the
Bantu. However, it should he noted that
even in animals on grossly deficient diets
iron over-load can largely be prevented by
the addition of phosphates.33 This finding
suggests that the excessive absorption in
these animals is related more to the iron/
phosphorus ratio of the diet than to an

alteration in the behavior of the intestinal
mucosa.

Although cirrhosis of the liver is a con-
stant feature in idiopathic hemochromatosis
attempts to reproduce such findings in ani-
mals subjected to iron overload have been
uniformly unsuccessful.3 It is, however,
noteworthy that in most of the experiments
in which massive overload has been pro-
duced iron has been administered in forms
which are predominantly taken up by the
reticuloendothelial system, and little re-
distribution has occurred even after long
periods.33 Studies of this type therefore
only illustrate how well reticuloendothelial
tissues tolerate iron overload and do not
necessarily apply to the effects of excessive
iron in epithelial tissues. In the Bantu it
has been difficult to elucidate the relation-
ship between siderosis of the liver and
secondary pathological changes. In their
initial studies, Gillman, Mandelstam and
Gillman2 came to the conclusion that al-
though cirrhosis was common in subjects
with advanced siderosis the two were not
causally related since cirrhosis was found in
subjects with all grades of siderosis. In
addition, Higginson, Gerritsen and Walker 5
found no correlation between the degree of
fibrosis in liver and the amount of iron
present. However, in a further study in
which the material was drawn from 876
consecutive necropsies on Bantu patients
dying in hospital, Higginson, Grobbelaar
and Walker® found a marked association
between siderosis and the more severe de-
grees of diffuse portal fibrosis. In another
recent study in which liver biopsy speci-
mens were examined from 200 adult male
Bantu patients with suspected liver disease
siderosis of varying degrees was found in
88% of cases.7 Portal fibrosis was present
in 43/c of all patients, portal cirrhosis in
18.5% and postnecrotic scarring in 10.5%.
Portal fibrosis and cirrhosis were closely
correlated with advanced portal siderosis,
and it was suggested that the presence of
iron in the portal tracts might ptovoke
fibrosis or cirrhosis, especially in the pres-



ence of chronic malnutrition. In the present
study the over-all incidence of liver disease
was not high. In the series of 147 liver
specimens which were examined, one showed
miliary tuberculosis, one showed changes
compatible with acute hepatitis, 7 showed
mild fatty infiltration, 13 showed evidence
of very mild portal fibrosis, 7 had moderate
portal fibrosis, 2 had severe portal fibrosis
and 2 showed a septal cirrhosis. The cor-
relation between the iron content of the
liver and the presence of portal fibrosis was
a striking one. Thus in the 96 subjects with
less than 0.50% iron there were 4 cases
with mild portal fibrosis and 1 with subacute
hepatitis showed moderate portal fibrosis.
With iron concentrations between 0.50%
and 1.99% there were 7 cases with mild
fibrosis and 1 with moderate portal fibrosis.
Tn sharp contrast were the findings in 11
subjects with iron concentrations over 2.0%.
There was increased portal fibrosis in all
cases. In 7 it was either moderate or
severe, while in 2 a frank cirrhosis was
present. Although the differences in the
incidence of fibrosis between those with
mild and marked iron overload might be
explained by differences in the ages of the
two groups, this certainly did not apply to
the comparison between those with moderate
and marked degrees of iron overload, since
the average ages in these two groups were
very similar. In the present findings there
appears, therefore, to be a close correlation
between gross iron excess and the presence
of portal fibrosis or cirrhosis. Although
it is possible that iron under these circum-
stances only potentiates the effects of some
other unknown fibrogenic agent or agents,
the relationship may well be a direct one.
Since it appears that siderosis in the
Bantu may lead to pathological changes in
the liver, the question arises as to the
frequency and significance of disturbance in
other organs. By the time clinical mani-
festations appear in idiopathic hemochro-
matosis deposits of iron are present in many
organs including the pancreas, stomach,
heart, thyroid and adrenals, and patients
with the disease commonly have diabetes
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and cardiac failure in addition to the signs
of cirrhosis of the liver.2 However, in
Bantu subjects with siderosis epithelial
deposits are relatively rare, and it has been
suggested that there is no evidence that iron
overload per se is harmful to the body.22
Whether this is in fact, true is open to
question. From the present study and those
of others it is obvious that although siderosis
is common it is only rarely of severe degree.
In the pathogenesis of any form of oral
iron overload the liver takes up most of
the excessive iron, and it is only when heavy
hepatic deposits are present that siderosis
develops in other epithelial tissues.182 It
might therefore be expected that only a
very small proportion of Bantu subjects
would accumulate amounts of iron as great
as those eventually present in idiopathic
hemochromatosis, especially as it is known
that the rate of intestinal absorption de-
creases when the stores are enlarged.3 In
the small group who do accumulate enough
iron over a long enough period significant
deposits may be found in many epithelial
tissues, and except for the heavy splenic
deposits the histological findings are very
similar to those in idiopathic hemochro-
matosis. 11,37 As yet no diligent clinical
research for subjects of this type has been
made, but there is already evidence that
diabetes may supervene in Bantu subjects
with massive iron overload.3798

Summary

A series of 147 liver specimens obtained
from 129 male and 18 female Bantu sub-
jects dying acute traumatic deaths were ex-
amined histologically and chemically for the
presence of iron. In addition 50 specimens
of spleen were also examined. The subjects
ranged in age between 11 and 70 years,
most of them being between the ages of 20
and 50 years.

Hepatic siderosis of varying degrees wes
present in 89% of the cases and in 18% it
was severe, with iron concentrations above
1.0% dry weight. The degree of siderosis
tended to increase with age up to 40 to
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years. There was a close correlation be-
tween the iron concentration and the histolog-
id findings. With mild degrees of iron
overload iron was usually present only in
te parenchymal cells of the liver. With
increasing concentrations iron appeared in
the Kupffer cells and in the portal tracts.
With gross degrees of iron overload heavy
deposits were present in all three sites. The
concentration of iron in the spleen was
usually increased with all degrees of iron
overload and in advanced cases tended to
ke somewhat higher than that present in
the liver.

There was a close correlation between the
iron concentration in the liver and the pres-
ence of hepatic fibrosis or cirrhosis. Al-
though the incidence of hepatic fibrosis and
cirrhosis in the group as a whole was not
high (15.6% and 1.4% respectively), all
the 11 subjects with iron concentrations
above 2.0% dry weight showed either portal
fibrosis or cirrhosis.
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THE RELATIONSHIP BETWEEN SIDEROSIS AND DIABETES IN THE
BANTU
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Although there is general agreement on the widespread incidence of iron overload
in the adult Bantu population of South Africa, there is still some controversy as to
the aetiology, pathogenesis and significance ofthe condition [Gillman and co-workers,
19453, 1945b; 1948; 1951; 1958; Higginson et al., 1953; Wainwright, 1953; Bothwell
and Bradlow, 1960], Originally it was postulated that the increased absorption of iron
from the gut was secondary to changes in the behaviour of the bowel mucosa induced
by chronic malnutrition [Gillman and Gillman, 1951], while more recently it has
been suggested that it may be primarily due to the high iron content of the average
Bantu diet [Walker and Arvidsson, 1953|]. Although both factors may play a part
the average Bantu diet definitely contains large amounts of iron and it seems probable
that oral iron overload is the single most important factor in the aetiology of siderosis
in the Bantu. Whatever the aetiology of the condition there is no doubt that excessive
deposition of iron occurs in the majority of Bantu adults [Gillman and Gillman,
1951; Higginson et al., 1953; Wainwright, 1957; Gillman et al., 1958]. In males the
degree of siderosis tends to increase with age up to between 40 and 50 and, although
females are also affected, the incidence and severity in younger age groups tends to
be lower than in males [Wainwright, 1957], This sex difference in young subjects may
well be due to the increased loss of iron via menstruation, pregnancy and lactation
in the female.

Most of the absorbed iron is initially deposited in the parenchymal cells of the liver
but significant quantities are also found in reticulo-endothelial tissues such as the spleen
[Higginson et al., 1953; Bothwell and Bradlow, 1960], With increasing degrees of
iron overload the involvement of liver and spleen becomes progressively greater
and between the ages of 40 and 50 the average iron concentration in these organs have
been found to be 1-1 and 1-7% dry weight respectively [Bothwell and Bradlow,
1960]. At this stage the liver usually shows a characteristic appearance with heavy
haemosiderin deposits in parenchymal cells, Kupffer cells and portal tracts while the
spleen contains large amounts of intra- and extra-cellular iron in the pulp. However,
in spite of the marked involvement of both the liver and reticulo-endothelial system
it is uncommon to find significant deposits in epithelial tissues ;Higginson et al,
1953; Wainwright, 1953]. In the majority of cases the histological features are there-
fore unlike those in idiopathic haemochromatosis in which widespread epithelial
involvement is a characteristic feature [Finch and Finch, 1955]. On the other hand
there is no doubt that a small percentage of Bantu subjects with siderosis do show
deposits throughout the body [Gillman and Gillman, 1951], but no data are available
as to the clinical significance of such findings.

*In receipt of a grant from the Council for Scientific and Industrial Research, Pretoria, South Africa.



The present study was undertaken to find out whether iron overload in the Bantu
ever gives rise to any of the clinical features associated with idiopathic haemo-
chromatosis. Since diabetes occurs in approximately 85 % of subjects with this disease
[Finch and Finch, 1955] it was decided to review the autopsy records of all diabetic
Bantu subjects who had died in a General Flospital over a four-year period.

MATERIAL AND METHODS

Approximately 400 autopsies are performed annually at the Baragwanath Hospital
and from the records available 20 were listed as having been diagnosed as diabetic
prior to death. It was possible to obtain a number of tissues which had been fixed in
10% formol saline from 18 of these subjects. Sections were cut from these specimens
and were routinely stained with haematoxylin and eosin and for iron using Perl’s
method. In addition chemical analyses were carried out on a number of specimens
of tissue. Such specimens were dried at 110° C for 12 hours and ashed at 500° C.
The ash was dissolved in concentrated hydrochloric acid, diluted to a suitable volume
and iron estimations carried out on aliquots of the solution. These were done using a
modification of the method of Bothwell and Mallett [1955] in which the solution was
buffered with sodium acetate and iron was estimated in the ferrous form usin
thioglycollic acid as reductant and sulfonated bathophenanthroline [Trinder, 1956?
as colour reagent. All results were expressed as a percentage per 100 g. dry weight.

RESULTS

On reviewing the histological specimens from 18 cases it was found that 7 had no
demonstrable iron in any organ, while in 6 there was a mild siderosis present in the
liver but no deposits were found in epithelial tissues. One subject showed marked
siderosis of the liver involviné; O,oarenchymal cells, Kupffer cells and portal tracts
but there was no cirrhosis, and deposits In epithelial tissues were not present. In the
remaining 4 subjects a widespread siderosis was present with histolo?ical findings
very similar to those in idiopathic haemochromatosis. The histological appearances
in various representative organs are shown in Figs. 1-8. Chemical analyses on a number
of tissues from these 4 subjects confirmed the histological findings (Table 1).

In 2 futher cases tissues were not available for histological or chemical analyses.
However, from the full autopsy records available on these 2 subjects it was evident
that siderosis was not a feature in either.

TABLE |

Iron concentrations in_different organs of 4 Bantu subjects with diabetes and marked iron overload.
Results are expressed as percentages per 1007, dry weight.

Case No. Age Sex Liver Spleen Heart Pancreas Thyroid
1 46 F 3-5 2-1 — 0-9 0-2
2 66 M 4-6 10-6 0-4 1-8 0-5
3 42 F 3-8 3-7 0-8 4-8 -
4 51 F 1-3 0-9 0-8 2-2 0-6
Average Concentration and 3-6 0-6 0-5 2-0 0-5
Range in Idiopathic Haemo- (10-7-6) (0-2-0-8) (0-2-1-0) (0-06-5-0) (0-2-1-2)

chromatosis (Sheldon, 1935)



Clinical details of the 4 subjects with advanced generalised siderosis were obtained
from the hospital files and these together with the detailed post-mortem findings are
given below.

Case 1. A female patient was aged 41 years when first seen at Baragwanath Hospital in November,
1950. At that time she was admitted for stabilisation of diabetes which had been present since 1945.
She was obese, with a blood pressure of 140/95 mm. Hg. The rest of the physical examination was
negative.

Laboratory Data. Urine analysis: 4 plus sugar; fasting blood sugar: 252 mg. %; serum proteins:
8-3 g. % (albumin 3-0 and globulin 4-3). X-ray of the chest: normal.

Subsequent Course. The diabetes was stabilised and the patient was discharged after 4 weeks on
40 units of Protamine Zinc insulin daily.

In May, 1951, she was re-admitted suffering from a left lower lobe pneumonia which responded
well to treatment. At the time she was on 20 units of Protamine Zinc insulin da”?]/: (A note in the
records of this admission mentions that she was still menstruating normally at this time.)

In August, 1955, the patient was again admitted with pneumonia and on this occasion the liver
was noted to be enlarged and firm. The spleen was also palpable. Response to therapy was again
good and she was discharged from hospital on this occasion on a maintenance dose of 40 units of
Isophane Insulin daily. However, she was re-admitted 2 weeks later in coma. On physical examination
it was found that the blood pressure was 100/64 mm. Hg., the pulse rate was 80 per minute and the
temperature was 98° F. Crepitations were present over the left lung base and hepato-splenomegaly
was again noted. The urine was found to contain 2 plus sugar but no acetone or diacetic acid. Three
blood sugars within 36 hours of admission gave values of 210, 317 and 200 mg. %. The blood urea
was 58 mg. % and the cerebrospinal fluid was normal. The cause of the coma was not elucidated and
treatment was mainly directed towards the correction of the mild diabetes. In spite of therapy the
patient’s condition deteriorated and she died 3 days after admission.

Autopsy Findings. The body was that of a well-nourished elderly Bantu female. The heart, which
weighed 260 g., appeared normal. The liver (weight 1,750 g.) was nodular and of firm consistency
with markedly increased fibrosis. The nodules varied in size from 1to 4 mm. in diameter. The pancreas
was brownish in colour and the spleen (weight 190 g.) was slightly enlarged and of firm consistency.

Microscopic Findings. The lungs showed evidence of an acute bronchiolitis. The cardiac muscle
fibres contained only very occasional iron granules. The stomach contained heavy deposits of
haemosiderin in epithelial cells while moderate amounts of haemosiderin were present in the lamina
propria of the jejunum. The liver showed moderately severe fibrosis of the portal tracts with infiltra-
tion by lymphocytes and occasional polymorphs. Bile duct proliferation was a feature. Regenerating
nodules were prominent but these were not large and did not generally exceed 3 to 4 mm. in diameter.
The coIIaPenous bands were not very thick and the overall histological appearances conformed with
the septal type of cirrhosis as described by Baggenstoss and Stauffer [1952], Heavy iron deposits
were noted in the liver cells, Kupffer cells and portal tracts. Haemosiderin was also present in the
epithelium of the bile ducts. The pancreas showed increased fibrosis and deposits of haemosiderin
were present in the acinar cells, in the islets of Langerhans and in the interstitial connective tissue.
Extensive haemosiderosis was present in the spleen. The kidney showed small amounts of haemoside-
rin in the tubular cells. Small amounts of haemosiderin were also noted in the thyroid and adrenal.
In the thyroid the deposits were almost exclusively in the follicular-lining cells and in the adrenal
and zona glomerulosa of the cortex was most affected.

Case 2: The patient, who was a male aged 66 years, was admitted to hospital in September, 1955,
complaining of a backache which had followed the lifting of a heavy weight. On questioning he
admitted to both polyuria and polydipsia. On examination he was emaciated and appeared slightly
jaundiced. The blood pressure was 100/70 mm. Hg. The liver was enlarged 4 fingers below the costal
margin and was firm in consistency. In addition a moderate amount of free fluid was present in the
abdominal cavity. The lower limbs were oedematous. Apart from mild tenderness over the lumbar
spine the remainder of the examination was negative.

Laboratory Data. Urine analysis: 2 plus sugar but no acetone; fasting blood sugar: 328 mg. %;
blood urea 24 mg. %. A liver biopsy specimen was reported as showing “siderosis and cirrhosis”.

Subsequent Course. A diagnosis of haemochromatosis was made and therapy was started with
insulin. Response was adequate and the patient was discharged 4 weeks later on a schedule of 50
units of Lente insulin daily.

Over the next 4 months the patient was re-admitted several times. On three occasions it was for the
relief of ascites and twice it was for coma or stupor due to hypoglycaemia. These hypoglycaemic



attacks occurred while the patient was receiving a maintenance dose of 30 units of Lente insulin daily.
On his final admission in February, 1956, the patient was extremely emaciated but only moderate
ascites was present. The urine contained 2 plus sugar but no acetone or diacetic acid was present and
the blood sugar was 300 mg. %. Eighteen hours after coming into hospital the Fatient died suddenly.
The reason for this was not apparent although it may have been due to hypoglycaemia since he was
given 20 units of soluble insulin 12 and 6 hours before death.

Autopsy Findings. The subject was an extremely emaciated middle-aged Bantu male. Fifty ml.
of straw-coloured fluid was present in the peritoneal cavity. The heart weighed 200 g. and showed
marked brownish discolouration of the myocardium. There was, however, no evidence of dilatation
or hypertrophy. The stomach mucosa was intensely brown in colour and a similar though less marked
appearance was noted in the duodenum and jejunum. The liver was enlarged and weighed 3,100 g.
It was firm in consistency and brown in colour. The surface was irregular due to the presence of small
nodules 1to 4 mm. in diameter. The parenchyma showed increased fibrosis and nodular hyperplasia,
the appearances being those of a septal cirrhosis. The pancreas was normal in size but was brown in
colour as were the parotid glands. The spleen was enlarged (weight 300 g.), and of soft consistency.
The capsule was thickened and the parenchyma was brownish in colour.

Microscopic Findings. The skin was free of iron pigment. A few haemosiderin laden macrophages
were present in the alveoli and alveolar septa of the lungs. The heart showed heavy deposits of
haemosiderin in the muscle fibres, most of them being Fresent in the perinuclear region. The stomach
contained heavy deposits of haemosiderin in the epithelial cells, particularly in the deeper parts of the
mucosa. Small focal deposits were found in the jejunum lying mainly in the connective tissue of the
lamina propria. The liver showed a well-marked cirrhosis. There was increased fibrosis of the portal
tracts with chronic inflammatory cell infiltration and bile duct proliferation. Many of the fibrous
tracts were linked together but the majoritty of fibrous bands were not coarse. Regenerating nodules
of parenchymal tissue were seen, most of which were comparatively small. Due to the difficulties
in determining the morphogenetic pathway of the cirrhotic process in the terminal stages it was not
possible to be certain whether the cirrhosis was of the post-necrotic or septal variety. However, the
macroscopic appearances and the comparatively small regenerating nodule favoured a diagnosis of a
septal type of cirrhosis. Heavy deposits of haemosiderin were present in liver cells, Kuptfer cells,
bile ducts and portal tracts. Large deposits of haemosiderin were present in the pancreas. These were
noted in acinar-lining cells, in the islets of Langerhans and in the histiocytes of the interstitial tissue.
The spleen contained heavy deposits of haemosiderin and the fibrous trabeculae showed foci of
calcification. The kidney contained small quantities of haemosiderin in a few tubular cells and in the
cells of the glomerular tufts. Many of the macrophages in the bone marrow were heavily laden with
haemosiderin. The pituitary did not contain any iron pigment. Both the thyroid and adrenal glands
showed heavy deposits of haemosiderin. In the thyroid they were particularly marked in the follicular-
lining cells. In the adrenal haemosiderin was prominent in both the interstitial cells and in the paren-
chymal cells, the zona glomerulosa containing the heaviest deposits. In the testes there were a few
scattered foci of haemosiderin in the interstitial tissue and similar findings were noted in the parotid
gland.

Case 3: A female, aged 42 years, was admitted to hospital in semi-coma in February, 1956. No
history was available. On examination she was found to be obese and dehydrated. The breathing was
acidotic, the conjunctivae were jaundiced and the lower limbs were moderately oedematous. The
temperature was 99-4° F and the blood pressure was 120/60 mm. Hg. The liver was 5 fingers enlarged
and on rectal examination a melaena stool was observed. Shortly after admission the patient had
three episodes of Jacksonian epilepsy involving the right upper limb.

Laboratory Data. Haemoglobin: 9-7 ? %; urine analysis; 4 plus sugar, 4 plus acetone; blood sugar
600 mg. %; blood urea: 92 mg. %,; electrolytes: Na 130 mEgq./I., Cl. 100 mEgq./l., K 5-1 mEq./I.
and HCO03 13 mEq./l. The cerebrospinal fluid was normal apart from a high sugar content (312
mg. %).

Subsequent Course. The patient was diagnosed as suffering from diabetic coma plus cirrhosis of the
liver with ruptured oesophageal varices. On therapy with soluble insulin, intravenous fluids, blood
transfusion and antibiotics the ketosis, dehydration and anaemia were largely corrected within 36
hours but the patient remained semi-comatose. She continued in this state for 3 days and then died
after a massive haematemesis.

Autopsy Findings. The body was that of a rather obese Bantu female. There was no obvious gross
jaundice of the conjunctivae. The ﬁeritoneal cavity contained 600 ml. of straw-coloured fluid. The
eart and lungs appeared normal. The oesophagus showed the presence of dilated tortuous varicosities
at its lower end and the stomach contained some old clotted blood. The liver was markedly enlarged
(weight 2,300 g.). The serosal surface was irregular and nodular, the nodules varying in diameter
between 1and 3 mm. The cut surface showed similar nodules and a considerable increase in fibrous



tissue was also noted. The appearances were those of a seﬁtal cirrhosis. The biliary passages were
normal. The hilar, tracheo-bronchial and mesenteric lymph nodes were brownish in colour. The
pancreas was also dark brown in colour. Apart from an acute cystitis the remaining morbid anatomical
findings were essentially normal.

Microscopic Findings. The heart showed heavy haemosiderin deposits in all the muscle fibres.
Heavy deposits were also present in the epithelial cells of the stomach mucosa but only a few small
granules of haemosiderin were noted in the lamina propria of the small bowel. The liver showed a
septal type of cirrhosis. There was mild fatty change of the hepatic cells. A considerable amount of
haemosiderin was present in the parenchymal cells and significant deposits were also present in
Kupffer cells, in the fibrous tissue seif)ta and in the epithelial lining of the bile ducts. The ﬁancreas
contained very heavy haemosiderin deposits in the acinar cells and in the islets of Langerhans but
only scanty amounts were found in the interstitial connective tissue. Moderate amounts of haemosi-

derin were present in the splenic pulp and a few haemosiderin granules were also seen in the tubular
epithelium of the kidneys.

Case 4: A female, aged 51 years, was admitted to hospital in March, 1957, complaining of swellin
of the abdomen of 3 months’ duration. On further questioning a history of alcoholism (skokiaan()]
going back 14 years was obtained. The menopause had occurred at the age of 45 years. On examina-
tion the patient was wasted and appeared slightly jaundiced. There was hyperpigmentation of the
skin of the face and dorsal aspects of the hands and feet and the skin was dry and atrophic. Axillary
hair was completely absent and pubic hair was diminished. The blood pressure was 120/70 mm. Hg.
The liver, which was 3 fingers enlarged, was hard and nodular. The spleen was also palpable and the
abdomen contained a considerable amount of free fluid. There was marked sacral and pedal oedema.

Laboratorg Data. Urine analysis was completelg normal. Haemoglobin: 14-6 g. %; serum proteins:
6-6 g. % (albumin 1-6, globulin 5-0); prothrombin index: 76 °,j; serum bilirubin 1-5 mg. %; “Liver
function” tests: thymol turbidity 7-5 units, thymol flocculation 4 plus, colloidal red 4 plus, Takata-
AfraBoplus.o/The ascitic fluid was straw-coloured with a specific gravity of 1010 and a protein content
of 4-0 g. %.

Subsequent Course. A diagnosis of cirrhosis of the liver was made. Ascitic fluid (4 litres) was removed
by paracentesis and treatment was continued using a low salt diet and mercurial diuretics. The
patient was fit enough to be discharged after 2 weeks in hospital.

In November, 1958, she was re-admitted because of the onset of “fits”. On examination the physical
signs were essentially the same as on her previous admission but in addition she was found to be
markedly dehydrated and urine analysis revealed 4 plus glycosuria and acetonuria. The blood sugar
was 290 mg. %. A few hours after admission she developed clonic movements involving the left upper
limb. Examination of the central nervous system was otherwise normal and a specimen of cerebro-
spinal fluid was also normal. The patient was treated with intravenous fluids and soluble insulin.
On this therapy she made a slow recovery over a period of 2 weeks. She was eventually discharged
on a maintenance dose of 50 units of Lente insulin daily.

In March, 1959, the patient was re-admitted in semi-coma. At the time she was severely dehydrated
and wasted. The urine was found to contain 4 plus sugar and acetone was also present. The blood
sugar at this time was 580 mg. %. Treatment with soluble insulin, intravenous fluids and antibiotics
corrected the dehydration and ketosis but failed to bring about any improvement in the mental state
and 2 days after admission the patient died.

Autopsy Findings. The subject was a wasted middle-aged female. The peritonea] cavity contained
1,500 ml. of straw-coloured fluid. The stomach showed mucosal congestion with brownish dis-
colouration. The small bowel appeared normal and showed no macroscopic evidence of siderosis.
The liver, which weighed 2,100 g., was of firm consistency and had a markedly thickened capsule.
The cut surface showed the features of a septal cirrhosis with increased fibrous tissue and numerous
regenerating nodules, most of which were between 2 and 3 mm. in diameter. The pancreas was of
normal size but was brown in colour. The spleen was enlarged (weight 200 g.) and on section the
capsule was thickened and the parenchyma had a faint brownish discolouration. The respiratory,
:c:ardiovascular, genito-urinary and nervous systems presented no abnormal morbid anatomical
eatures.

Microscopic Findings. The lungs showed severe congestion but were otherwise normal. Heavy iron
deposits were present in the majority of the muscle fibres of the heart. The stomach contained excessive
haemosiderin deposits in mucosal cells while sections of the small bowel showed only a few granules
of haemosiderin in the lamina propria of the jejunum. In the liver thick collagenous septa separated
the liver lobules although the lobular architecture was not completely destroyed. There was marked
bile duct proliferation and lymphocytic infiltration in the fibrous tracts. Regenerating nodules were
prominent. The appearances were those of a cirrhosis but it was not possible to determine the mor-
phogenetic pathway. Large deposits of haemosiderin were present in the parenchymal and Kupffer



cells, and in the fibrous tissue. The epithelium of the bile ducts also contained iron granules. The
pancreas showed increased interstitial fibrosis with atrophy of the secreting cells. Many of the islets
of Langerhans showed atrophy with foci of degeneration and necrosis. Deposits of haemosiderin
were present throughout the organ but were particularly heavy in acinar cells and in the islets. Small
deposits of haemosiderin were present in the pulp of the ﬂ)leen. Occasional granules of haemosiderin
were present in the lining epithelial cells of the convoluted tubules in the kidney. In the thyroid large
amounts of iron were found in the cells lining the follicles and the suprarenals showed heavy deposits
particularly in the cells of the zona glomerulosa.

DISCUSSION

Excessive deposits of iron in the body may arise in three ways. In idiopathic hae-
mochromatosis there is an alteration in the behaviour of the bowel mucosa so that
increased quantities are absorbed from the normal diet [Finch and Finch, 1955].
Since the body’s capacity to excrete iron is an extremely limited one it slowly accu-
mulates and by the time clinical manifestations appear between 40 and 50 g. are
usually present [Finch and Finch, 1955F]{ In certain refractory anaemias excessive

uantities of iron may also be found in the body, but in these circumstances most of
the iron is derived from repeated blood transfusions [Finch and Finch, 1955]. Fastly,
in the Bantu of Southern Africa increased iron deposits are present in the majority
of adult subjects [Gillman and Gillman, 1951; Higginson et ah, 1953; Wainwright,
1957; Bothwell and Bradlow, 1960], and it seems probable that this is primarily due
to the large quantities of iron present in their diets [Walker and Arvidsson, 1953],

Although the histopathological findings in these three types of iron excess have
been well defined there is still controversy as to the role of the iron deposits in the
production of tissue damage. In idiopathic haemochromatosis the correlation between
the presence of large iron deposits and pathological changes appears to be a close
once since the common clinical manifestations such as cirrhosis, diabetes and cardiac
failure can be explained by the heavy accumulations of iron which are found in the
liver, pancreas and heart [Finch and Finch, 1955], In spite of this some workers are
doubtful whether the relationship between iron overload and tissue damage is as
direct as these findings suggest [Dubin, 1955; Golberg, 1957; Brown et al., 1957],
It has been pointed out that the fundamental defect in idiopathic haemochromatosis
is as yet unknown and although there is certainly an alteration in the behaviour
of the bowel mucosa this may not be the primary defect in the condition [Brown
et al., 1957]. It therefore remains possible that the increased absorption and deposition
of iron are only by-products of some other metabolic disorder and that pathological
changes in various organs are not the result of iron at all. This thesis has gained some
support from the fact that a number of workers have been uniformly unsuccessful in
their attempts to reproduce the pathological features of idiopathic haemochromatosis
in several different animal species subjected to oral iron overload [ Brown et al.,
1957]. There are, however, several possible explanations for these negative results.
In studies of this type the iron has either been added in large quantities in the diet or
it has been administered parenterally and there are certain drawbacks to both
methods. When the oral route is used it is difficult to achieve concentrations of iron
in the body as high as those found in idiopathic haemochromatosis. On the other
hand when large amounts are given parenterally most of the administered iron is
taken up by the reticulo-endothelial system and the distribution of iron is thus very
different from that found in idiopathic haemochromatosis [Brown et al., 1957]. In
addition, the observation period in most animal studies has been very short when
compared with the many years necessary for the development of organ damage in



idiopathic haemochromatosis. In only one stud?/ in dogs was the foilow-up period
a relatively long one (4-7 years) but it is difficult to interpret the significance of the
negative findings obtained since parenteral iron was given and even at the end of the
experiment most of the iron was still located in the reticuloendothelial system [Brown
et al., 1957]. It is therefore difficult to apply the results of animal experiments to the
situation in idiopathic haemochromatosis and, even if it were possible to do so, the
results obtained in this way might not apply to man since there may be differences in
the tolerance of various species to iron overload.

In the siderosis that ensues after giving repeated blood transfusions to patients with
refractory anaemias the initial distribution is very similar to that produced in animals
given parenteral iron since the iron released from broken down red cells is found
primarily in the reticulo-endothelial system [Kleckner et al., 1954; Capped et al.,
1957; Oliver, 1959], In this site iron appears to exert little if any deleterious effects
and a number of subjects have tolerated many blood transfusions without apparent
harm [Kleckner et al., 1954; Capped et al., 1957; Oliver, 1959], However, with the
passage of time re-distribution of body stores tends to occur and eventually histo-

athological findings not unlike those in idiopathic haemochromatosis may be found
FOIiver, 1959]. Little is known of the factors which promote this re-distribution but the
element of time appears to be the most important one [Finch, 1958]. In such cases
clinical features suggestive of haemochromatosis may develop. For example a compre-
hensive review of the literature revealed that 20 out of 69 subljects of this type showed
glycosuria [Oliver, 1959]. Increased portal fibrosis of the liver was present in the
majority of cases but was rarely severe, while cardiac failure was uncommon. Although
such findings have been regarded by some authors as strong corroborative evidence
in favour of the pathogenic role of iron overload [Finch and Finch, 1955], others
believe that the pathological changes may be the result of other factors such as chronic
anaemia, frequent transfusion reactions, viral hepatitis and severe nutritional distur-
bance [Brown et al., 1957],

Against this background of controversy the findings in Bantu subjects with iron
overload are of particular interest. Although siderosis is found in the majority of
adult Bantu it is usually not of severe degree and in most cases significant deposits
are only present in the liver and reticulo-endothelial system [Gillman and Gillman,
1945; Higginson et al., 1953; Wainwright, 1957; Bothwell and Bradlow, 1960],
While deposits in the parenchymal cells of the liver are a characteristic feature even
in the earliest stages of Bantu siderosis [Gillman and Gillman, 1945; Bothwell and
Bradlow, 1960] the well-marked reticulo-endothelial involvement serves to distinguish
the condition from idiopathic haemochromatosis [Higginson et al., 1953; Bothwell
and Bradlow, 1960], On the other hand the findings are very similar to those present
in experimental animals given large amounts of oral iron [Kinney et al.,
1949; Gillman et al., 1959]. Although the reason for these differences in iron distri-
bution is not known, it may well be due to variations in the rate of absorption from
the gut [Bothwell and Bradlow, 1960]. In idiopathic haemochromatosis the deviation
from normal is not a great one and at any one time the amounts of iron absorbed from
the gut are only slightly greater than normal [Finch and Finch, 1955], while in Bantu
siderosis and in animal studies iron overload occurs at a much greater rate. Whatever
the explanation for the distribution of iron present in most Bantu subjects with iron
overload there is no doubt that the major impact is on the liver and reticulo-endo-
thelial system. Even with severe degrees of siderosis in these sites it is uncommon to
find significant deposits elsewhere In the body [Higginson et al., 1953; Wainwright,
1957], In fact, this is not altogether surprising since it has been calculated that the



amount of excess iron in Bantu subjects over 40 years of age rarely exceeds 10 g.
LBothweII and Bradlow, 1960]. This i1s well below the quantities found in idiopathic
aemochromatosis and at these levels it might be anticipated that there would be
little uptake of iron by other organs. As most of the excess iron is contained in the
liver it has been of interest to correlate the degree of siderosis in this organ with other
histological features.

In three recent studies in which material was obtained from patients dying in hos-
pital [Higginson et al., 1957], from liver biposy specimens [Gillman et ah, 1958]
and from subjects dying acute traumatic deaths [Bothwell and Bradlow, 1960], a marked
association was found between siderosis and the severer grades of portal fibrosis.
In one of these investigations chemical estimations were also carried out on the tissues
examined and it was found that portal fibrosis or cirrhosis was present in all specimens
in which the iron concentration was above 2-0% dry weight L%othwell and Bradlow,
1960], On the other hand there appears to be no association between the presence of
siderosis and post-necrotic scarring [Gillman et al., 1958]. The present findings
support these general conclusions since well marked cirrhosis was present in each
of the 4 subjects examined. Although it was sometimes difficult to determine the
morphogenetic pathway from the final picture [Baggenstoss and Stauffer, 1952]
the microscopic and macroscopic features in these cases were almost certainly those
of septal cirrhosis. These various observations suggest that large concentrations of
iron in the liver are definitely fibrogenic. However, it is not yet certain whether this
is a direct relationship since It is possible that the iron may only potentiate the effects
of other unknown fibrogenic agents [Gillman et al., 1958].

Epithelial deposits of significant degree are extremely rare in Bantu siderosis.
For example, in two studies in which several hundred cases were reviewed none
showed the histological picture of idiopathic haemochromatosis [Higginson et ah,
1953; Wainwright, 1957]. Although such cases definitely do occur [Gillman and Gill-
man, 1951] theg must be extremely rare and there is no good evidence as to whether
they ever exhibit the clinical features present in idiopathic haemochromatosis. If
they did it might be expected that a proportion would develop diabetes since this is
present in over 80% of patients with idiopathic haemochromatosis [Finch and Finch,
1955]. It was for this reason that the histopathological findings at autopsy in all
known diabetic Bantu subjects dying in hospital over a four year period were reviewed
in the present study. In 4 out of 20 patients the histological findings were indistinuish-
able from those In idiopathic haemochromatosis and chemical analyses of liver,
pancreas, thyroid and heart confirmed that the concentrations of iron were well
within the ranges described in this disease. Although it was theoretically possible that
these subjects were suffering from the genetic disorder there were several reasons
which made such a possibili(tjy untenable. In the first place the number found in this
series would suggest an incidence of the disease far in excess of that described else-
where, secondly, the sex incidence was unusual since 3 out of 4 were females while
idiopathic haemochromatosis is predominantly found in males [Finch and Finch,
1955], and lastly, the concentrations of iron in the spleen were a good deal greater
than those described in the classical disease [Sheldon, 1935]. On the evidence, there-
fore, there seems to be no doubt that these subjects represent the most advanced
degree of siderosis in the Bantu. At this stage organ damage similar to that found
in idiopathic haemochromatosis occurs. Since the only apparent common denomi-
nator of the two conditions is an excess of iron in various body organs it seems
reasonable to assume that manifestations of tissue damage such as cirrhosis of the
liver and diabetes are secondary to excess iron. From a practical point of view the



present findings are of some importance since diabetes is not uncommon in the Bantu
and it may well be that a significant proportion of such cases are due to iron overload.
If this is so then methods must be developed for recognising them clinically so that
venesection therapy can be instituted. This may not prove easy since siderosis of
lesser degrees is so common that the finding of raised plasma iron levels and of
siderosis on liver biopsy specimens would not necessarily imply that significant
deposits were present in the pancreas. However, there is some evidence that pancrea-
tic involvement is much more common when the liver shows cirrhotic changes
(Brggjlow, 1960; Isaacson et al., 1960) and this may prove a useful pointer in future
stuaies.

SUMMARY

Although siderosis is common in adult Bantu subjects it is usually confined to the
liver and reticulo-endothelial system. However, in a small proportion of subjects
widespread deposits do occur and the histopathological findings in this group are
very similar to those in idiopathic haemochromatosis. In order to assess whether
such cases ever develop clinical manifestations similar to those in idiopathic haemo-
chromatosis the autopsy findings in a group of 20 diabetic Bantu subjects were re-
viewed. In 4 of these the histopathological picture was indistinguishable from idio-
pathic haemochromatosis; these findings were confirmed by chemical analyses for
iron on various tissues. The results of this limited study suggest that massive iron
overload is one of the causes of diabetes in the Bantu.

The authors wish to thank Dr. I. Frack, Superintendent of Baragwanath Hospital, for permission
to publish the case reports. They are also indebted to the Director, South African Institute for
Medical Research for granting facilities, to Professor B. J. P. Becker for reviewing the pathological
findings and to Mr. M. Ulrich who prepared the photomicrographs.
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LEGENDS TO PLATES 1 and 2

Fig. 1. Section of liver showing septal cirrhosis. The regenerating nodules are small and are
separated by fairly dense bands of collagen. Heavy deposits of haemosiderin are present in the
hepatic cells, Kupffer cells and collagenous septa. Perl’s Stain (x 30).

Fig. 2. Heavy deposits of intra and extracellular iron in the splenic pulp. Perl’s Stain (x 120).

Fig. 3. High-power view of the pancreas showing large haemosiderin deposits in the acinar-lining
cells. (Other fields showed iron in islets of Langerhans). Perl’s Stain (x 480).

Fig. 4. Section of stomach mucosa showing large deposits of haemosiderin in the epithelial cells,
particularly in the deeper layers. Perl’s Stain (x 120).

Fig. 5. Section of thyroid showing haemosidem in the epithelial cells lining the follicles. Perl’s
Stam (x 120).

Fig. 6. Section of an adrenal gland containing enormous quantities of haemosiderin. The deposits
are most marked in the secreting cells of the Zona glomerulosa. Perl’s Stain (x 120).

( Fi%o)Y. Section of the pituitary showing haemosiderin deposits in the secreting cells. Perl’s Stain
X 120).

Fig. 8. Section of heart muscle showing heavy accumulations of haemosiderin in the myofibrils.
Perl’ s "Stain (x 480).
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Siderosis in the Bantu: The relationship between iron

overload and cirrhosis

C. ISAACSON, M.R. (Rand), D.C.P. (London), Dip. Path.,
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K. J. KEELEY, M.B. (Rand), M.R.C.P. (Edinburgh), and

T. H. BOTIIWELL, M.D. (Rand), M.R.C.P. (London)*
Johannesburg, South Africa

The Bantu of Southern Africa consume a diet with a high iron content and the majority
of adults at autopsy show varying degrees of siderosis. Since previous studies have
demonstrated a marked association between severe hepatic siderosis and portal fibrosis,
an investigation was carried out to ascertain the pattern and degree of iron overload
in consecutive cases of portal cirrhosis coming to autopsy. Severe hepatic siderosis was
present in 22 out of 24 cases. In addition, iron deposits were found in a number of
epithelial tissues including the pancreas, thyroid, and adrenals and the iron concentra-
tions were within the range found in idiopathic hemochromatosis. These findings were
different from those in a control group with severe hepatic siderosis but no cirrhosis.
Under such circumstances the iron was confined to the liver and the reticuloendothelial
system.

In idiopathic hemochromatosis there is an alteration in the behavior of
the gut mucosa and excessive quantities of iron are absorbed from the diet.1 By
the time clinical manifestations appear, widespread deposits are present in most
of the body tissues and the concentrations are particularly high in the liver and
pancreas. The clinical manifestations of the disease are related closely to the
iron deposits, since portal cirrhosis invariably is present and diabetes is found
in approximately SOper cent of cases.1 There is, however, some dispute as to the
role which iron plays in the production of tissue damage and it has been argued
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that the pathologic changes eventually found in the condition could equally well
be a direct result of the metabolic defect that leads to excessive iron absorption.2
If iron is itself the primary factor it might be anticipated that changes similar to
those found in idiopathic hemochromatosis would occur in other forms of oral
iron overload. In this context the findings in adult Bantu have special signifi-
cance, since the majority show varying degrees of siderosis at autopsy.35In this
condition there is good evidence that the most important etiological factor is
the high iron content of the Bantu diet.'1

Although iron overload is very common in Bantu adults it is not usually
of a severe degree and it has been calculated that the total content of the body
rarely exceeds 10 Cfni., much less than is present in idiopathic hemochromatosis.7
In such cases the iron is usually confined to the liver and the reticuloendothelial
system.4 Since the liver bears the major brunt of the iron load most investigators
have concentrated on the findings in this organ. In early studies no correlation
was found between the degree of hepatic siderosis and portal fibrosis,4 but more
recently a marked association has been noted.71 In one of these investigations
the iron concentrations in liver specimens were also estimated and it was found
that hepatic fibrosis or frank portal cirrhosis was present in all those with iron
concentrations above 1L per cent dry weight.7 Because of these various findings
a prospective study was undertaken to find out what proportion of subjects
showing portal cirrhosis at autopsy had heavy iron deposits in the liver. In addi-
tion a number of other organs were examined so that a comparison could be
made with the findings in idiopathic hemochromatosis. At the same time 2 other
groups were examined, those with advanced hepatic siderosis but no cirrhosis,
and those with postnecrotic cirrhosis.

Materials and methods

Consecutive cases of cirrhosis coining to autopsy over a period of approximately 20
months were examined both histologically and biochemically for their iron content. During
this time approximately 700 autopsies were carried out and, of these, 38 showed cirrhosis.
The distinction between portal and postnecrotic cirrhosis was based on certain morbid ana-
tomic and histologic features previously described.8. 10 In addition, 20 subjects with obvious
macroscopic evidence of marked hepatic siderosis but with no cirrhosis were selected at
random.

Postmortem tissues were fixed in 10 per cent forrnol mercury, embedded in paraffin
wax, and stained with hematoxylin and eosin. In addition, they were stained for iron, using
Peris’ method. The iron concentration in most of the tissues was estimated chemically as
previously described.7 Results were expressed as a percentage per 100 Gm. dry weight.

Results

Severe siderosis without cirrhosis. Twenty subjects were examined. The
average age was 51 years (range: 35 to 70 years). The striking biochemical
findings were the high concentrations of iron in the livers and spleen. The
mean concentration was 2.21 per cent (range: 0.86 to 7.55 per cent) in the liver
and 3.38 per cent (range: 0.2(1 to 111 per cent) in the spleen. The average con-
centrations in other organs were as follows: pancreas, 0.09 per cent (range: 0.3
to 0.24 per cent); adrenal, 0.11 per cent (range: 0.03 to 0.26 per cent); thyroid,



0.08 per cent (range: 0.03 to 0.33 per cent); heart, 0.05 per cent (range: 0.03
to 0.13 per cent); testis, 0.07 per cent (range: 0.04 to 0.15 per cent); and kidney,
0.11 per cent (range: 0.04 to 0.62 per cent). These average concentrations are
within or just above the normal range.ll

Histologically, the iron in the liver was present in large amounts in hepatic
cells, Kupffcr cells, and portal tracts. There was a moderately close correlation
between the concentration of iron and increased portal fibrosis. In the 10 cases
where the concentration was 2 per cent or higher, portal fibrosis was severe in 7,
moderate in 2, and mild in 1. On the other hand, in those cases with levels lower
than 2 per cent, one had moderate portal fibrosis, 4 had mild portal fibrosis,
and the remaining 5 were normal. These differences did not appear to be on
account of disparities in age since the average ages in the 2 groups were 50 and
51 years, respectively. Apart from the liver and spleen, iron deposits were not
striking in any other organs except the upper small bowel, where the iron was
present mostly in the lamina propria. In other tissues it was confined totally to
the reticuloendothelial cells and was never found in parenchymal cells.

The subjects in this group succumbed to a number of diseases. These included
idiopathic heart failure (6 cases), miliary tuberculosis (3 cases), ruptured syphi-
litic aneurysms (2 cases), cerebral hemorrhage (2 cases), carcinoma of the
stomach (1 case), peritonitis (1 case), rheumatic heart failure (1 case), pneu-
monia (1 case), pyelonephritis (1 case), acute pancreatitis (1 ease), and un-
known causes (1 case).

Postnecrotic cirrhosis. There were 14 cases in this group, an incidence of
2 per cent. The average age was 40 years (range: 18 to 60 years). There was a
wide variation in the iron concentrations in liver (0.03 to 1.87 per cent) and in
spleen (0.06 to 4.10 per cent). The average levels of 0.38 and 0.67 per cent, re-
spectively, however, were much lower than are found in apparently normal
Bantu in the same age groups.7 Iron concentrations in other organs, with one
exception, were within the normal range. This subject had the highest concen-
tration in the liver (1.87 per cent) and the concentrations in other organs were
as follows: spleen, 1.31 per cent; pancreas, 1.22 per cent; adrenal, 0.14 per cent;
thyroid, 0.10 per cent; pituitary, 0.11 per cent; heart, 0.22 per cent; testis, 0.02
per cent; and kidney, 0.08 per cent.

In 13 of the 14 cases, iron, when present, was confined to the liver and re-
ticuloendothelial system. In the last case, which was the one with the highest
hepatic concentration, deposits were also present in parenchymal cells elsewhere
in the body; those in the pancreas were particularly striking.

Seven subjects died from malignant hepatomas, 4 from ruptured varices, 2
from hepatic failure, and 1 from rheumatic heart failure.

Portal cirrhosis. There were 24 cases of portal cirrhosis, an incidence of
3.4 per cent. Three of the cases were of the fatty or nutritional variety. Ex-
cessive hepatic deposits of iron were a feature in all except 2 cases, 1 of which
was fatty (Table 1). The livers of the remaining cases were macroscopically
brown in color due to the iron deposits. The average iron concentration in the
whole group was 2.31 per cent (range: 0.07 to 8.16 per cent). In the spleen the
iron concentration was also very high, with a mean value of 2.63 per cent (range:



Fig. 1. Section of the liver showing
portal cirrhosis and heavy hemosider-
in deposits in hepatic cells, Kupffer
cells, and portal tracts. (Peris’ stain.
Original magnification x 30.)

Fig. 2. Section of the pancreas show-
ing hemosiderin deposits in the acinar-
lining cells. (Peris’ stain. Original
magnification x 600.)

Fig. 3. Section of the thyroid show-
ing hemosiderin in the epithelial cells
lining the follicles. (Peris’ stain.
Original magnification x 600).



Fig. 5 Section of the stomach mucosa
showing large deposits of hemosiderin
in the epithelial cells particularly in
the deeper layers. (Peris’ stain. Orig-
inal magnification, x 200.)

Fig. 4. Section of the adrenal gland
showing heavy hemosiderin deposits
which are mostly in the secreting
cells of the zona glomerulosa. (Peris’
stain. Original magnification x 120.)

Fig. 6. Section of heart muscle show-
ing heavy accumulations of hemo-
siderin in the myofibrils. (Peris’ stain.
Original magnification x 600.)
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031 to 7.36 per cent). In addition, significant deposits were present in a number
of other organs. The average concentrations were as follows: pancreas, 0.94 per
cent; thyroid, 0.33 per cent; adrenal, 0.32 per cent; testis, 0.20 per cent; pituitary,
0.18 per cent; heart, 0.16 per cent; and kidney, 0.12 per cent.

On histologic section the liver showed heavy deposits in hepatic cells, Kupffer
cells, and portal tracts. A striking feature in this group was the presence of ex-
cessive iron in organs other than the liver and spleen. Deposits were particularly
prominent in the pancreas, where they were found in both the acinae and islets
of Langerhans. In the thyroid the deposits were almost exclusively in the follic-
ular-lining cells, while in the adrenal the zona glomerulosa of the cortex was
most affected. Hemosiderin granules were present in myocardial fibers in 15
cases and in 5 of these the deposits were moderate or heavy. Involvement of the
epithelial cells of the stomach was noted in 16 cases but in 6 they were extremely
scanty and irregular in distribution. Representative sections of various tissues
from Case 6 (Table 1) arc shown in Figs. 1 through 6.

Discussion

The present study was undertaken to find out the pattern and degree of
iron overload in the South African Bantu showing cirrhosis at autopsy. Since
iron overload is so common in the Bantu, a control group of cases showing
marked hepatic siderosis without cirrhosis was also examined. In this group the
features were similar to those found by previous workers since the iron deposits
were virtually confined to the liver and reticuloendothelial system.4 Although
varying degrees of portal fibrosis were present in all cases in which the hepatic
concentration of iron was above 2 per cent dry weight, death did not seem to
be attributable to the iron deposits since the subjects succumbed to a variety
of unrelated causes.

In postnecrotic cirrhosis, variable deposits were found but the average con-
centration in the liver was a good deal lower than is found in the general Bantu
population at comparable ages. It therefore appears that excessive deposits of
iron play no part in the genesis of postnecrotic cirrhosis and when the two do
occur together it is only because varying degrees of iron overload occur so com-
monly in the Bantu.

In cases with portal cirrhosis the pattern was completely different since iron
overload was a feature in all except 2 persons. The mean concentration in the
liver was approximately twice as great as occurs at comparable ages in the gen-
eral population7 and, in fact, was very similar to that obtained in the group
selected solely because of marked hepatic siderosis. The second feature of note
was the distribution of the iron. Not only was it present in liver and reticulo-
endothelial system but in addition was found in a number of epithelial tissues.
The histologic findings were therefore virtually indistinguishable from those in
idiopathic hemochromatosis and the only feature that served to distinguish the
two conditions was the relatively high concentration of iron in the spleens of
Bantu cases.

These results raise the question as to the role which iron deposits play in the
production of portal cirrhosis. In both this study and a previous one7 it was



demonstrated that the incidence of portal fibrosis increases as the concentration
of iron in the liver rises. This suggests that there is a direct association between
iron deposits and fibrosis. However, it is noteworthy that several of the cases
of portal cirrhosis in the present series had concentrations of iron in the liver
which were lower than those with marked siderosis but no cirrhosis. This differ-
ence was not explicable on age or sex differences. Although it is feasible that the
iron concentration in a single aliquot of cirrhotic liver may not necessarily be
a valid reflection of the over-all concentration, these findings raise the possibility
that some other factor such as malnutrition or an extrinsic “toxin” may ac-
celerate the development of cirrhosis in some subjects. It has been shown experi-
mentally that cirrhosis develops rapidly in the liver overloaded with iron when
the animal is exposed to toxic agents or to a deficient diet®2and it is possible that
a similar situation may exist in the Bantu. It should be noted that a large pro-
portion of the iron ingested by the Bantu is derived from the containers used
in the preparation of alcoholic drinks so that those with marked siderosis are
usually heavy drinkers. It is therefore possible that the insult of alcoholism may
contribute to the subsequent cirrhosis.

The second problem relates to the effect of portal cirrhosis on the distribu-
tion of iron within the body since it is apparent from the data that parenchymal
deposits occur only in other organs when cirrhosis is present. This pattern of
distribution does not seem to be related to the type of cirrhosis, as it was also
found in 1 case of postnecrotic cirrhosis with severe hepatic siderosis. Although
it is possible that the raised plasma iron levels and the increased saturation of
circulating transferrin occurring under such circumstances may facilitate epithe-
lial uptake, there are at present insufficient data to support this.

Whatever the explanation for the findings in the present study, there is no
doubt that a proportion of Bantu adults develop pathologic findings which are
virtually indistinguishable from those in idiopathic hemochromatosis. The simi-
larity between the two conditions is apparent in the clinical manifestations also.
Apart from symptoms referable to portal cirrhosis, 5 out of 22 patients were
diabetic, an incidence of 22.7 per cent. This is 10 times greater than the 2. 2 per
cent incidence which has been found previously in 700 nonhemochromatotic sub-
jects of comparable age distribution coming to autopsy at the same hospital3
and it is also several times greater than the reported incidence of diabetes in
cirrhotic subjects without siderosis./4 Although the incidence of diabetes is still
much lower than that found in idiopathic hemochromatosis,1 this is possibly
because of the fact that the cirrhosis in the Bantu is more active and severe.
Death, therefore, may supervene in the majority of cases before epithelial de-
posits have reached sufficient concentrations to give rise to pathologic effects.

We wish to thank I)r. |. Frack, Superintendent of Baragwanath Hospital, for access
to case records, and the Director, South African Institute for Medical Research, for granting
facilities.
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Siderosis in the Bantu: The clinical incidence of

hemochromatosis in diabetic subjects
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In a previous necropsy study on adult Bantu it was shown that when moderate or marked
hepatic siderosis was present together with portal cirrhosis the findings elsewhere in
the body were virtually indistinguishable from those in idiopathic hemochromatosis.
Pancreatic deposits were particularly striking and diabetes teas present in about SO per
cent of cases. In view of these findings, a random group of 100 adult Bantu diabetic
subjects were investigated to discover what proportion were suffering from hemochro-
matosis. Plasma iron levels tvere estimated in all subjects and liver biopsies were then
carried out on the majority of those in whom the plasma iron was high. Seven showed
the changes of hemochromatosis. The clinical presentation in these subjects was different
from that usually found in adult Bantu diabetic persons.

Although siderosis is common in Bantu adults, the iron deposits are
usually confined to the liver and reticuloendothelial system.1 The pathologic
picture, therefore, is different from that found in idiopathic hemochromatosis,
since widespread epithelial deposits are a striking feature in this disease.2
On the other hand, there is some evidence that a small proportion of Bantu
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Tabic I. Liver and gastric biopsy findings in Bantu diabetics with high plasma iron lev*

Total iron-lindi

Plasma iron capacity

Diagnosis Case No. Sex Age (pg/100 ml.) (pg/100 ml.)
Hepatic siderosis 1 F 60 171 250
with portal 2 F 50 237 316
cirrhosis 3 F 67 198 237
4 M 50 312 330
5 M 55 180 216
6 M 35 174 183
7 M 56 246 300
Hepatic siderosis 8 M 40 217 301
without cirrhosis 9 M 42 196 226
10 M 40 240 240
11 F 40 240 240
Incomplete cases 12 M 47 165 235
13 M 50 222 248
14 M 45 232 243

+= Mild, - = Absent, + = Moderate, and ++ = Severe.

subjects do eventually develop pathologic changes similar to those found in
idiopathic hemochromatosis. In one study the autopsy records of 20 known
diabetic subjects were reviewed and in 4 the histologic and chemical findings
were virtually indistinguishable from those in the idiopathic disease.3 Since
portal cirrhosis was a feature in each of these cases a further prospective
investigation was carried out in which detailed chemical and histologic ex-
aminations were performed on every case of portal cirrhosis at autopsy in a
Bantu hospital over an 18 month period.4 The majority showed heavy hepatic
siderosis and significant deposits were found in a number of epithelial tissues,
with the highest concentrations in the pancreas. In addition, it was note-
worthy that 22 per cent of the subjects were diabetic and that in each of
them the chemical concentrations of iron in the pancreas were within the
range of those found in idiopathic hemochromatosis.

These various observations strongly suggest that oral iron overload in the
Bantu can eventually be associated with diabetes which is secondary to de-
posits in the pancreas. Since no diligent attempt has yet been made to diagnose
such cases clinically a study was undertaken in which various tests were
carried out on an unselected group of diabetic Bantu hospital patients. The
plasma iron was estimated on all subjects and liver biopsies were performed
on those in which it was raised. The presence of moderate or marked siderosis
together with portal cirrhosis was taken as indicative of hemochromatosis,
since in the previous pathologic study4 significant pancreatic deposits in-
variably were present under such circumstances. In addition, gastric biopsies
were carried out when possible.



Liver biopsy Gastric biopsy :

Iron distribution Iron distribution

Portal Portal
ter cells Kupffcr cells Portal tracts cirrhosis fibrosis Epithelium Interstitium
++ +H+ + Present -
+H+ +H +H+ Present + +
+H+ +H+ +H+ Present - +
+ + ++ Present - -
+H+ +H+ +++ Present +
+ ++ ++ Present + -
++ =+ =+ Present + ?
+H+ +++ + ++ - +
- +++ +H+ - + - -
++ +++ ++ - -
+H+ ++ +

Materials and methods

Clinical material. One hundred unselected Bantu diabetic subjects living in the urban
area of Johannesburg were studied. Most of these were over 40 years of age. The majority
were outpatients attending the Baragwanath Hospital Diabetic Clinic; the remainder were
hospital patients. The diagnosis of diabetes mellitus was confirmed in all cases by blood
sugar estimations.

Methods. The plasma iron level was estimated on all subjects by a modification of the
method of Bothwell and Mallett,6 in which sulfonated bathophenanthroline was used as the
color reagent and the unsaturated iron-binding capacity was measured by a method of
Bothwell and co-workers.6 Liver biopsies were carried out in the majority of those with
plasma iron levels above 150 fig per 100 ml. and gastric biopsies also were done in some.
The specimens obtained were fixed in 10 per cent formol saline and sections were stained
routinely with hematoxylin and eosin and, with Perl’s method, for iron.

Results

A. Plasma iron levels. In 86 (29 men and 57 women) of the 100 diabetics
the plasma iron levels were not raised. The mean value in men was 82 pg
per 100 ml. (range: 34 to 126) and in women was 83 yg per 100 ml. (range:

41 to 139). The total iron-binding capacity varied from 192 to 475 yg per 100
ml. (mean: 291) in men; 168 to 458 />g per 100 ml. (mean: 306) in women.

Ten men and 4 women had plasma iron levels above 150 yg per 100 ml.
(Table 1). In each the finding was confirmed on a repeat estimation. The
mean plasma iron level in this group was 216 yg per 100 ml. (range: 165 to
312) and the mean total iron-binding capacity was 255 yg per 100 ml. (range:
183 to 330).
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B. Liver and gastric biopsy findings (Table 1). Liver biopsies were
carried out on 11 subjects with raised plasma iron levels. In 4 men and 3
women the liver biopsy showed moderate to marked siderosis, with iron
present in parenchymal cells, Kupffer cells, and portal tracts. In addition,
portal cirrhosis was present, the diagnosis being based on the presence of
small, regular regenerating nodules surrounded by thin fibrous tracts and on
the absence of collapse and gross architectural distortion. In 4 of the 7 pa-
tients gastric biopsy revealed epithelial deposits of iron. The absence of such
deposits in the remaining 3 cases was not altogether surprising, since they
were scanty or absent in about 50 per cent of a previous pathologic series
of Bantu hemochromatotics.4 All 7 cases were regarded as having fully de-
veloped hemochromatosis, and this was confirmed both histologically and
chemically in 2 who subsequently died. The concentrations of pancreatic iron
in these 2 subjects were found at autopsy to be 1.2 and 1.1 per cent dry
weight, respectively.

In 3 men and 1 woman marked hepatic siderosis was present without
cirrhosis. In 2 patients gastric biopsies were carried out but no epithelial
deposits were found. It was felt that the pattern of iron distribution in these
cases was that found in the majority of Bantu adultsl and that it was ex-
tremely unlikely that epithelial deposits were present in the pancreas.

In the remaining 3 cases liver biopsy material was not obtained, either be-
cause the attempt at biopsy failed or because it was not possible to trace the
patients. In 2 of these cases gastric biopsies were done and in both the
findings were normal.

In order to test the validity of the screening procedure liver biopsies
were carried out on 10 randomly selected cases from the control group with
normal plasma iron levels. In Gthe findings were entirely normal, while the
remaining 4 showed minimal or mild deposits of iron. In the 5 cases in which
gastric biopsy was done the mucosa was found to be normal.

C. Clinical features of Bantu subjects with hemochromatosis. The clinical
features in the 7 cases diagnosed on laboratory criteria during the study were
analyzed (Table Il, Cases 1 through 7). In addition, another 4 hospital pa-
tients who were not part of the random series were included also (Table II,
Cases 8 through 11). In each of these 4 cases the plasma iron level was found
to be high. Liver and gastric biopsies were then done in 3 of these cases.
Marked hepatic siderosis together with cirrhosis was present in all of them
and the epithelium of the stomach contained iron deposits in 2. The diagnosis
of hemochromatosis was confirmed in the last case at autopsy, the concentra-
tion of iron in the pancreas being 0.7 per cent dry weight.

The findings in the 11 subjects were compared with those of 100 diabetics
with normal plasma iron levels who were drawn at random from the Baragwan-
ath Hospital Diabetic Clinic. The group was confined to patients over the age of
40 years since all but one of the subjects with hemochromatosis were over
this age, as are three-quarters of all Bantu diabetics seen in hospital practice.

sex. Of the 11 subjects with hemochromatosis 7 were men; there was a fe-
male-to-male ratio of 1.8 to 1.0 in the control group.



weight. Nine of the subjects with hemochromatosis were thin or wasted,
1 was of normal weight, and only 1 could be described as obese. In contrast
about two-thirds of the control group were overweight.

consumption of illicitly brewed alcohol. All subjects with hemochro-
matosis gave a history of consuming illicitly brewed alcoholic drinks. In the
control group only 22 per cent admitted to taking such concoctions.

liver disease. In every subject with hemochromatosis the liver was enlarged
to palpation, often considerably so. The enlarged liver was usually firm in
consistency. In the control group hepatomegaly was detected in only 10 per cent
of cases. Evidence of liver failure or portal hypertension was present in 7 of
the 11 subjects with hemochromatosis and was not seen in the control group.

porphyria. The urine was examined spectroscopically for porphyrins in 9
of the hemochromatotic subjects and excessive amounts were found in 3. Two
of these cases showed the facial hyperpigmentation which is often present in
Bantu cases of porphyria cutanea tarda.7 Apart from these, the other subjects
with hemochromatosis were not excessively pigmented. In the control group
an excess of porphyrins in the urine was found in only 2 per cent of cases.

tuberculosis. Four of the subjects with hemochromatosis were found to
have pulmonary tuberculosis as compared with an incidence of 9 per cent in the
control group.

prognosis. The prognosis of patients with hemochromatosis was much more
serious than that of subjects in the control group and 4 of them died within
a year of the onset of symptoms. There were two major reasons for this.
Liver failure and/or portal hypertension were present in 7 of the subjects with
hemochromatosis and these complications were largely responsible for 3 of the
4 deaths in this series. Second, in about half the cases the diabetes could be
described as severe. Other factors which probably contributed to the poor
prognosis were alcoholism and the significant incidence of pulmonary tuber-
culosis. In contrast, the subjects in the control group were usually stable,
ketosis was infrequent, and the diabetes could often be controlled by diet
or by oral hypoglycemic agents.

Discussion

The results of a previous pathologic study indicated that when moderate
or marked hepatic siderosis is found together with portal cirrhosis at autopsy
significant epithelial deposits are always present in other organs, the highest
concentrations being found in the pancreas.4 On this basis 7 per cent of a ran-
dom series of 100 diabetic Bantus attending hospital were diagnosed as hav-
ing fully developed hemochromatosis. The incidence is an extremely high
one when compared with the 0.16 per cent incidence of the idiopathic disease
in an American series of 30,000 diabetic subjects.8 It should, however, be
emphasized that the present figures refer to a hospital population only.

Although the findings in Bantu diabetics with hemochromatosis resemble
those found in idiopathic hemochromatosis there are certain notable dif-
ferences. The cirrhosis in Bantu subjects tended to be rapidly progressive
and was the principle cause of death, while in idiopathic hemochromatosis



Table 11. Clinical features of 11 Bantu diabetics with hemochromatosis

Case

No. Sex Age
1 F 60
2 F 50
3 F 67
4 M 50
5 M 55
6 M 35

Illicit alco-
liol intake

Moderate

Heavy

Heavy

Moderate

Moderate

Heavy

Mode of
presentation

Diabetic coma

Diarrhea; gly-
cosuria on
routine urinal-
ysis

Polydipsia and
polyuria

Polydipsia and
polyuria

Polydipsia,
polyuria, and
swelling of feet

Swelling of ab-
domen; glyeo-
suria on routine
urinalysis

Habitus

Obese

Thin

Thin

Thin

Thin

Thin

Signs of liver
disease (finger)

4f. hepatomegaly

4f. hepatomegaly

3f. hepatomegaly
and If. spleno-
megaly

2f. hepatomegaly

3f. hepatomegaly,
2f. spleno-
megaly, ascites,
leg edema, and
gynecomastia

2f. hepatomegaly
and ascites

For-  Tw-
phy-  ber-
ria cle
+ -
+ +
+ +

Daily
insulin
dose

40

50

50

80

40

96

Femarks

Enlarged heart on x-ray; no cardiac
symptoms

Stopped taking insulin thrice, fol-
lowed by ketosis twice and death
the third time; no autopsy ob-
tained; course 9 months

Peri-orbital pigmentation

Death largely due to liver failure
with progressive ascites, edema,
wasting, and jaundice; course 8
months, hemochromatosis confirmed

at autopsy

Patchy facial pigmentation; death
mainly due to liver failure with
progressive ascites, wasting, and
hematemesis; course 11 months,
hemochromatosis with ruptured
varices at autopsy

¢ V8

¢

v

KD - o



8*

9*

10*

M 56 Moderate
F 45 Heavy
M 49 Heavy
M 70 Heavy
M 42 Moderate

Clonic movements Normal

left leg and

arm; glycosuria

on routine uri-
nalysis

Cough and weight
loss with pul-
monary tuber-
cle; glycosuria
on routine uri-
nalysis

Weakness, head-
ache, and
polyuria

Abdominal pain

Swelling of ab-
domen; glyco-
suria on routine
urinalysis

Thin

Thin

Thin

Thin

¢These 4 cases were not part of the randomly selected

3f. hepatomegaly
and If. spleno-
megaly

4f. hepatomegaly
and If. spleno
megaly

3f. hepatomegaly

5f. hepatomegaly

4f. hepatomegaly,
ascites, and
edema

series.

See
under
Remarks

40

80

See
under
Remarks

No cause found for clonic move-
ments; initially stabilized on 120
units insulin daily but require-
ments fell until control achieved
with tolbutamide alone

First presented in 1955; jaundiced
in 1957;
1960; one hypoglycemic episode
while on 20 units insulin daily

diabetes discovered in

Diabetes responded to soluble in-
sulin but patient became coma-
tose and died 4 days after ad-
mission;  hemochromatosis with

ruptured varices at autopsy

58
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it is relatively benign and normally runs a protracted course.2 There are
several possible reasons for the difference. In addition to their high iron con-
tent9 the alcoholic concoctions consumed by the Bantu are adulterated with
a variety of toxic substances. It is feasible that these unidentified substances
may, together with alcohol and malnutrition, be responsible for potentiating
the fibrogenic action of the hepatic iron deposits and thus hastening the down-
hill course. Unknown toxic substances also may be responsible for the
porphyria found in a significant proportion of Bantu cases but not seen in
idiopathic hemochromatosis. With the cirrhosis dominating the clinical
picture it is not surprising that cardiac complications, which are so common
in idiopathic hemochromatosis,2 are not a feature in Bantu cases, since the
heart is one of the last organs to accumulate iron deposits4 and the cirrhosis
tends to cause death before they have reached significant proportions. One
final difference between the present findings and those in idiopathic hemo-
chromatosis was the high incidence of tuberculosis. Although there are several
factors which probably contribute to its development, the high exposure rate
among the Bantu population may well be the most important.

We wish to thank Dr. I|. Frack, Superintendent of Baragwanath Hospital, and the
Director, South African Institute for Medical Research, for granting facilities for this
work.
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SIDEROSIS IN THE BANTU

A COMPARISON OF INCIDENCE IN MALES
AND FEMALES
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The diet of the Bantu in South Africa contains large
amounts of iron, most of which is derived from the con-
tainers used in the preparation of alcoholic drinks
(Walker and Arvidsson, 1953). Although other as yet
unidentified factors may be involved, this high iroD
intake is almost certainly the primary cause of the
varying degrees of iron overload so common in adult
Bantu. Recent evidence suggests that such iron deposits
may have deleterious effects. For example, there is a
close correlation between severe hepatic siderosis and
portal fibrosis (Higginson et al., 1957 ; Gillman et al.,
1958), and this is especially so with iron concentrations
above 2% dry weight (Bothwell and Bradlow, 1960).
In addition a small proportion of subjects exhibit
clinical and pathological features virtually indistinguish-
able from those found in idiopathic haemochromatosis
(Seftel et al., 1960, 1961 ; Isaacson et al, 1961).

The present investigation was undertaken to define
in more detail the extent of the problem in the
Johannesburg area. This was done by estimating
chemically the concentration of iron in the livers of
several hundred male and female Bantu adults dying in
hospital.  The results in the two sexes were then
correlated with the histological findings.

*In receipt of a grant from the Council for Scientific and

Industrial Research, Pretoria, South Africa, and from the
National Institutes of Health, U.S.A. (grant No. A-4912).
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Methods

Liver specimens were examined from 318 males and
265 females dying in hospital over a two-year period.
Aliquots were dry-ashed and the iron concentrations
were estimated as described previously (Bothwell and
Bradlow, 1960). Results were expressed as % /100 g.
dry weight. In addition, sections were stained for con-
nective tissue by Masson's method and for reticulum
by the Gordon and Sweet silver impregnation technique.
These were then examined for the presence of portal
fibrosis or portal cirrhosis. Portal fibrosis was recorded
as absent, as + (slight thickening of the portal tracts),
as + + (moderate thickening of the portal tracts), or as
+ + + (marked thickening of the portal tracts, with
early linkage of adjacent tracts in some areas but with-
out distortion of the architectural pattern). Portal
cirrhosis was regarded as being present only when there
was a marked increase in portal fibrosis with linkage of
adjacent portal tracts, distortion of the lobular pattern,
and areas of nodular hyperplasia.

Results

Iron Concentrations in Liver Specimens (see Fig.).—
Of the males, only 29.6% had iron concentration within
the normal range (0.01 to 0.09%) or just above this
range (0.09 to 0.19%), while 37.4% had severe siderosis
(>'%)e The degree of involvement tended to increase
with age. For example, only 18.8% of subjects between
the ages of 20 and 39 years had severe siderosis as
compared with an incidence of 50% of those over the
age of 40. The findings in females were far less striking,
and 75.4% had hepatic iron concentrations within or
just above the normal range. Although there was
some tendency for concentrations to rise with age, this
was not marked and severe siderosis was present in
only 11.6% of cases.

Relationship Between Hepatic Siderosis and Portal
Fibrosis.— The incidence of portal fibrosis and portal
cirrhosis in the different groups is shown in the Table.
In this comparison portal fibrosis was regarded as
significant only when moderate or severe (+ + or
+ + +)e

In males having hepatic iron concentration within or
close to the normal range portal fibrosis was very
uncommon at all age-groups. With higher concentra-
tions the incidence increased, and in the 66 subjects with
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Hepatic iron concentrations in males (black columns) and females
(cross-hatched columns) at various ages.
concentrations above 2% portal fibrosis was present in
59% and portal cirrhosis in 16.6%. In females a
similar trend was noted but the results were less striking,
since most of the subjects had iron concentrations which
were within or just above the normal range. In this
group of 200 subjects portal fibrosis was found in 7%
and portal cirrhosis in 2.5%. On the other hand, in the
19 subjects with concentrations of 2% or more, 12

showed portal fibrosis and two had portal cirrhosis.

Discussion

The findings in adult male Bantu dying in hospital
are very similar to those obtained in a previous investi-
gation in Johnnesburg on Bantu males dying from acute
traumatism (Bothwell and Bradlow, 1960). The
incidence of hepatic siderosis in both studies was
extremely high and the severity tended to increase with
age up to the forties. When the iron concentrations



b3 3 g o b3 b3 o E ° = F o o 8 + 2
| o 8 o [ ° _ _ ; o £ o o 3 66-1-05-0
e T W o 8 8 ° e g o o 3 6v-0-02-0
¥ g o T =] 8 e 5 _ S o o S 6T0-100
v MM
- b3 b3 o o b3 ) g & 3y I 8 = 5
5 J\%_ 2 : ¢ e 0 E Ll ° . g 23
o Qo =) = 21 0 I ) ° 2 _ oZ0
o o o =l o = 0 e f=o} o) 3 B | c@O
181e N
od1 VB8 oy 2d 44 @uT 9d | 4d1 ay g | 4d o~ 0od VEE oy
Bram A1Q 9
09 65-0§ 67-0% 6€-0¢€ 62-02 :%”_E.E\M,o:ow :\Dﬁw:
DO 0 v

JBAIT Y Ul SUOITBJIUBDUOD UOU] JUaJayld Yim $193lgns Ul SISOy [eriod pue sisoiqid [eriod Jo 8auaplou]



obtained in the present study were related to liver
weight it was calculated that 53 subjects had between
5 and 10 g. in the liver and a further 35 had more
than 10 g. Although there is no valid way of estimating
the total body content in these subjects, it is probable
that such figures are not very much higher, since iron
is confined to the liver and reticuloendothelial system
in the majority of subjects (Higginson et al., 1953). It
therefore seems unlikely that the total body content
often exceeds 15 g. It should be noted that the disorder
in iron balance necessary to produce this degree of iron
overload is not a large one. An average absorption of
2 mg. daily between the ages of 20 and 50 would lead
to a positive balance of approximately 1.4 mg. daily in
the male, which is quite enough to account for deposits
of this magnitude.

In females the findings were very different, since about
75% had iron concentrations in the liver which were
normal or very close to normal, and although severe
siderosis did occur it was uncommon. Of the whole
group, nine had between 5 and 10 g. in the liver while
only two had more than 10 g. The much lower
incidence of iron overload is possibly explicable on the
greater physiological losses which occur in females. It
has been calculated that the average female loses up
to 10 g. of iron through menstruation, pregnancies, and
lactation during the reproductive period of life (Finch
and Finch, 1955). On this basis it might be anticipated
that the incidence and severity of iron overload would
be less in females. Whether this is the only factor is,
however, open to question. There is good evidence that
the major source of iron in the Bantu diet is “ kaffir
beer ” (Walker and Arvidsson, 1953), and females, on
the whole, tend to drink less of this than do males. It
is thus probable that the majority ingest less iron than
do males.

The well-marked association between severe hepatic
siderosis and significant portal fibrosis or actual portal
cirrhosis, which has been noted in previous studies, was
confirmed in the present investigation. This association
was most striking with iron concentrations above 2%
dry weight. The frequency with which such patho-
logical changes develop in the siderotic liver suggests
that they are the direct result of the iron deposits.
However, it is perhaps noteworthy that 10 of the 35
subjects who were over the age of 50 and who had iron



concentrations above 2% dry weight showed no signifi-
cant portal fibrosis. Discrepancies such as this underline
the complexity of the problem and suggest that other
as yet unidentified factors may be involved. It has been
shown experimentally that the liver overloaded with
iron is very vulnerable to toxic, nutritional, and meta-
bolic hazards (Golberg and Smith, 1960), and it is
possible that such factors may also potentiate the effects
of iron deposits in the Bantu.

Whatever the exact relationship between iron overload
and hepatic fibrosis there is no doubt that a proportion
of subjects end up with histological findings in the liver
which are indistinguishable from those in idiopathic
haemochromatosis. The results of a previous study
indicate that cases with severe siderosis and portal
cirrhosis invariably have significant epithelial deposits
elsewhere in the body (Isaacson et al.,, 1961). These are
particularly striking in the pancreas, and over 20% of
such subjects have diabetes. It is therefore apparent
that some Bantu do eventually develop both clinical and
pathological findings very similar to those in idiopathic
haemochromatosis. If those cases showing hepatic
siderosis together with portal cirrhosis in the present
study are regarded as examples of this entity, then the
incidence of full-blown haemochromatosis in Bantu
subjects coming to necropsy in Johannesburg is
approximately 4% in males and 2% in females.

Summary

The concentration of iron in the livers of 318 Bantu
males and 265 Bantu females dying in a Johannesburg
hospital were estimated chemically. Of the Bantu
males, 70% had significant hepatic siderosis, and in half
of these subjects it was severe. In contrast 75% of
females had iron concentrations in the liver which were
within or just above the normal range.

Portal fibrosis or portal cirrhosis was present in the
majority of subjects with hepatic iron concentrations
above 2% dry weight. The fact that this was not
invariably so suggests that there are other factors which
potentiate the fibrogenic effects of excessive iron
deposits.

We are grateful to Miss K. Mortimer and Mrs. R. Melrose
for technical assistance, and to the Director of the South
African Institute for Medical Research for granting
facilities.
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Iron Overload in Bantu Subjects

Studies on the Availability of Iron in Bantu Beer
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arying degrees of iron overload occur in
the majority of adult Bantu subjects living
in South Africa.I2 Although it is accepted
that this overload may be the result of an in-
creased absorption from the gut, there is still
controversy as to why this should occur.
Originally it was postulated that there was an
alteration in the behavior of the bowel mucosa
induced by chronic malnutrition.1 More re-
cently, however, it has been shown that the
diet of the Bantu population contains large
amounts of iron, and it has been suggested that
this is a more likely cause of the tissue sidero-
sis.3 Although the major foodstuffs consumed
by the Bantu population contain moderate
amounts of iron, most of the ingested iron is
derived from the utensils which are used in
cooking and in preparing fermented alcoholic
beverages.3
The present study was undertaken to assess
the amounts of iron currently being consumed
by urban Bantu subjects of Johannesburg and
to find out how much of this iron is absorbed by
the gut. Since it was not feasible to label the
whole diet, all absorption studies were carried
out with Bantu beer since it appears to be the
major source of iron.
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MATERIAL AND METHODS

Clinical Material

The Bantu subjects studied included healthy
volunteers, patients in a paraplegic unit and con-
valescent surgical patients. All subjects were men,
and none showed any evidence of active infection
at the time of study. In addition a control group of
white male volunteers was also studied. The mean
age of the Bantu subjects was thirty-one years
(range eighteen to sixty) and of the white subjects
twenty-three years (range twenty-one to twenty-
five).

Chemical Methods

The iron content of the stools was measured by
leaving them for seven days in a 1:2 mixture of con-
centrated nitric and sulfuric acids. Each day the
mixture was stirred. Finally, duplicate aliquots were
wet ashed, and the iron content was measured using
the thioglycolic acid method.4

The iron content of alcoholic beverages was
measured by a modification of the method of Briick-
mann and Zondek5in which a 4 ml. aliquot was
mixed with 4 ml. saturated sodium pyrophosphate
and 4 ml. 20 per cent trichloroacetic acid. The
sample was then maintained at 80°c, in a water
bath for ten minutes. After cooling, the mixture
was filtered, and estimation of iron content was
carried out on an aliquot of the filtrate using the
thioglycolic acid method. Since the beer was
colored, each reading was made against a blank con-
taining an aliquot of the sample and all reagents ex-
cept thioglycolic acid. (Preliminary studies indicated
that this method gave results which were in good
agreement with those obtained by wet digestion of
beer samples.)

Radioactive Measurements

Tracer amounts of ferric chloride labeled with Fe®
were added to samples of fermented Bantu beer



Table i
Iron Concentrations in Alcoholic Beverages

Iron Concentration
No. of

Name Ingredients Samples (mg.I00 ml.) Mean
Analyzed pH
Average Range
Bantu beer (municipal)............. Malt, degermed maize meal 50 1.9 1.1- 3.8 3.7
Bantu beer (home-brewed)...  Malt, maize meal 14 8.2 0.8-15.0 3.8
Barberton........ccoceveiieiiccinen Sugar, malt, bread 29 4.5 0.5-15.8 3.9
Hops ... Yeast, sugar, malt, hops 27 5.1 0.6-16.0 3.9
Pineapple.....coviniiinicinnnn, Yeast, sugar, oats, bread, 16 2.9 1.0-15.0 3.8
pineapple
Shimeyana.......cccooevevinicnnenne, Sugar, malt, potato 12 7.5 0.8-15.3 3.5
ChillieS....ccooveieiieieiceece e, Yeast sugar, malt, bread, 8 5.3 1.0-10.5 4.1
ginger
Gin, Tot-Tot, etC..ccvvrrrinene. Distillates made from other 13 1.0 0.0- 5.0 5.9
drinks

(iron content 2.0 mg. per 100 ml.) prepared by the
municipal authorities, and the beer was then al-
lowed to stand overnight before being used. Al-
though the label was not a physiologic one it was
thought that valid results could be obtained by this
method since preliminary studies showed that more
than 80 per cent of the iron in the various types of
alcoholic beverage consumed by the Bantu popula-
tion is in the ionic form. In a second series of
studies, carrier ferric chloride was added with the
tracer to give a final iron concentration in the beer
of 6.25 mg. per 100 ml.

Because of the well known variability of iron ab-
sorption from subject to subject a double isotope
technic was used in which the availability of iron in
Bantu beer was compared in each individual subject
with that of a simple iron salt. ~ On the first day 400
ml. of beer, labeled with 5 nc. Fe® was given, and
on the second day a similar dose of iron, labeled with
75 iic. Fefy was administered either as ferric chlo-
ride or ferrous ascorbate. Blood samples collected
two weeks later were digested, electroplated onto
copper discs and differentially counted for the two
isotopes as described previously.2 The relative per-
centage absorptions of the two doses were then
calculated on the assumption that 80 per cent of the
iron absorbed from the gut was present in the red
cell mass at two weeks and that the blood volume
was 70 ml. per kg. Results obtained were, there-
fore, corrected by a factor of 10:8. (Although it has
been established that approximately 80 per cent of
iron entering the plasma is used for red cell produc-
tion, the figure is somewhat lower in subjects with
iron overload. It is, however, rarely below 60 per
cent in Bantu subjects6 so that levels of radio-

activity in red cells should still provide a moderately
accurate measure of the percentage of radioiron ab-
sorbed from the gut.)

RESULTS

Iron Concentrations in Alcoholic Beverages

Analyses were carried out on 169 samples of
various types of alcoholic drink, most of which
were home brewed. Although there was a
considerable variation (0.5 to 16.0 mg. per 100
ml.) the mean concentration for the whole
group was high (3.8 mg. per 100 ml.) (Table I).
The lowest concentrations were found in beer
prepared by the municipal authorities and in
distilled liquors.

Drinking Habits of Urban Bantu Subjects

Two hundred Bantu adults attending an out-
patient clinic were questioned on their drinking
habits with special reference to the relative
consumption of home-brewed beverages and
those prepared by the municipal authorities.
With a knowledge of the adult population
served by the clinic and the amounts of munic-
ipally prepared beer being supplied to the area
it was possible to make a rough estimate of the
guantities of fermented beverages being con-
sumed by the urban Bantu population. Re-
sults obtained in this way indicated a mean
consumption in men of about 13 L. per week
with a ratio of municipally prepared beer to
home-brewed beer of 2 to 1L  This would sug-



Table ii

Comparison of Absorption of Iron in Bantu Beer and a
Similar Dose of Iron given as Ferric Chloride

% Absorption

Dose of
Subject
! Iron B Ferric
(mg.) €r  Chloride
2.6 0.4
2.8 0.9
Paraplegic male 8 ,2\% 10
Bantu patients '
P 6.8 1.4
8.0 0.9
Mean......... 4.2 1.3
2.9 8.3
Healthy white male 8 17.8 16.6
volunteer subjects 1.0 3.6
1.6 1.6
Mean......... 5.8 7.5
2.0 0.4
1.1 0.1
1.6 0.4
1.9 2.6
Convalescent Bantu 0.8 0.8
male surgical pa- 25 1.2 ii
tients 2.1 :
0.5 0.3
10.8 4.8
1.6 10
1.4 0.3
3.1 10
Mean......... 2.3 1.5
2.6 5.6
Healthy white male 25 17.5 31.5
volunteer subjects 2.4 2.5
13.0 16.5
Mean......... 8.9 14.0

gest an average iron intake from beer of at least
50 mg. per day.

Iron Content of Stoolsfrom Bantu Subjects

Iron concentrations were measured in the
stools of a random group of male Bantu adults
attending an outpatient clinic. The mean
concentration in stools collected on Monday
mornings was 141 mg. per 100 gm. (range 28 to
330) as compared with 34 mg. per 100 gm. on
Thursday mornings.

Availability of Iron in Bantu Beer
Fasting subjects were given 400 ml. of Bantu

Table iii
Comparison of the Absorption of Iron in Bantu Beer
and a Similar Dose of Iron Given as Ferrous Ascorbate

% Absorption
Dose of
Subject Iron
(mg.) Beer Ferrous

Ascorbate

2
Healthy Bantu male 1
volunteer subjects 8 2
2

©-JUno®o
o wo b

1.3 19.6
Healthy white male 8 4.3 18.8
volunteer subjects 4.0 17.8
1.3
5.2

16.5

Male Bantu paraple- 25
gic patients
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-
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T NOR ©® ®O

Healthy white male 20.
volunteer subjects 25

0.1 58.0
6.5 15.3
4.5 18.3
0.4 30.5

beer, containing either 8 or 25 mg. iron, and
the percentage absorbed was compared in each
subject with a similar dose of iron given as a
simple ferric or ferrous salt. In both Bantu
and white subjects the percentages absorbed
were in the same range as those obtained with
ferric chloride (Table ii) and were about a
third of those obtained with ferrous ascorbate
(Table iii). On the whole, Bantu subjects
tended to absorb less than did the white volun-
teer subjects, and this was particularly so at the
25 mg. dosage level.

COMMENTS

Although siderosis of varying degrees is
common in Bantu adults only about 20 per cent
show severe involvement, and most of these
are middle-aged men.7 Previous calculations
based on chemical analyses of organs obtained



at autopsy suggest that the total quantity of
iron in such subjects rarely exceeds 15 gm.7
The disorder in iron balance necessary to pro-
duce this degree of iron overload is not a large
one. A mean absorption of 2 mg. daily be-
tween the ages of twenty and fifty years would
lead to a positive balance of approximately 1.4
mg. daily in the male subject, which is enough
to account for deposits of this magnitude.

In the present study an attempt was made to
assess the amounts of iron present in the diet
of urban Bantu subjects and to measure how
much of this iron is available for absorption.
The importance of Bantu beer as the major
source of iron in the diet was evident both from
questioning Bantu subjects on their drinking
habits and from direct chemical analyses on
samples of various drinks. The fact that
almost all the iron in these drinks is ionizable
indicates that it is introduced from the con-
tainers used for brewing. In order to obtain
more direct evidence of the high iron intakes
in urban Bantu subjects, stools obtained from
patients attending an outpatient clinic were
analyzed for their iron content. Results were
severalfold greater than would be expected in
a comparable white population. In addition
it was of interest that the mean concentrations
of iron were much higher in stools collected
from men on Mondays than in those collected
on Thursdays (141 mg. per 100 gm. as com-
pared with 34 mg. per 100 gm.). This differ-
ence probably reflects the weekend drinking
habits of the subjects. From these various
observations it was concluded that the mean
iron intake of urban Bantu men is probably in
the range of 50 to 100 mg. daily, although occa-
sionally it may be a good deal higher than this.
These estimates are in good agreement with
previous calculations made by other workers.3

In assessing how much of the iron present in
the Bantu diet is available for absorption Bantu
beer was chosen since it not only represents the
major source but also contains the iron in a
readily assimilable form:* The results indicated
that this iron is absorbed to roughly the same
degree as, is a ferric salt. The relatively low
pH of the .fermented drinks does not seem to
potentiate absorption nor do other constituents
have, any depressing effect. The fact that the

Bantu subjects tended to absorb less than did
white men is most probably due to the fact
that the majority had some degree of iron
overload since it has been shown that even a
moderate increase in iron stores depresses ab-
sorption.8 Another possible reason for the low
absorptions in Bantu subjects was considered.
At autopsy many Bantu subjects show deposits
of iron in the mucosal cells of the upper portion
of the gut and in the tunica propria. It there-
fore seemed feasible that a proportion of iron
absorbed by siderotic Bantu subjects might be
fixed in this intestinal pool for variable periods.
To test this hypothesis a number of moribund
Bantu patients were given 15 mg. iron as Fe®
chloride at various times before death, and the
radioactivity present in the duodenum and
upper part of the jejunum obtained at subse-
quent autopsy was measured in a counter
composed of a ring of Geiger-Miiller tubes.9
The mean percentage present in the gut in
twelve subjects who died between eight hours
and twelve days after the administration of
radioiron was 0.4 (range 0 to 1.1). It was,
therefore, evident that no pool of significant
dimensions exists in this site.

Although the absorptions in Bantu subjects
were low the mean amount of iron retained
from beer at the 25 mg. dosage level was 1.9
per cent. When these figures are related to a
daily consumption of between 50 and 100 mg.
it is apparent that the positive iron balance is
of an order sufficient to account for the degrees
of siderosis encountered in middle age. The
fact that none of the Bantu subjects showed
evidence of abnormally high absorption rates
can be taken as good evidence that the siderosis
so commonly found in these subjects is not the
result of any intrinsic mucosal defect.

SUMMARY

A series of studies were carried out to assess
the amounts of iron being consumed by urban
male Bantu adults. It was found that the
majority were taking between 50 and 100 mg.
daily, most of which was present in fermented
alcoholic beverages.

The availability of iron in Bantu beer was
measured in Bantu and white subjects. In
both groups it was absorbed to the same degree



as a ferric salt. On the whole the percentage
absorption was lower in the Bantu subjects,
and this was probably due to the fact that body
stores are greater than normal in the majority
of them.

From the data obtained it would appear that
the degrees of siderosis present in middle-aged
Bantu men can be explained on their high iron
intake alone.
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In the body of a healthy adult male there Iis
normally between 3 and 4g. iron (Qothwell and Finch, 1962)*
Two thirds of this iron 13 iIn compounds which are actively
participating in metabolic functions, while the remaining
fraction of approximately 1,006Gmg«is deposited in the stores
of the body as ferritin and haemosiderin. The bulk of this
iron is present in the liver and in the reticulum cells of
the bone marrow.

The level of iron stores at any one time represents
a usoful measure of iron balance since stores are greater than
normal when the iron content of tho diet is high and are
diminished or absent when the diet is inadequate. Storage
iron serves as a buffer to protect the body against the
effects of iron deficiency. Thus when a negative 1iron
balance occurs, 1iron is removed from stores to supply rod
cell needs and anaemia only develops when tho stores have
boon depleted (Coleman et al.f 1953).

In clinical studies the level of iron stores 1is
most easily gauged by assessing the amounts of haemosiderin
present in bone marrow particles (Rath and Finch, 1948).

In necropsy material more quantitative information can be
obtained by estimating tho concentrations of storage iron
present in liver samples. Although this second approach
might be expected to provide usoful information on the iron

status of different population groups it has not as yet been

- extensively -
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extensively applied. The present study was therefore done
to compare the pattern of i1ron storage 1in necropsy material
obtained from groups of liihice, African and Indian subjects

who had lived in South Africa.

MATERIAL AND METHODS
Necropsy Material: Livor specimens were obtained from 730
subjects at necropsy. Thera were 512 males and 226 famales.
Tho material, which was collected in Durban and Johannesburg,
was obtained from subjects dying acute traumatic deaths
(554 cases) and from patients dying in hospital (184 cases).
All ware over the age of 10 years.
Methodst All specimens were TfTixod in buffered 10/ formal-
saline. The concentrations of total and of haemoglobin iron
were then estimated chemically by the method of Bothwell,
Roos and Lifschitz (1964) and the storage iron concentrations

wore obtained by difference.

RESULTS (Table)
White Subjects. Median 1iron concentrations 1in males dying
acuta traumatic deaths were higher than in females (260 pg./g-.
wet weight as compared with 96 pg./g. in females). The
difference was fTar less marked in subjects dying from
natural causes. In this group the comparable Tfigures were
251 and 193 pg./g.respectively. The reason for the

significantly higher figures (p<0.0l) in hospital females was

- hot -



not immediately apparent. Although the median ago in these
subjects was greater this could not be invoked as a cause
since analysis of all the females revealed that the median
age of tho females with the 20 lowest values was the same as
the females with the 20 highest values. Alternatively it was
possible that some of the subjects dying in hospital may have
bean suffering from diseases which had increased the storage
iron concentrations. However, 1if this were so it 1is
surprising that a similar trend was not evident in White
males.

African Subjects. Median iron concentrations 1in Bantu males
dying acute traumatic deaths in 3ohannesburg and Durban were
very similar (966 and 786 pg./g. respectively). A higher
figure was obtained in older hospital subjects but this
difference was probably not significant as the group was
very small. Results in females from three different sources
were remarkably uniform, with median iron concentrations of
268, 251 and 283 pg./g-respectively.

Indian Subjects. Median 1iron concentrations were higher 1in
males than in females in both the subjects dying acute
traumatic deaths (173 and 103 pg./g-.respectively) and in
patients dying from natural causes (206 and 126 pg-/g-
respectively)e-

Comparison of Range of Hepatic Concentrations of Storage
Iron in Whites, Africans and Indians, for purposes of

comparison all values in males and females from each of



the racial groups were considered together irrespective of
the source of the material. The cumulative percentage
incidence of different iron concontrations was then plotted
graphically. Results in males (109 Whites, 327 Africans
and 76 Indians) are shown in Figures IA and 10 while
Figures 2A and 20 show the comparable results in 47 White,

134 Africans and 45 Indian females.

DISCUSSION.

The results of the present study indicate that
measurement of the hepatic concentrations of storage iron
provide a useful index of the iron status in different
populations. The fact that stores were uniformly lower
in the females of each group can be taken as a good
indication of the validity of the approach since there is
abundant clinical evidence to show that iron deficiancy 1is
much commoner 1in females than in males (Bothwell and Finch,
1962).

Results in African males confirmed the high
incidence of iron overload in this group. It was noteworthy
that a small proportion of African females also accumulate
large quantities of storage iron. In White subjects figures
obtained were comparable to those reported previously
(Morgan and Walters, 1953), Calculations based on iron
concentrations and liver weights suggest a median storage

iron content between 400 and 500 mg. in White males. Since



the liver contains about one-third of the storage iron in
the body it is apparent that the total content is between
1200 and 1500 mg. This 1is in close agreement with Tfigures
calculated from the response of normal subjects to repeated
phlebotomies (Haskins at al., 1952). Results in both Indian
malos and females revealed storage iron concentrations
somewhat lower than in Uhites, but the median figures obtained
suggested that iron stores were adequate 1in the majority of
subjectse

If meaningful information is to be obtained from
a study of this type attention should ho directed not only
to the median 1iron concentrations but to the proportion of
subjects in each group that might be expected to develop 1iron
deficiency most readily. The percentage incidence of subjects
with storage iron concentrations below 50 pg./g. was therefore
calculated. The Tfigures in mules were as TfTollows: Ulhite
males 5«4;», African males 0.6/. and Indian males 9.2,:..
Comparable figures in females were 6.7/,f 45 and 17,0/s
respectively. These figures suggest that iron deficiency
anaemia should be more common in Indian subjects, especially
in females. Clinical experience 1in Durban indicates that

this conclusion is a valid one (flayet, 1964).

SUFFIFFIARY.
Otorage iron concentrations were estimated in liver
samples obtained from 109 I1°Jhite, 327 African and 76 Indian
males, and from 47 tihite, 134 African and 45 Indian females.
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Tho material was obtained in Durban and Johannesburg from
subjects dying acuta traumatic deaths and from patients dying
in hospital. Radian 1ron concentrations in pg/g.wet weight
were as fTollows: White males 264, White females 152, African
males 851, African females 270, Indian males 182, Indian

females 118.
ArKMaULCDCERCNTS

The authors are indebted to Riss A. Dorling, ffliss
N. Rooo and Mrs. K. Hurd for technical assistance. They
should like also to thank Professor 3. Friedman, Professor
Q.3.P. Docker, the Government pathologists and the Department
of Pathology at the University of Natal, for having made
material available for 3tudy.

LEGENDS

Finure 1.
Cumulative percentage incidence of various concentrations of
storage iron present in the livers of White, African and

Indian males.

(a) Concentrations fromO to 1,0Q0pg/g* wet weight.
(B) Concentrations fromOto 5,G00pg/g*wet weight.
Figure 2.

Cumulative percentage incidence of various concentrations of
storage 1iron present in the livers of White, African and
Indian females.

(a) cConcentrations fromOto 1,000pg/g.wet weight.

(B) Concentrations from0O to 5,U0Qpg/g- wet weight.
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FIGURE 1(A).-

Cumulative percentage incidence of various concentrations of
storage iron present in the livers of liihite, African and Indian

males.



FIGURE 1(B).

Cumulative percentage incidence of VirWEQS cog;eqtratlogsloz_
storage iron present in the livers © ite, recan an ndaran
malese



FIGURE 2(fl).

Cumulative percentage incidence of VvVartous concentrations of

storage iron present in the livars Of White, African and Indian
females.



FIGURE 2(B).

Cumulative percentage incidence of various concentrations
storage iron present in the livers of Uhite, African and
Indian females.
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TAQE * I TAXl.  IriiX0 CONCENTRATIONS IN THE LIVERS OF DIFFERENT RACIAL GROUPS.

Type and Source of Number Median Median Storage |Iron Median Liver Estimated Figures for
Clinical Material of Cases Ays* Concentrations 1in- Weights Total Storage Iron 1in
eluding Range Livers (mg.)*
weight).
(A) EJHITES

(Johannesburg & Durban)

(i) Traumatic
Males 85 39 268 (0 - 1448) 1810 485
Females 20 48 96 (3 - 370) 1570 150

(11) Hospital
Males 24 55 251 (33 - 1628) 1840 462
Females 27 71 193 (58 - 1136) 1510 2901
(B) AFRICANS
(i) Johannesburg (Traumatic)
Males 81 30 966 (83 - 5741) 1500 1449

Femalas 15 35 263 (53 - 2931) 1390 372

(11) Durban (Traumatic)

Males 239 35 786 (18 - 11453) 1580 1241

Females 45 30 251 (36 - 7086) 1540 386
(iii1) Durban (Hospital)

Males 7 48 1763 (38 - 5333) 1420 2503

Females 73 43 283 (18 - 7578) 1330 376

© INDIANS
(i) Durban (Traumatic)

Males 53 40 173 (0 - 1781) 1400 242

Females 15 34 1U3 (31 - 931) 1300 134
(i1) Durban (Hospital)

filales 23 51 206 (46 - 766)

Female3 30 46 126 CIl - 4237 m m
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In thu past it has boon customary to regard
idiopathic hamochromatosis as tho and resuit of an inborn
metabolic disorder associated with tha absorption of
excessive amounts of iron from a normal dietil)- In
contrast, the i1ron overload so commonly noted in the
Bantu of Southern Africa appears to be secondary to the
high dietary content of iron, most of which 1is present in
fermented alcoholic drinks®™ * ¢ Results of previous studies
indicate that many male Bantu ingest between 50 and 100 my,
iron daily in those beverages, and heavy drinkers are exposed
to even greater amounts!3|- Although the basic alcohol
content of tha drinks is only 37~f many of them aro adulterated
in a number of ways} distillates prepared from the brews and
conventional liquors, such as brandy end yin, aro also
consumed* In tha majority of these subjects the distribution
of iron is different from that found in idiopathic
hemochromatosis, since tho iron deposits aro confined to
tho livor and reticuloendothelial system!A*C\- However in
those Bantu patients with severe overload and portal cirrhosis
tho findings have boon found to bo virtually indistinguishable
from those in idiopathic hemochromatosis, with iron deposits
prominent in epithelial tissues such as tho pancreas, thyroid
and adrenals™"* e

In recant years evidence has accumulated which

suggests that the Bantu are not the only group exposed to

- high -



hi:)fi dietary intakes* It has been shown that a number of the
wines of Curope and the United States contain significant
amounts of iron, and it ha® been calculated that many wine-
drinking alcoholic subjocts have iron intakes several fold
normal”~8”~* This finding is of special interest since many
subjects with idiopathic hemochromatosis have a significant
alcoholic background”9**-8™* The question therefore arises
as to whether tho condition is no more than a variant of
nutritional cirrhosis occurring in subjects exposed to a
high dietary intake of iron”8* * * \ If this proposal
IS correct then it might be anticipated that the histological
findings in patients with classical Idiopathic hemochromatosis
would be indistinguishable from those 1in subjects with tho
hemochromatosis occurring after prolonged Oxpooure to a diet
containing an excess of alcohol and iron. The present study
was undertaken to find out whether this 1is, iIn fact, so*
fIPTiIl PI AL AdD PETM-W,.
Clinical notorial* Liver sections were examined from
thirteen white subjects (11 males and 2 females) who had been
diagnosed as suffering from idiopathic hemochromatosis”/e
All except one of them had boon, or wore still, under the
clinical car® of one of us (T.H.B*), and the material was
unselected insofar as it represented ail the subjects seen
over several years in whom adequate pathological specimens of
liver were available* The diagnosis was mado on clinical
grounds in tho first instance* Skin pigmentation and firm

hepatomegaly -



hepatomegaly wore present in ail subjects, and i1ivor biopsy
showed portal cirrhosis with heavy parenchymal iron deposits
in each patient, five were diabetic, and 4, all in their
twenties, subsequently died of cardiac complications. The
diagnosis was confirmed at necropsy 1in 7 instances. In
addition to the findings in the livers, epithelial deposits
of iron wore prominent in a number of organs, In 3 subjects
the hepatic iron concentrations were determined chemically,
and acre found to bo 2*6, 3.0 and 3*3,< dry weight. In other
organs the 1iron concentrations wore also within tho range
described by Shsldon”. Tho group as a whole included 3
siblings from one family and 2 from another. Mo patient
gave a history of excossivs consumption of alcohol, and
careful questioning did not uncover any other obvious source
of axcassivu dietary 1iron (two subjects bad drunk woll-water
for a number of years but chemical analysis of samples from
both wells gave negative results).

The 13 Bantu subjects (11 male® and 2 females)
all had advanced hepatic sidorosis and portal cirrhosis.
This was the only criterion for selection, since it has
been shown that such subjects invariably hove significant
epithelial deposits elaowhoro in tho body1697)- ?n 9
subjects the diagnosis had been confirmed by liver biopsy
and in tho other 4 at necropsy. Although the clinical data

on these subjects wore not as adoquota as in the patients
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ui th idiopathic hemochromatosis, there in good evidence

that Bantu with aovoro siderosis and cirrhosis always havo

a history of tong exposure to the various local alcoholic

beverages

Methodst Liver sections were routinely stained with hematoxylin

and oooin* Sections wore else stained for hemosiderin using

Perl*© method without heating, and were countorstained with,

neutral red* Sections of spleen, which were available in

7 whit®O subjects and 4 Bantu, were treated in the sane way*
The histological grading of hepatic iron deposits

was assessed separately in parenchymal cells, Kupffor calls#

portal tract phagocytes and bile ducts* The criteria wore as

follows*

(a) Parenchymal Colls* Grade 0 « no attainable iron
granules} Grad® * * a few small fine granules of homoaiderin
usually confined to the biliary pule in soma, or moat# of the
liver cells, especially in the periportal regions} Grade ¢¢ *
numerous fine granules of hemosiderin in most of the ceils#
and Grad© ++» » numerous coarse granular, of hemosiderin in
most of the liver colls*

(b) Kupffor Colls* Grade 0 » no otainablo hemosiderin
granules} Grades ¢ a occasional fins hemosiderin granules in
some of the Kupffur coll®} Grade ¢ » numerous fine hemosiderin
granules in most of the Kupf for coll®} and Grads =*+~s * numerous
coarse hemosiderin granules in moat of the Kupffor colls*

(With Grad©® *e* the Kupffor calls were usually markedly

- enlarged*) *



enlarged.)

(c) Portal Tracts* Grads 0 * no stainabls hemosiderin
granules; Crada ¢ a occasional fina hemosiderin granules 1in
portal tract macrophages; Grade ¢¢ » small clumps of
macrophages containing fine and coarse hemosiderin granules;
and Grada e * coarse, irregular, intra- and extra-cellular
masses of hemosiderin.

(d) Oilo Duct epithelium* Grads 0 * no stainable
hemosiderin granules* Grado ¢ * occasional fine hemosiderin
granules in some of the bilo ducts} Grade ¢ * numerous Tine
hemosiderin granules in most of the bile ducts; Grade ee¢+ «
numerous largo, coarse hamo3iderin granules in most of the
bile ducts.

Tho histological grading of splenic suctions was as
follows* Grade 0O * no stainable hemosiderin granules; Grade ¢ *
occasional fine granules of hemosiderin in some of the pulp
macrophages; Grade ¢ * numerous fine and coarse hemosiderin
granules in pulp macrophataes; Grade e+¢ * numerous large
masses uf coarso intra- and extracellular hemosidorin in the
splenic pulp and trabecules* (Hemosiderin granules wore also
present in the venous endothelial colls and in the aubcapsular

region in tho majority of specimens graded ¢¢ Or ¢¢¢)e

RESULTS
(a) Distribution of Iron In Liver* Although both groups
showed significant deposits of iron in all 4 sites, there
&Qto differences in tho distribution (ace Table). In

idiopathic hemochromatosis deposits were heaviest in
- parenchymal -



parenchymal cello, while Moderate amounts were found in
Kupffor cells and in the epithelium of the bile ducts.
In contrast, little uao present in the phagocytes of the
portol tracts (figure 1). In the livers obtained from
Bantu subjects, on the other bond, the major deposits were
present in portal tract phagocytes end Kupffor cells, with
moderately heavy deposits in parenchymal cell® and only
scanty ones in the bile duct epithelium (figure 2), The
differences between the too groups were reflected by a
comparison of the mean ratings for each part of the liver
(fig, 3), The validity of thoso differences was further
tested by examining all samples blind to find out whether
it was possible to place each in its correct group, When
this was dona by an independent pathologist complete
separation into White and Bantu groups was obtained*
(b) Distribution of Iron in Spleen (Table) i There was a
striking difference between tho two groups, with vary little
iron in the spleens of subjects with idiopathic hemochromatosis
(a mean ¢ rating of 0.5? in ? subjects), and marked deposits
in the Bantu (a mean ¢ rating of 2,75 in 4 subjects),
Pr_-CUS:ilhM,

The histological findings in the various stages of
iron overload in Bantu subjects have been studied previously
by severe! workersn"**J**s**6). These results indicate that
although parenchymal deposits occur early in the liver,
epithelial deposits elsewhere in the body are not a feature.

In contrast, roticulo-ondutheiial 1involvement is prominent
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at all stages, and with massive overload tha concentrations
in an organ such as the spleen may even bo greater than
those in the liver”J AN . Tho distribution of 1iron found
in the majority of Bantu with iron overload is therefore very
different from that found in idiopathic hemochromatosis, but
iIs similar to that reported in animals pieced on deficient
dials with heavy iron supplements” Although this 1is
the usual pattern of iron distribution found in Bantu with
overload, a small proportion of subjects with severe
Involvement develop significant epithelial deposits in a
number of organs* Such patients always give a long history
of excessive consumption of the local alcoholic beverages/®
and portal cirrhosis is invariably present®* 7\ tho etiology
of the cirrhosis is still not clear, but may well relate to
the hoavy iron deposits and/or tho effects of the alcohol
with its associated malnutrition* The fact that fatty change
is rare in those patients does not necessarily rule out
alcohol os an etiological factor, since it is extrenoly
uncommon even in alcohol-cunditionud Bantu pallagrins” * \
whatever tho explanation for this anomaly, it is apparent
that a small proportion of Bantu adults exhibit histological
features at necropsy which closely resemble those reported
in idiopathic hemochromatosisA*"*An

Those various points have boon raised since tho
whole concept of idiopathic hemochromatosis as a separate
metabolic disorder has boon questioned recently

Evidence -



evidence has boon produced which suggests that the condition
is only a variant of nutritional cirrhosis occurring in
subjects also exposed to axcosoivo iron* Support for this
contention has bean provided by tho fact that many affected
individuals have a significant alcoholic background, and by
ths observation that a largo number of alcoholic drinks,
and especially wino3, contain significant amounts of iron”.
The present study was undertaken in order to test
this hypothesis, since tho pathological findings in Uantu
subjects with fully developed hemochromatosis might bo
expected to provide a prototypo of tho iron distribution
resulting from prolonged exposure to a diet containing
excessive 1iron and alcohol. Two points of difference between
the distribution of iron in these patients and in white
patients with idiopathic hemochromatosis were found to be
sufficiently marked to allow for accurate histological
diagnosis, firstly, the results confirmed the foot that
splsnic 1ron concentrations aro much greater in the Bantu
than in tho white subjects. In tho second place it was
apparent that tho distribution of iron in the liver 1is
different in tho two conditions. In subjects regarded
clinically as having idiopathic hemochromatosis tho major
impact uao on parenchymal colls, with lessor amounts 1in
Kupffor colls and bilo ducts, and vary little in portal
tract phagocytes. In contrast, deposits in tho 8nntu
woro particularly prominent in Kupffer cells and portal
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tract phagocytes, while deposits in bile duct epithelium
©ere almost invariably insignificant. These various
differences were striking enough to allow for correct
categorisation of all the 26 cases iIn the study without
previous knowledge of the source of ouch*

It therefore seems that prolonged ingestion of
alcohol with o high i1ron content, together with a diet
possibly euboptimal 10 certain respects, results in a
hemochromatosis which is morphologically distinct from
idiopathic hemochromatosis, while nut conclusive, these
observations are therefore compatible with the contention
that idiopathic hemochromatosis is a metabolic entity, and
not merely one end of a spectrum which ranges on tho one
hand from minimal oiderosia, with or without cirrhosis,
to tho fullblown disease with extensive epithelial deposits
on the other. This evidence may be added to a number of
previous observations which suggest tho existence of a
specific inherited disorder characterised by the excessive
absorption of iron from a normal diet. These observations*
include the familial 1incidence of the disease, and the
finding of an abnormally high absorption of radioiron in
some patients with tho fully developed condition”. This
has boon found to be especially so in young subjects, and
the failure to demonstrate increased absorption in some

older patients may sell be duo to tho inhibitory effect

e exerted



exerted by the enormous 1iron stores. Support for this
contention has boon provided by the finding of vory high
absorption rates in such patients aftur reduction of stores
by repeated phlebotomyi21).

whether the different distribution of iron in the
idiopathic disoaso represents some cluu os to the fundamental
defect in this condition 1is still not clear. The fact that
roticuio-undotholial deposits are not conspicuous in the
livor and spleen may point to soma alteration in reticulo-
endothelial function, but thoro is no assurance that this
is of primary importance. It may, however, be noteworthy
that the plasma iron level has been found to be high in
some affected relatives at a time when iron stores have
been normal or only moderately increased” * * . This
observation has led to the suggestion that there may be on
altered gradient between roticulo-endothel-iel cells and the
plasma in the disorder”

vyhiie these speculations are of theoretical interest,
it should be stressed that the present findings are open to
other 1interpretationse for instance, the increased reticulo-
endothelial deposits in the livers of Uantu subjects may only
reflect a more active iiver disease, perhaps related to
alcohol and malnutrition, 1in which there is a constant
movement of iron from necrosed parenchymal colls into the

roticulo-endothellal system. The distribution of iron in

those



u
subjects with idiopathic hemochromatosis who consume excessive
amounts of alcohol might therefore bo expected to resemble
the Bantu more closely* However, on this bools it is still
difficult to understand why such large amounts of iron
accumulate in the spleens of Bantu subjects.

Although there can b© no final resolution of these
morphological Tfindings at the present time, they do emphasise
the importance of cataloging the exact cellular iocaliEation
of iron in different types of iron overload* In necropsy
studios the chemical concentration of iron in the spleen
should ba measured, since very high values are almost
invariably present in the iron overload secondary to a diet
containing an excess of alcohol and iron* In clinical
studies the differentiation is more difficult, but tho
present Tfindings suggest that iivor sections obtained by
biopsy arc adequate for categorising tho typo of overload
present* It is only when such information is available that
meaningful debates can occur between workers in different
centers*

@u nany*

A study was done to find out whether it was possible
to differentiate between the histological findings in the
livers of 13 subjects regarded as suffering from idiopathic
hemochromatosis, and those in the livers of 13 Bantu subjects
with hemochromatosis* The first group had no obvious history
of excessive dietary iron, while the Bantu had long-continued

exposure to iron-containing alcoholic drinks*
- There -



There were clear-cut differences in the histological
findings in the two groups. In idiopathic hemochromatosis
the major deposits were in parenchymal coils, and little
iron was present in portal tract phagocytes. In contrast,
the bantu showed maximal 1involvement in Kupffer cells and
portal tract phagocytes. Splenic sections, available 1in
some subjects, also showed differencos, with far greater deposit

present in the fjantu subjects.
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Figure 1; Section of liver From a patient uilith idiopathic
hemochromatosis, showing a marked increase in hemosiderin
granules in parenchymal cells, u/ith relatively little 1iron

in the portal tracts and fibrous tissue. Perl®s stain x 30.



Fj£ur8 J2s Section of liver from a Bantu patient with
hemochromatosis, showing massive accumulation of hemosiderin
granules 1in the portal tracts and fibrous tissue, and moderate

amounts in parenchymal cells. Perl®s stain x 30.
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Over 30 years have passed since it was first noted that the
majority of adult Bantu in South Africa have varying degrees of
tissue siderosis (Stbachan, 1929). These findings have been con-
firmed in a number of subsequent studies (Gittman and Gitlman,
1951; Botiiwell and Finch, 1962), and there is evidence to indi-
cate that iron overload is not only common in South Africa but also
occurs in the Bantu of Rhodesia, Bechuanaland, Nyasaland,
Mozambique (Higginson et al., 1953), and Ghana (Edington,
1959). In these various areas it is almost exclusively confined to the

Cumulative percenfoge

Fig. 1. The cumulative percentage incidence of various iron concentrations in the livers of
240 Bantu males (mean age 34 years), 40 Indian males (mean age 48 years), and 60 withe
males (mean age 40 years). All subjects died acute traum atic deaths

Bantu; it is not found in white subjects and is rare in Indians
(Fig. 1). Although the incidence and severity of the siderosis is
variable, the usual pattern is a remarkably constant one with
most of the excess iron confined to the liver and reticulo-endothelial
system (Higginson et ah, 1953).



The condition first becomes manifest in late adolescence and
reaches its greatest degree between the ages of 40 and 60 years
(Wainwiigne, 1957, Botnwerr aNd 1caacson, 1962). 1+ OCCUIS
in both sexes, hut the most severe involvement is usually found in
males. The extent of the problem in the Johannesburg area was
recently defined by estimating the chemical concentrations of iron
in the livers of several hundred Bantu adults dying in hospital

30-
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SO-59years
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LI [ ] n J o n
ao0i-a0s'0100.19 *m-awasb-as™ To-m ~0+

Iron concentration (% dryweight)

Fig. 2. Hepatic iron concentrations in Bantu males (black columns) and females (cross-
hatched columns) at various ages. (From Bothwell and |saacson, 1962. Reprinted by
courtesy of the Editor, Brit. Med. J.)

60+years

(Bothwell and Isaacson, 1962). Of the males, only 30% had iron
concentrations within the normal range, while 37% had severe
siderosis with iron concentrations in the range of those found in
idiopathic haemochromatosis. In the females, on the other hand,
results were far less striking: 75% had hepatic iron concentrations
within or just above the normal range, while only 12% showed
severe involvement (Fig. 2).

Although it is accepted that the iron overload must be the
result of increased absorption from the gut, there has been contro-
versy in the past as to why this should occur. Originally it was



postulated that there was an alteration in the behaviour of the
bowel mucosa induced by chronic malnutrition (Gitiman and
Gillman, 1951). More recently, however, it has been shown that
the Bantu diet contains large amounts of iron (Walker and
Arvidsson, 1953), and there is evidence to indicate that this is a
more likely cause of the tissue siderosis. Most of the iron is derived
from the utensils used in cooking and in the preparation of ferment-
ed alcoholic beverages (Walker and Arvidsson, 1953). Although

it is difficult to estimate the

Absorption o f25mg.iron - . .

30- P ™ actual quantities of iron being
_ ingested, analyses of various
EDFerricsa/t EDFermoussa/t alcoholic drinks have shown

a mean iron concentration of
about 4.0 mg./lOO ml. (range:
0.5 to 15). Calculations from
these figures suggest that
the average Bantu male con-
810 sumes between 50and 100mg.
irondailyin beeralone (Botn-

well et al., 1963). The high

mfid | & ] daily ironintake ofthe Bantu
Banty  White  Bantu  White  Nas also beenshown by meas-

Fia. 5 A compatison in 8 ante and white supjecrs UG the iron concentrations
of the absorption of iron in Bantu beer with 2 PreSent in faeces. When this
rous ascarmate (0 ats from Bothweil etar. 1005  Nas been done, the values
have been found to be several

times greater than in a comparable white population. In one study,
a mean figure of 144 mg./IOO g. was found in faeces collected from
males on Monday mornings as compared with a figure of 34 mg./
100 g. on Thursday mornings. These variations almost certainly
reflect the week-end drinking habits of urban Bantu. Over 80% of
the iron present in drinks is in the ionisable form, and isotopic
studies have demonstrated that it is absorbed to the same degree
as simple ferric salts, and about one-third as well as ferrous salts
(Bothwel et al., 1963) (Fig. 3). It is of interest that most Bantu
have been found to have lesser percentage absorptions than white
subjects. This can be ascribed to the fact that the majority have
varying degrees of iron overload, as it has been shown that even a
moderate increase in iron stores depresses absorption (Pirzio-
Biroli and Finch, 1960). It is, however, apparent that Bantu
ingesting 100 mg. daily in alcoholic beverages absorb enough from
this source (approximately 2-3 mg. daily) to account for the
degrees of siderosis found in middle age. The fact that isotopic



studies have not revealed any evidence of abnormally high ab-
sorption rates can be taken as good evidence that the siderosis so
commonly found in the Bantu is not the result of any intrinsic
mucosal defect.

In the earliest phases of iron overload, the iron can be detected
as haemosiderin granules in the parenchymal cells of the liver,
particularly in the periportal areas (Bothwett and Bradiow,
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Iron concentration in spleen
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Fijr. 4. A comparison of the iron concentrations in the tivers and spleens of Bantu adults
The closed circles represent males and the open circles females. (From Bothwell and Brad-
Lotv, 1900. Reprinted by courtesy of the Editor, Arch. Path.)

1960). As the condition progresses, the iron granules become dis-
persed throughout the hepatic lobules, and iron is also visible in
the Kupffer cells. When the iron concentration reaches levels be-
tween 5and 10 times normal, increasing amounts of haemosiderin
are present in parenchymal and Kupffer cells, and at this stage the
portal tracts also show involvement. With concentrations over
20 times normal, heavy deposits are usually present in all three
sites. Although it is evident that Bantu siderosis initially manifests
itself in the liver as parenchymal deposits, it is interesting to note
that the splenic concentration rises at the same time as the liver
concentration, and that with increasing levels of iron the splenic
concentrations are often greater than those in the liver (Fig. 4).
Deposits in the reticulum cells of the bone marrow are also a
feature, and the results of a recent in vivo study using an isotopic
dilution technique indicate that as much as 10 g. may be stored in
this site (Gare et al., 1963). Epithelial involvement of significant
degree is uncommon in Bantu siderosis, and the iron is usually



confined to the liver and reticulo-endothelial system, even when
marked overload is present (Higginson €t al., 1953; Isaacson et ah,
1961). The pattern in the majority of subjects is, therefore,
different from that in idiopathic haemochromatosis but is very
similar to the distribution described in animals placed on deficient
diets with heavy iron supplements (Kinney, et al., 1949).

In assessing the possible re-
lationship between iron overload
in the Bantu and tissue damage,
most attention has been paid to
the liver, since a major portion
of the excess iron is located in
this site. The results of several
studies have shown a close rela-
tionship between the degree of
overload and the presence of por-
tal fibrosis or cirrhosis (Higgtn-
son €t al., 1957 ;Gitiman et ah,
1958). For example, moderately
severe portal fibrosis or frank
cirrhosis has been found in the
great majority of livers in which
the concentration of iron was
more than 20 times normal

Iron concentration (Bothwell and Bkadlow.
(% dry weight) 1960, Bothwell and | saacson,

Fig. 5. The combined incidence of moderate-  1962)
1 Eets ST T AAASIULATI s it has been noted that sub-
O e o ata Mo oy Jects exhibiting portal cirrhosis
and Isaacson, 1962) at autopsy almost invariably
have heavy siderosis (Isaacson
et al., 1961) (Fig. 6). This is in marked contrast to the findings in
post-necrotic cirrhosis, where it has not been possible to demon-
strate any relationship with iron overload (Isaacson et ah, 1961).
These various observations all suggest that there is a close
relationship between the presence of heavy hepatic deposits of iron
and the development of a fibrous reaction in the liver. This is.
however, not the only point of interest that has emerged from these
studies. Another feature of note in cases of portal cirrhosis has been
the finding of significant epithelial deposits in a number of organs
(Bragtow et ah, 1961; I1saacson et ah, 1961). This is especially
so in the pancreas, thyroid, adrenals, pituitary, and myocardium.
The microscopic findings in such cases are, therefore, similar to



those in idiopathic haemochromatosis, and chemical analyses of
various organs have demonstrated iron concentrations in the same

FiB ft \ section of the liver from a Bantu adult with fully developed haemochromatosis.
PmiLS’ slain.VIriginal magnification 30 , From Isaacson oral 1961. Reprmted by fourth
of the Editor, .1 Laborat. Cm. Med.)

range as are found in this classic iron-storage disease (Fig. /).
Why the development of cirrhosis should be associated with an

Fin 7 4 comparison of the concentrations of iron in various organs in 20 Bantu subjects noth
severe sidcrosis and 20 Bantu subjects with severe siderosis plus portal cinliosis. (Data Horn
Isaacson et al., 1961)



iron distribution so different from that found in the majority of
Bantu is not clear. It may, however, be related to the percentage
saturation of circulating transferrin. In Bantu with siderosis but
no cirrhosis, the plasma iron level is higher than normal, but there
is, in addition, an increased amount of circulating transferrin with
the result that the percentage saturation is normal or only moder-
ately raised (Hathorn et ah, 1960). On the other hand, when
cirrhosis is present, transferrin levels tend to be lower, and the
percentage saturation is very high (Seftel et ah, 1961). It has
been shown experimentally that iron is taken up more readily by
tissues under such circumstances (Jandil et ah, 1959), and it
is therefore possible that this mechanism maybe of importance in
the transfer of iron to epithelial cells in cirrhotic subjects.
Whatever the explanation for these findings, there is no doubt
that a small proportion of adult Bantu exhibit pathological findings
indistinguishable from those in idiopathic haemochromatosis. The
similarity between the two conditions is further underlined by the
clinical manifestations (Seftel et ah, 1960). Analyses of clinical
records have shown that more than 20% of Bantu with pathological
evidence of haemochromatosis at autopsy were diabetic prior to
death (Isaacson et ah, 1961), while a recent survey of living dia-
betics has revealed that approximately 7% were suffering from
fully developed haemochromatosis (Sefter et ah, 1961). The
clinical picture in such subjects is a fairly characteristic one. The
condition is commoner in males (male to female ratio 2:1), and
the majority of subjects are between the ages of 40 and 60 years.
Al give a history of excessive consumption of alcoholic beverages.
They are almost invariably underweight, a firm hepatomegaly is
always present, and insulin is needed for control of the diabetes.
These features serve to distinguish the condition from the common
form of late-onset diabetes found in the Bantu, since this usually
occurs in middle-aged, obese females and can often be controlled by
diet or by oral hypoglycaemic agents (Seftel et ah, 1961). The prog-
nosis in Bantu subjects with haemochromatosis is poor, and death
usually results from liver failure and/or jiortal hypertension.
Although these various findings support the concept that long-
term oral iron overload in the Bantu can cause severe damage to
body tissues, it is important to stress that there are still certain
puzzling discrepancies. While it is clear that the majority of subjects
with marked hepatic siderosis develop portal fibrosis or cirrhosis, an
appreciable percentage do not do so. For example, in one study 30%
of subjects over the age of 50 years with hepatic iron concentrations
above 2.0% dry weight showed no significant portal fibrosis (Both-



well and Isaacson, 1962). A finding such as this raises the possi-
bility that iron is only a low-grade fibrogenic agent and that other
potentiating factors are often present. It is perhaps noteworthy that
the major source of iron in the Bantu is an alcoholic drink which
is adulterated in a number of ways. There is, therefore, the added
insult of alcohol on the liver together with the possible harmful
effects of the unidentified adulterants and the associated mal-
nutrition. A concept such as this would fit in with the experimental
observation that the siderotic liver is particularly vulnerable to
toxic, metabolic, and nutritional hazards (Goiberg and smith,
1960).

The preceding discussion has been primarily concerned with
the pattern of iron overload in Bantu adults and with the possible
effects exerted locally on tissues by the iron deposits when they
have been present in high concentrations for long periods. While
most attention has been directed to this aspect, there are certain
interesting associations between iron overload in the Bantu and
other diseases. These include porphyria cutanea tarda, scurvy,
and vertebral collapse. Although the incidence of porphyria
cutanea tarda is higher in subjects with siclerosis (Lamont and
Hathorx, 1960), there is no evidence that its occurrence is directly
related to the iron deposits per se, and it seems more reasonable to
suppose that the major link is the high intake of adulterated alco-
holic drinks. The relationship with scurvy is a more direct one.
Severe siderosis is almost invariably present in scorbutic Bantu
(Bothwelt etal., 1963), and the results of one recent study suggest
that it is extremely difficult to saturate such subjects with ascorbic
acid even after adequate therapy (Schuiz and Swanepoet, 1962).
These observations have led to the intriguing suggestion that
persons living on a borderline diet may be precipitated into clinical
scurvy as a result of irreversible oxidation of available ascorbic
acid by the excessive deposits of ferric iron (Schuiz and Swane-
poet, 1962). The last association is perhaps the most interesting one.
It has been recognised for several years that collapse of lumbar
vertebrae secondary to gross demineralisation of bone occurs
commonly in middle-aged Bantu males (Grusin and Samuer, 1957)
(Fig. 8). Current studies indicate that all such subjects have severe
siderosis and give a history of excessive consumption of brewed
alcoholic beverages (Sefter and Bothwernr, 1963). Although the
cause of the vertebral collapse has not yet been fully elucidated, it
is noteworthy that the calcium content of the drinks is low, while
the iron content is high. There is some experimental evidence to
show that iron and calcium compete for active transport in the
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duodenum (Manis and Schachteb, 1962), and it therefore seems
possible that the presence of excessive iron in a diet which contains
suboptimal amounts of calcium may be of critical importance in
promoting a negative calcium balance. Whatever the significance
of the association between iron overload and vertebral deformities,

Fig. 8. An X-ray plate of the lumbar spine of a Bantu male with severe sidercsis, showing a
marked diminution in bone density and vertebral collapse

it is of interest to note that the present observations are not new.
A syndrome with similar features was described almost a century
ago in Manchurian subjects (k ascnin, as cited by v iy eaa, 1939'
These people seem to derive the excess iron from well-water and at
autopsy exhibit pathological findings similar to those in the Bantu
(Hiyeaa, 1939).

Current evidence, derived from a number of different studies
over the years, indicates that a small proportion of Bantu adults
suffer both directly and indirectly from the effects of long-term oral



iron overload. At the same time it must be appreciated that the
majority exhibit only mild to moderate degrees of siderosis, and
there is no evidence that these deposits exert deleterious effects.
In fact, under special circumstances they may well be beneficial.
This is especially so in pregnancy. The mean hae noglobin level at
term in untreated Bantu females has been found to be 13 g./IOO ml.
(Gerritsen and Walker, 1954; Edelstein et ah, 1963), which
must be quite unique for a population subsisting on a diet that is
in many ways suboptimal.

Summary

The Bantu of Southern Africa consume a diet with a high iron content,
and the majority of adults at autopsy show varying degrees of tissue siderosis.
Isotopic studies suggest that the iron overload is directly related to the high
intake, and there isno evidence to indicate any abnorm ality in gut behaviour.

In most Bantu the iron deposits are confined to the liver and reticulo-
endothelial system. The distribution is, therefore, different from that found
in idiopathic haemochrom atosis. In the liver there is a fairly close correlation
between the degree of siderosis and the presence of significant portal fibrosis
or portal cirrhosis. This is especially so when the iron concentration is above
2.0% dry weight. When portal cirrhosis is present, the distribution of iron
is different from that normally found, since epithelial deposits in a number of
organs are invariably present. In this small group of cases, the histological
findings and chemical concentrations of iron in organs such as the liver,
pancreas, adrenals, thyroid, pituitary, and heart are very similar to those
found in idiopathic haemochromatosis. In addition, clinical manifestations
are also similar, and insulin-dependent diabetes is often present.

Although the findings in severe Bantu siderosis support the concept
that long-term oral iron overload is noxious to tissues, there are enough
exceptions to suggestthatadded factors, such as alcoholism and malnutrition,

may be important aggravating factors.

Zusammenfassung

Die Nahrung der siidafrikanischen Bantus ist sehr reich an Eisen, und
die Mehrzahl der zur Sektion gelangenden Erwachsenen zeigt verschiedene
Grade von Gewebssiderose. Untersuchungen mitradioaktivem Eisen sprechen
dafiir, dafi die Uberladung des Organismus m it Eisen in Beziehung zur hohen
Einnahme steht und nicht auf einer abnormen enteralen Resorption beruht.

In den meisten Fallen beschranken sich die Eisendepots auf die Leber und
aufdas retikulo-endotheliale System . Die Verteilung unterscheidet sich som it
von der bei der idiopathisohen Haemochromatose gefundenen. In der Leber
besteht eine recht enge Korrelation zwischen dem Grad der Siderose und
dem Vorliegen einer deutlichen portalen Fibrose oder Zirrhose. Dies ist be-
sonders der Fall, wenn der Eisengehalt der Nahrung liber 2% ihres Troeken-
gewichtes liegt. Ist eine portale Zirrhose vorhanden, so unterscheidet sich
die Verteilung von Eisen von der normalerweise gefundenen dadurch, dafi
regelm afiig Ablagerungen in den Epithelien verschiedener Organe auftreten.
Bei dieser kleinen Gruppe von Patienten sind die histologischen und bio-
chemischen Befunde in verschiedenen Organen — Leber, Pankreas, Neben-
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nieren, Schilddriise, Hypophyse und Herz — sehr ahnlich wie bei der idio-
pathischen Haemochromatose. Auch die klinischen Erscheinungen sind
vergleichbar, und oft ist ein Insulin-empfmdlicher Diabetes vorhanden.

Obgleieh die Beobaehtungen bei den Bantus mit schwerer Siderose dafiir
sprechen, dafi die langdauemde Zufuhr groBer Mengen von Eisen in der
Nahrung die Gewebe schiidigt, gibt es geniigend Ausnahmen, die darauf
hinweisen, daB zusatzliche schadigende Faktoren wie Alkoholismus oder
Mangelernahrung ebenfalls von Bedeutung sind.

Resume

Le regime des Bantous d’Afrique du Sud a une haute teneur en fer,
et la majorite des adultes presente a I’autopsie une siderose plus ou moins
marquee des tissus. Des etudes radio-isotopiques suggerent que la surcharge
en fer est en relation directe avec I’apport eleve, et il n’y a aucune raison
d’invoquer une anomalie dans le comportement de I’intestin.

Chez la plupart des Bantous les depots de fer sont localises au foie et au
systeme reticulo-endothelial. Leur distribution est done differente de celle
trouvee dans I’hemochromatose idiopathique. Dans le foie, il existe une
relation assez etroite entre le degre de la siderose et la presence d’une fibrose,
ou d’une cirrhose portale importante. C’est en particulier le cas quand la
concentration du fer depasse 2,0% du poids sec. Quand il existe une cirrhose
portale, la distribution du fer est differente de celle trouvee normalement,
puisque des depots epitheliaux sont invariablement retrouves dans un certain
nombre d’organes. Dans ce petit groupe de cas, les constatations histologiques
et les concentrations chimiques du fer dans des organes tels que le foie, le
pancreas, les glandes surrenales, la thyroide, I’hypophyse et le coeur sont
tres semblables a celles trouvees dans I’hemochromatose idiopathique. De
plus, les manifestations cliniques sont egalement semblables, et un diabete
insulino-sensible est souvent present.

Bien que ces constatations dans la siderose grave du Bantou soient en
faveur de la conception selon laquelle la surcharge perorale de fer au long
cours est nocive pour les tissus, il existe des exceptions, assez nombreuses
pour que l’on soit amene a penser que des facteurs surajoutes, comme
I’alcoolisme et la malnutrition, peuvent jouer un role aggravant important.
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Iran exchange between wan and hia environment Is
normally very small in proportion tu the total body 1iron
coritant of between 3 and 4 grams* In the adult mala too total
loss from exfoliated colls and aocrotions is butuoan a half one
ono milligram daily. Thasa losses aro matched by tho
absorption of iron from food, so that the total iron
content of the body tends to remain fixed within relatively
narrow limits. This delicate balance appears largely to
depend on tho behaviour of the absorbing cello of the upper
gastrointestinal tract which can modify their behaviour
according to tho needs of the individual. Thus the
absorption rate tonds to rise when the body is depleted of
iron and tends to fall when body stores are larger then
normal. Thore are, however, certain situations in which
normal iron balance becomes disturbed and an absolute
Increase in tho total quantity in the body occurs.

Iron overload may arise In one of three ways.

It is either due to excessive absorption from the gut

or to the introduction of iron via the parenteral route

or to a combination of both factors. Tho extra iron 1is
guantitatively deposited In various tissues as the storage
compounds Tferritin and heemosidorin, and If tho positive
balance occurs for long enough tha total body iron content

may eventually reach Figures of more than 1C times normal.

In



In assessing the significance of the various
forms of iron overload it is first necessary to consider
the pbrt of entry of the iron since there is soma evidence
that this may influence not only its initial localisation
but also its ultimata effects (Bothuell and finch, 1962).
Iron absorbed from the gut is delivered via the plasma of
the portal system to the parenchymal colls of the livor
whereas iron released from tbu breakdown of donor red
ceils or from injocted colloidal complexes 10 released
within reticuloendothelial cells. Uhilo 1t is clear that
there is a subsequent rodiotribution of iron from it®
initial sites of deposition the association of oral overload
with parenchymal deposit® and parenteral overload with
retieuloondothulial deposits represents a helpful dividing

line between tho two condition®.

Oral Iron Overload.

In any discussion of oral overload it iI® customary
to consider fTirst the classical 1iron storey® disease,
idiopathic haomochromatosis, since the wollknown pathological
and clinical manifestations of the condition have been
recognised and studied for many years. In the past, the
condition has boon regarded as a lifetime metabolic disorder
associated with excessive absorption of iron from the gut
(finch and finch, 1955). The extra iron is distributed in

many tissues of tho body and the clinical manifestation®

- such -



such es portal cirrhosis, diabetes and cardiac failure
have boon regarded as being directly attributable to the
heavy deposits of iron present in tho liver, pancreas and
heart, Tharo are, however, curtain disadvantages to
considering idiopathic haetnochromatosis as a prototype of
tho long range effects of increased absorption of iron from
the gut since virtually nothing is known of the metabolic
and pathologic finding® in that long latent period, possibly
stretching ovor half a lifetime, during which iron is
accumulating in the body* It is because of these gaps in
current knowledge that it is probably more profitable to
consider Tfirst tho sidoroois which occurs so commonly in
the adult Bantu of Southern Africa since it hoe been possible
to study this condition at all stages of i1ts development*
Iron Overload in tho bantui Tho etiology of the
condition seams moderately cluarcute It occurs as a result
of long continued exposure to a diot containing too much
iron. This 1iron is derived from cooking pots and, more
important, from tho drums usod in the preparation of
Fermented alcoholic drinks ("ialkor and Arvidsson 1953}
Oothwell ot al, 1964)* Thi3 moans that thusa individuals
with the most severe grades of sideroais tend also to be those
with the largest alcohol 1intakes* Although it is difficult
to calculate accurately tho rate of which overload develops
in those subjects, calculations basod on tho chemical

concentrations



concentrations of i1ron present iIn tha various tissues of
different ago groups suggest that the positive daily
balance i1s not often more than 2 to 3 milligrams* At the
seme time it should be emphasised that such a modest daily
increment is enough to explain deposits in late middle age
as great as those found in i1diopathic haomochronatosis.

From a pathological point of view the findings in
Bantu are very constant (Bathed! and Bradlow 1960)* In
the earliest phases of i1ron overload haemooidurin granules
can be detected iIn the parenchymal cells of the liver and in
Kupffar colls* With concentrations between 5 and 10 times
normal increasing amounts of haemooidorin are present in
those situs and at this stag® the portal tract® also show
involvement* With concentrations over 20 time® normal
heavy deposits are present throughout the liver* Splenic
deposits are also present from an early stage, and with
increasing levels of i1ron the splenic concentrations are
often higher than in the liver (Higginaon ot al* 1953%
Oothwoll and Urudlou 1960)* Deposits in the reticulum cell®
of the bone marrow are also a feature and results of a
recent iIn vivo 1isotopic study indicate that as much a®
10 grams of iron may be stored in this site (Gale ut al*
1963)* Iron deposits elsewhere are not a feature, and the
majority of subjects thus ahnu a characteristic pattern, with

the major impact on the parenchymal cells of the liver and on
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the roticuloondothaiial oyoten. Thio parenchymal involvement
of tho liver is presumably duo to the direct deposition of
newly absorbed iron transported by the portal system from the
gut* To explain the reticulaondothoiial deposits 1is, however,
more difficult. There ouam to bo too major possibilities.

In tho first, iron i3 delivered directly from plasma to
reticuloendothelial cells. However, there is experimental
evidence to shoo that these cells have only o very limited
capacity to remove iron from plasma {Zail at a!. 1964). The
second possibility scorns tho more likely ono. tilth increased
amounts of i1ron entering tho plasma from the gut and being
taken up by red coll precursors in tho bona marrow there is

a slight decrease in tho quantities of iron released oach

day by reticuloendothelial colls. In this way a steady
build-up of iron derived from broken down rod colls would

be anticipated in the reticuloendothelial system.

In assessing tho relationship between iron overload
in the Bantu and tissue damage it is most helpful to consider
tho livor findings since this organ contains the largest
deposits of iron. Several studies have shown a close
relationship between the degree of overload and tho presence
of portal fibrosis or cirrhosis (Higginson et al* 1957%
Gillmon ot al* 1958). For example, moderately severs portal
fibrosis or frank cirrhosis has been found to be present in
the majority of livors in which tho concentration of iron is
more than 20 times normal. (flothwell and Hrudlau 1960}

- Bothuell -



Elothwsll and Isaacson 1962)* In addition, it has boon

noted that subjects exhibiting portal cirrhosis at

necropsy almost invariably have iron overload (lsaacson
at al* 1951)* Bucb patients shoo another interesting
feature, and that is tfis presence of epithelial deposits in
a number of organs* This is especially so in the pancreas
but significant quantities are also present in the thyroid,
adrenals, pituitary and myocardium* bhy tho development of
cirrhosis should be associated with uptake of iron by
epithelial tissues 10 not known but probably relates to the
high percentage saturation of circulating transferrin at
this stage of the condition, since there 1Is sons? experimental
evidence that this facilitates the uptake of iron by
epithelial tissues* Of clinical interest is the fact that

a proportion of such subjects suffer from insulin-dependant
diabetes* Analysis of clinical records has shown that
approximately 20 per cant of Bantu with pathological evidence
of haemochrosmtools at necropsy were diabetic prior to death
(lsaacson Ot al* 1951), while e survey of living Bantu
diabetics attending a hospital outpatients* department has
revealed that approximately 7 per cent were suffering From
haemochromatosis (Seffcel ot al* 1961). These findings are
compatible with the thesis that the presence of excessive
iron in epithelial tissues is of pathological signifanco*

Idiopathic Haemochromatoaiat When the various findings

- In



in Oantu subjects with sovuru iron overload are related to
thus© in idiopathic hauraochrometoeis there are obvious*
similarities, the oast notable of Ofilch is the association

of heavy porimcbymal deposits in the liver and pancreas with
portal cirrhosis and diabetes respectively* In fact, tho
similarity between the tuo conditions has raised tho question
oa to whether idiopathic haofiochroraatoelo is a specific
metabolic disorder* Instead it has been suggested that it

is no more than a variant of a nutritional cirrhosis
occurring in subjects exposed to a largo intake of iron end
alcohol (fineDonald 1964)* There or©® several points in favour
of this thesis* In tho first place It is known that note
than 3f,4 of patients tilth so-called Idiopathic haeaochromatoeie
admit to an increased alcohol Intake (finch and finch, 1955),
and iIn earn* series the figure has boon much higher

(ftacJonald and thsliory 1960)* Secondly, there is the recant
observation that & largo number of American and furopean
wines contain significant amounts of iron (MacDonald 1963)*
On this basis it has boon calculated that many alcoholics
have an iron intake several times normal* Further evidence
indicates that the alcohol itself nay have a dual action*
Apart from Its uollknoun relationship to tho development

of cirrhosis, current studies indicate that It increases

the absorption of ferric iron narkudly (Charlton Ot el* 1964)*

Cven mors support for the tie-up between increased consumption

- of -
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of alcohol and iron overload 1is provided by tho recent
observation that subjects with chronic liver disease
(Callender and Sulpas 1963) or chronic pancreatitis
(Davis and Hadonoch 1962)# both of which ora cannon
sequela® of alcoholism, absorb i1ron excessively from the
rjufc*

ilfch all this iImpressive array of evidence
Marshalled against it the question arises as to whether
idiopathic haeraachromatosio survives as a nosological
metabolic entity* There ore several observations which
suggest ..that it does* for example, there arc clear-cut
but as yet unexplained differences between the distribution
of 1ron In subjects with Ildiopathic hoomoehrowatouia and
subjects such as the Bantu who ore exposed to a diet con-
taining an excess of i1ron and alcohol. As mentioned
previously the Bantu show prominent reticuloendothelial
deposits at all stages, and in those with fully developed
haomochroraatosis splenic deposits aro striking (Higginaon
©t al, 191331 Buthwoll and Bradlow 1960} Isaacson ot nl*
1961), Similar findings to those in the Bantu have boon
reported in animals after long continued exposure to a
deficient diet containing an excess of i1ron (Hillman et
al* 1959)* In contrast, reticuloendothelial deposits aro
not a.striking feature in idiopathic hosatochromatosls and

this is reflected by the low concentrations of iron usually

present



present in the spleen at necropsy (MacDonald, 1964). A
rinding such ae thia raises the question as to whether there
nay nut be sumo alturatlon in reticuloendothelial function

in idiopathic haonochromatosis* Thia i3, however, only
speculative at the present tine. Apart from the histological
findings there are other features uhieh suggest that
idiopathic hsemochramatusio is a specific disorder* TfTirstly,
it should bo emphasised that a largo number of reported
patients with the disease have not boon alcoholic, and no
other source of excessive dietary iron has been uncovered

in these cases. Secondly, thore are several family studies
in which varying degrees of iron overload have been
demonstrated in relatives of patients with haomochromatosis
(dothuell et si. 1959! Lillians et el. 1962), thus supporting
the concept of an inherited metabolic disorder. Thra fact
that only a proportion of siblings living in the same household
have shown increased stores can also bo takon as evidence
against the idea that some environmental factor, such as o
high dietary intake, is ossontial in pathogenesis. Thirdly,
it has bson possible to show on abnormally high absorption
of rsrfioiron in some patients with tho fully developed
dissass (finch and finch, 1955). This is especially so in
young subjects, and tho foilure to demonstrate increased
absorption in some older patients may uoll bo duo to tho
inhibitory effect exerted by tho enormous 1iron stores.

Support for this contention has boon provided by ths finding
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of very high absorption rates in such individuals eftor
reduction of stores by repeated phlebotomy (Plrzio-Oiroli
ot el* 19501 Crosby et al. 1363). This has been noted at
a tins whan the haemoglobin level uas normal and the serum
iron# normal or even raisud.

Uhiic there are, therefore, several pointers to
the existence uf a specific metabolic disorder associated
with increased absorption from the gut the nature of the
underlying defect remains uncurtain. Is there some change
within the lumen? The fact that chronic pancreatic disease
leads to Increased absorption (Davis and Oadenoch, 1962) is
certainly compatible with this thesis as 13 the observation
that the volume of pancreatic Juice aftar secretin stimulation
is abnormally increased in the disorder (Parks and Bank 19637
Parmar. and Genera 1964), In addition, there is suggestive
evidence that increased iron absorption in affected individuals
can be ruducod by the administration of pancreatic extract
(Biggs and Davis 1963), A second possible site for the
defect in idiopathic haeraochromatoais is the mucosa of the
upper gastrointestinal tract# Recent work from several
laboratories has given soma insight into the way in which
absorption is regulated at the mucosal cell level (bhoby and
Crosby 1963; Charlton ot al. 1363). There appear to bo at
least two phases in the absorptive process. Some of the 1iron
takun up moves rapidly across the call, probably as a small
molecular complex (Broun and Rother 19635« However variable

- amounts -



amounts aro incorporated into forritin within the absorbing
mucosa and undur certain circumstances this iron is not
available to the body and is lost when tho colls exfoliate.
Deviation of iron into forritin occurs especially when the
body 1is replete. It thus represents a mechanism which
servos to protect tho body from excess iron. While it

is not difficult to visualise how minor derangements in this
mechanism could lead to progressive iron overload thure i3
as yet no positive evidence to support this idea. IT the
defect in idiopathic haemochromatosia does not reside in tho
lumen of the gut or in mucosal colla could it perhaps lie 1in
an abnormal avidity of other tissues in the body for iron?
Since iron in transport 1is carried on a specific protoin,
transferrin, studios have been carried out to try to find
out whether tho protein 1is abnormal. This has been done
using electrophoretic, salting out and immunoprecipitin
techniques, but with negative results (Outhwoll et al.

1962). Tfinally, tho possibility exists that the liver,
which 1is the chief storage organ for 1iron, ha3 an abnormal
affinity for the motal 1iIn the disorder and that tho iIncreased
absorption from tho gut i3 secondary to this. However,
although minor derangements 1in hepatic iron kinetics have
boon noted in one study (Pollycove 1964), other evidence
indicates that tho livor has no abnormal propensity to tako

up iron in subjects with haemochromatosis after tbair stores

have



have bean removed (Pinch and Pinch, 1955).
Iron Overload in Pofractory Anaemias*
With all the confusion that surrounds tha
different forms of oral iron overload it is not surprising
that there is sone controversy as to tho significance* of

the sidorosis which has boon noted in a number of refractory

anaemias* The condition was Tirst recognised as a consaquunco

of tho administration of repeated blood transfusions* Under

these circumstances the major impact might bo anticipated on

tho roticuloondotholiai system sinco donor blood is eventually

brokon down in this site* In fact, an iron distribution of
this typo is often a foaturo in subjects with hypoploetic
anaemias who have received many blood tronsfusions (Oliver
1959% nothwoll and finch 1962). This con largely bo ascribed
to tho fact that iron turnover through tho plasma is
diminished in such subjects with tho result that
redistribution of iron from tho initial sites of deposition
tends to bo slow. Analysis of tho reported findings In such
subjects suggests that tho roticuloondotholiai system can
tolerate largo quantities of iron vary well, and cirrhosis
is extremely rare in patients with hypoplastic anaemias* ovon
after massive transfusion therapy* This finding is also in
agreement with experimental data in dogs which wore follouod
for several years after tho administration of largo amounts
of parenteral 1iron (brown ot al* 1957).

Uhon 1interest had boon arousod in so-callod
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transfuaional sidarosis it soon became apparent that a

number of subjects with refractory anaemias had considerably
more iron in their bodies at necropsy than could be accounted
for by donor blood* Subsequent investigations have defined
this group more clearly. It includes a large number of
chronic anaemias in which tha only common denominator is a
hyperactive bone marrow (Oomford and Khoods, 1941%$ Dothwall,
1953). Since the extra iron can only be derived from the

gut i1t i1s apparent that iron absorption must bo increased

in such anoomiaa* Although this is consistent with the
experimental observation that absorption is enhanced when

the bone marrow is stimulated acutely (Oothwoll et al* 1958),
it is noteworthy that high absorption rates ore not a feature
in ail chronic haofaolytic states. Increased absorption only
seems to occur in those refractory anaemias in 1iuiice> there

iIs a largo element of ineffective erythropoietic activity
(Kent and Popper 1960). It is thus common in thalassaemla
major and other refractory hypochromic anaemias (Erlandson et
al. 1962). In subjects with such conditions absorption is
not only increased but iron medication is often mistakenly
given at ono stage or another and this almost certainly
contributes further to the iron overload (Jyatt 1956).

The eventual distribution of iron in the bodies of such
individuals is obviously a complex ono since many also
require blood transfusion therapy. As in other forms of

- oral -



oral overload, a large portion of the iron absorbed from

the gut ia laid down in the parenchymal colls of the liver

and in tho reticuloendothelial system. Reticuloendothelial
doposits are also increased as a result of the breakdown

of donor blood in this site* In addition, epithelial

deposits iIn organs ouch as the pancreas ore a feature in

the majority of subjects with severe sideroois. The off-
loading, of iron into such tissues 1iIs presumably a reflection
of the fact that circulating transferrin is saturated with
iron and tho plasma iron turnover 1is increased. Although it
is difficult to judge the percentage incidence of secondary
organ damage 1in patients of this type reported in tho
litoratura it is noteworthy that cirrhosis appears to have
been present in a large proportion (Uothuell and finch, 1962).
Since portal cirrhosis is such an uncommon Tfeature in
tranofusional siderosis nor so it seems reasonable to

suppose that tho oral route of entry of the iron, and hence
its cellular localisation, 1is of primary importance 1in
determining possible secondary effects (Kent and Popper 1960).

Summary of Relationship between Iron Overload and
Tissue Damage.

from tho available evidence it would appear that
iron overload of severe degree is potentially harmful to
tissues. This relationship is, however, only a feature

whan tho 1iron is present in parenchymal colls. A
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distribution of thia typo implies that the excessive 1iron

has boon derived from the plasma, and it is therefore most
prominent in ail those situations inhere absorption from the
gut is increased. This 1is best exemplified in the disease
idiopathic haomochromatosis in which very characteristic
clinical and pathological findings eventually develop.

Similar Findings are found in a proportion of Bantu who
consume a diot with a high iron content and in subjects

with refractory anaemias who hove hyperactive, but ineffective
erythroid marrow activity. In all these conditions uptake of
iron by epithelial tissues appears to bo facilitated by a
high percentage saturation of circulating transferrin.

In spite of those various associations there are
still unexplained discrepancies, for example, there is no
doubt that a proportion of Oantu with massive hepatic
deposits show little or no tissue damage. On available
evidence it is therefore necessary to postulate that other
factors may influence the rota at which such changes develop.
Of such factors, alcoholism with i1ts associatod malnutrition,
is certainly the most important, but others such as viral
hopatitis, may possibly contribute under certain circumstances.
Approach to Therapy* national therapy is directed towards
the removal of the excessive iron (finch and Finch, 1955).
In idiopathic haomochromotcjsis this is most effectively
achieved by repeated phlebotomy. Such therapy 1is, however,

not -



not usually feasible in patients with refractory anaemia®
and alternative methods must therefore be tried. At present
the most effective of these is the chelate dcaforrioxamine
(ffioeachlin and Lichnidcr, 1964). On such therapy it is
usually possible to mobilise between 10 and 20 mg. daily.

To what extent the removal of excess iron altars
the prognosis in the various forma of iron overload is not
yet clear. While there is a growing body of evidence that
phlebotomy regimes ameliorate the course of idiopathic
haemochrowatcrsis there is as yet no reported study in which
it has been unequivocally shown that tbs life span of
affected individuals is increased (dothwall and finch, 1962).
In spite of this, current results are promisintj enough to
indicate that affected individuals should be advised strongly

to undergo ouch therapy.
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