
IRON METABOLISM
AND ANEMIA

PAN AMERICAN HEALTH ORGANIZATION

Pan American Sanitary Bureau, Regional Office of the

WORLD HEALTH ORGANIZATION

1969



IRON METABOLISM AND ANEMIA

Proceedings of a symposium
held during the Eighth Meeting

of the
PAHO Advisory Committee on Medical Research

9 June 1969

Scientific Publication No. 184

PAN AMERICAN HEALTH ORGANIZATION
Pan American Sanitary Bureau, Regional Ofice of the

WORLD HEALTH ORGANIZATION
525 Twenty-third Street, N.W.

Washington, D.C. 20037, U.S.A.

1969





PAHO ADVISORY COMMITTEE ON MEDICAL RESEARCH

Dr. Hernán Alessandri
Ex-Decano, Facultad de Medicina
Universidad de Chile
Santiago, Chile

Dr. Otto G. Bier
Director, PAHO/WHO Immunology Research

and Training Center
Instituto Butantan
Sao Paulo, Brazil

Dr. Roberto Caldeyro-Barcia
Jefe, Departamento de Fisiopatología
Facultad de Medicina
Universidad de la Repúiblica
Montevideo, Uruguay

Dr. Philip P. Cohen
Chairman, Department of Physiological Chemistry
The University of Wisconsin
Madison, Wisconsin, U.S.A.

Dr. René Dubos
Member and Professor
The Rockefeller University
New York, New York, U.S.A.

Dr. Herman E. Hilleboe
Director, Division of Public Health Practice
School of Public Health and Administrative

Medicine
Columbia University
New York, New York, U.S.A.

Dr. Bernardo A. Houssay
Director, Instituto de Biología y Medicina

Experimental
Buenos Aires, Argentina

Dr. Robert Q. Marston
Director, National Institutes of Health
Bethesda, Maryland, U.S.A.

Dr. Walsh McDermott
Chairman, Department of Public Health
Cornell University Medical College
New York, New York, U.S.A.

Dr. James V. Neel
Chairman, Department of Human Genetics
University of Michigan Medical School
Ann Arbor, Michigan, U.S.A.

Professor Roger Revelle
Harvard University
Center for Population Studies
Cambridge, Massachusetts, U.S.A.

Dr. Marcel Roche
Director, Instituto Venezolano de Investigaciones

Científicas
Caracas, Venezuela

Dr. John C. Waterlow
Director, Tropical Metabolism Research Unit
University of the West Indies
Kingston, Jamaica

Professor Abel Wolman
Emeritus Professor of Sanitary Engineering and

Water Resources
The Johns Hopkins University
Baltimore, Maryland, U.S.A.

Dr. Salvador Zubirán
Director, Instituto Nacional de la Nutrición
México, D.F., Mexico

Dr. M. Martins da Silva, Secretary
Chief, Department of Research Development

and Coordination
Pan American Health Organization
Washington, D.C., U.S.A.

PAN AMERICAN HEALTH ORGANIZATION
Pan American Sanitary Bureau

Dr. Abraham Horwitz, Director

iii



Symposium on

IRON METABOLISM AND ANEMIA

Moderator: Dr. Marcel Roche

PARTICIPANTS

Dr. Joginder Chopra
Department of Health Services
Pan American Health Organization
Washington, D.C., U.S.A.

Col. Marcel E. Conrad
Department of Hematology
Walter Reed Army Institute of Research
Washington, D.C., U.S.A.

Dr. James Cook
Department of Medicine
University of Washington School of Medicine
Seattle, Washington, U.S.A.

Dr. William H. Crosby
Department of Medicine
New England Medical Center Hospitals
Boston, Massachusetts, U.S.A.

Dr. Clement A. Finch
Division of Hematology
University of Washington School of Medicine
Seattle, Washington, U.S.A.

Dr. Yaro Ribeiro Gandra
Departamento de Nutrico
Faculdade de Higiene e Saúde Pública
Sao Paulo, Brazil

Dr. Pauline M. Harrison
Department of Biochemistry
The University of Sheffield
Sheffield, England

Dr. John J. Kevany
Department of Health Services
Pan American Health Organization
Washington, D.C., U.S.A.

Dr. Miguel Layrisse
Sección de Fisiopatología
Instituto Venezolano de Investigaciones

Científicas
Caracas, Venezuela

Dr. Luis Sánchez-Medal
Instituto Nacional de la Nutrición
México, D.F., Mexico

Dr. Carl V. Moore
Department of Internal Medicine
Washington University School of Medicine
St. Louis, Missouri, U.S.A.

Dr. Marcel Roche
Instituto Venezolano de Investigaciones

Científicas
Caracas, Venezuela

Dr. M. Martins da Silva, Secretary
Department of Research Development

and Coordination
Pan American Health Organization
Washington, D.C., U.S.A.

iv



CONTENTS

Page
Opening Statement M arcel Roche ..................................................... 1

The Biochemistry of Iron Pauline M. Harrison ........................................ 2

The Control of Iron Balance by the
Intestinal Mucosa William H. Crosby ........................................... 21

The Role of Protein in Iron
Absorption Marcel E. Conrad .................................................. 27

Intersubject and Intrasubject Variation
of Iron Absorption James D. Cook ............................................. 35

Iron Absorption from Food Miguel Layrisse ........................................... 38

Iron Losses Clement A. Finch ....................................................... 43

General Discussion ............................................................... 46

Human Iron Requirements Carl V. Moore ............................................ 50

Iron-Deficiency Anemia in Latin American
and Caribbean Populations Yaro R. Gandra ..................................... 56

Iron Deficiency in Pregnancy
and Infancy Luis Sánchez-Medal ................................................ 65

The Relationship Between Hookworm Infection
and Anemia Marcel Roche ..................................................... 72

Prevention of Iron-Deficiency
Anemia loginder Chopra ...................................................... 78

General Discussion ............................................................... 81

v



OPENING STATEMENT

Marcel Roche, Moderator

It would be safe to say, without any statistics at hand, that 1,000 million
people in the world are iron deficient, and many of them actually have
anemia. The problem is most acute in tropical areas, and anemias,
particularly iron-deficiency anemias, are rampant in all the tropical
and subtropical zones of the Americas.

The attempt in this symposium is to present, in a short time, a general
view of iron metabolism, extending from the basic concepts of chemistry
and biochemistry to the epidemiological and therapeutic aspects of the
problem.

Specifically, we shall start by taking a look at basic aspects of hemo-
globin transferrin-ferritin metabolism on the whole. Next, there will be
four papers dealing with the question of absorption of iron-possibly the
single most important influence on the production of iron-deficiency
anemia. The subject will be approached from the point of view of
mechanisms at the intestinal level; the effect of protein depletion-
obviously very important to us, since many of the populations we are
interested in are protein-depleted; intersubject and intrasubject variations;
and findings to date on iron absorption from specific staples. After this,
the old question of iron requirements will be dealt with.

Turning to epidemiology, the particular aspects of iron deficiency and
anemia that bear on the Western Hemisphere will be considered. Also,
these matters will be looked at as they affect pregnancy and infancy. The
relationship between anemia and hookworm disease will then be touched
on briefly. The concluding presentation will round out the matter by
dealing with the treatment and prophylaxis of iron deficiency.
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THE BIOCHEMISTRY OF IRON.

Pauline M. Harrison

Structure and function in biological
iron compounds

The biochemistry of iron may be divided
broadly into three interrelated aspects: the struc-
ture and function of biological iron compounds,
their synthesis and turnover, and the metabolic
and functional relationships among the various
iron compounds. The present symposium is
largely devoted to human iron metabolism: the
body's requirements for iron, its absorption from
food, the turnover of iron compounds and the
maintenance of an iron balance, and the effects
of iron deficiency. This paper will concentrate
on the structural and functional aspects of iron
compounds, principally hemrnoglobin and myo-
globin, ferritin and hemosiderin, and transferrin.
Their syntheses and metabolic interrelationships
will be touched on briefly.

Free ionic iron does not occur to any signifi-
cant extent in living organisms because of its
tendency to form complexes with many organic
compounds. Since quite low concentrations of
ionic iron are toxic, this has the biological ad-
vantage of enabling iron to be stored, trans-
ported, or utilized in nontoxic forms. The bio-
chemistry of iron is therefore the biochemistry
of the complexes of which it forms a part. The
presence of iron atoms may confer on these
complexes certain properties, such as the capacity
to combine reversibly with oxygen or the ability
to accept and donate electrons. These properties
acquired through the presence of iron atoms may
in turn be profoundly modified by the environ-
ment provided for the iron by the complex-

reversible combination with oxygen being a case
in point. The effect of the complex may be to
allow the iron to function in a specific and
controlled manner.

A neutral iron atom contains 26 electrons, 18
of which occur in the closed shells of the argon
core. When ionized, two (ferrous) or three
(ferric) of the outer electrons are removed, leav-
ing the inner electrons unchanged. The spins of
the outer electrons may be aligned in a variety
of different ways, giving rise to differences in
magnetic properties. Thus ferric iron, Fe3+, has
five outer electrons. In high-spin compounds,
these have all their spins parallel to one another,
giving a large magnetic moment. In low-spin
compounds, four of the electrons are aligned in
two antiparallel pairs, leaving a single unpaired
electron and hence a small magnetic moment.
Ferric iron with three unpaired electrons is less
common. Ferrous iron normally has either four
or no electrons unpaired.

The biological properties of iron complexes
may depend not only on the presence of a local-
ized center of positive charge but also on the
tendency of iron to form directional covalent
bonds with organic ligands. These ligands are
often, but not always, arranged in the form of
an octahedron around the iron atom. The nature
and arrangement of the ligands affect the distri-
bution of the outer electrons in the iron atom
and, in particular, the way their spins are paired,
enabling the iron to play a variety of roles. The
correlation between electronic configuration and
function has been discussed by Eichhorn (43).
The atoms that are commonly linked to iron are
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N (e.g. histidine or pyrrole), O (e.g. 02 or

tyrosine) and S (e.g. thiol). The nature of the

chemical groups not in the immediate coordina-

tion sphere of the iron atom, but surrounding

it, may also be of functional importance. This

is shown dramatically by the difference in be-

havior of the heme iron in hemoglobin as com-

pared with that in free heme. The protein in

myoglobin and hemoglobin provides the heme

group with a nonpolar environment, which
allows the ferrous iron at its center to combine

with molecular oxygen without itself becoming

oxidized, a property not shared by free heme

groups (87, 128) or by free Fe2+ .

The iron atoms may also affect the properties

of the compounds to which they are attached.

Thus iron-transferrin (47) and ferritin (104)

are more stable to heat and other denaturing

agents and more resistant to attack by proteolytic
enzymes than are their apoproteins. This may

help to prevent a build-up in the cell of the

protein moiety in amounts greatly in excess of

the available iron. The increased stability con-

ferred by iron-binding may result from confor-
mational changes in the protein. This is prob-

ably true for transferrin (47, 94) and for the

bacterial nonheme iron protein, rubredoxin, in

which an iron atom, coordinated to four thiol

groups, forms a bridge between remote parts of

the primary structure in a manner analagous to

that of a disulphide bond (11). The addition

of heme to globin alters the conformation of the
latter, increasing its helix content by 10 to 20

per cent (26, 76). The binding of a gaseous

ligand to hemoglobin iron causes a physiologi-

cally significant change in quaternary structure

(116), as discussed below. Conformational

changes in the protein of transferrin induced by

iron-binding and by binding of the protein to

cell membranes may play a role in the control

of iron metabolism (53). On the other hand,

the addition of 4,000 or more iron atoms to the

molecule has little effect on the structure of

apoferritin (51, 68).

Biological iron compounds form a very diverse

group, both structurally and functionally. It is

convenient to classify them into those that con-

(proto)heme IX

(a)

z
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FIG. 1. (a) The structure of the heme group (ferro-
protoporphyrin IX) as found in hemoglobin, myoglobin,
catalase, and peroxidase. In cytochrome c a similar group
is attached to the protein by addition of two cysteine
thiol groups to the two vinyl groups of the protopor-
phyrin. The four protoporphyrin nitrogen atoms form a
square planar arrangement to which the iron is coordi-
nated. The iron atom may also be attached to other
groups on either side of this plane. In deoxymyoglobin
and deoxyhemoglobin the ferrous iron atom is coordi-
nated only to five ligands in a square pyramidal arrange-
ment, as shown in (b), with histidine nitrogen occupy-
ing position Z. The iron atom is displaced at least 0.3A
from the protoporphyrin plane in the direction of the
histidine nitrogen. In oxymyoglobin and oxyhemoglobin
the oxygen molecule occupies a position on the side of
the plane opposite to Z (like Z' in (c)). In cytochrome
c the iron atom is attached to six ligands arranged at the
corners of an octahedron and is probably centered in the
plane of the nitrogens as shown in (c) (31).

tain heme (27, 30, 31, 45, 90, 101, 119) and

those that do not (29, 47, 89, 100, 118, 147).

Free heme (Figure 1) does not occur in quantity
in animal tissues; it becomes incorporated into
proteins or is broken down.

Heme proteins include the very widely dis-

tributed proteins of the cytochrome system (90,

101), which occur in virtually all organisms

except anaerobic bacteria, and function as an

electron transport chain associated with oxidative

phosphorylation in mitochondria. Of the cyto-

chromes, c, a protein of molecular weight 12,400

containing a single heme, is the best character-

ized. Unlike that of hemoglobin, its proto-
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porphyrin ring system is covalently linked to the
protein (by thioether links with two cysteine
residues). The fifth and sixth sites of the octa-
hedrally coordinated heme iron are occupied by
histidine, and probably methionine, and the
heme group is situated in a deep crevice normal
to the surface of the molecule (38). Cytochrome c
accepts electrons from cytochrome b and trans-
fers them to cytochrome oxidase, with which it
forms an active complex, the iron atoms being
alternately oxidized and reduced. Other heme
proteins include myoglobin and hemoglobin, dis-
cussed below, and the catalases and peroxidases
that catalyze the breakdown of peroxides in the
presence of a reducing agent (85, 89, 119, 125).
It has been suggested that an intermediate in the
peroxidase reaction may be one in which the
fifth and sixth iron coordination sites are empty
(127).

Nonheme iron compounds vary in size from
the small ferric hydroxamic acid chelates found
in aerobic bacterial cells, which appear to be
involved in heme synthesis (130) and also pos-
sibly as iron carriers (118), to the large iron-
storage complexes ferritin and hemosiderin. And
they vary in function from electron transfer in
the ferredoxins (29) (found in plants and micro-
organisms but not in animals) and in a number
of iron-flavoproteins (89, 147) to oxygen carriers,
as in the hemerythrins of sipunculids, and iron
carriers, as in transferrins. The nature of the
iron ligands is often difficult to determine in the
absence of an easily recognizable group such
as heme, and they may be sulphur (in ferredoxin
and rubredoxin), oxygen (in ferrioxamine), or
nitrogen (both nitrogen and oxygen in trans-
ferrin).

The present symposium is largely concerned
with the metabolism of iron compounds in
humans. Quantitatively, the most important
iron compound in man is hemoglobin (111),
which accounts for some 70 per cent of the total
iron (about 4 g in a man weighing 70 kg), as
compared to the related muscle protein, myo-
globin, which constitutes about 3 per cent. Next
to hemoglobin comes storage iron, located in
ferritin and hemosiderin and accounting for

about 26 per cent (111). Transferrin, at about
0.1 per cent, is quantitatively less important, but
it plays a vital role in iron transport between
sites of iron absorption and storage and hemo-
globin synthesis, and probably in the control of
iron absorption. The remainder of this paper
will be confined to a discussion of these com-
pounds. For other iron compounds the reader
is referred to recent reviews (27, 29, 30, 31, 45,
47, 89, 90, 100, 101, 111, 118, 119, 147).

Oxygen carriers:
Hemoglobin and myoglobin

Hemoglobin occurs in the red cells of all verte-
brates. In higher vertebrates it is typically a
tetramer of four polypeptide chains and four
heme groups. The molecule is a compact ellip-
soid measuring 64 x 55 x 50 A (129) and having
a molecular weight of about 65,000. Hemoglo-
bin also occurs in many invertebrates, although
its polymeric form may vary, e.g. a monomer
with a single heme is found in the marine anne-
lid worm Glycera dibranchíata (122) and in
larvae of the insect Chironomus thumni (78),
while polymeric forms with molecular weights
of 3,000,000-the erythrocruorins-occur in the
worms Lumbricus terrestis and Arenicola marina
(97). A leghemoglobin has been reported in
the root nodules of leguminous plants (138).

The importance of a supply of oxygen for
the survival of man and other animals need
hardly be emphasized. Since the body has a
limited capacity for storing oxygen, a steady
supply and an efficient means of circulating it
to the tissues are vital. Hemoglobin fulfills the
latter role efficiently both by increasing the ca-
pacity of the blood for oxygen by a factor of
some seventyfold, and by binding oxygen
strongly at the partial pressure of alveolar oxygen
and unloading it readily at the reduced PO2 of
the tissues (144).

The relative ease with which tetrameric hemo-
globin yields its oxygen at lower oxygen tensions
as compared with monomeric myoglobin and
monomeric forms of hemoglobin is illustrated by
the oxygen dissociation curves in Figure 2. These
curves suggest that the combination of oxygen
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FIG. 2. A: Oxyhemoglobin dissociation curve of human
blood at 38°C, pH 7.40. B: Oxygen dissociation curve
of myoglobin under similar conditions. Reproduced by
permission of F. J. W. Roughton (144, p. 775).

with the iron atoms in the two proteins is not
simply a function of the presence of iron in a
particular local environment. The iron atoms in
the two proteins are combined in the same pro-
toporphyrin ring system, and the hemes have
very similar surroundings (87, 128). The sig-
moid dissociation curve for hemoglobin as
against the hyperbolic curve for myoglobin is
attributed to the presence of a "heme-heme in-
teraction" in tetrameric hemoglobin and the lack
of it in monomeric myoglobin. That is to say,
in hemoglobin, combination with the four oxy-
gen molecules does not occur independently.
Another physiologically important property of
hemoglobin not shared by myoglobin is that an
increased partial pressure of carbon dioxide fa-
cilitates the unloading of its oxygen-the oxy-
gen dissociation curve is shifted to the right
(Bohr effect).

The configuration of deoxymyoglobin based
on X-ray diffraction studies of Kendrew and his
colleagues (88,120) is shown in Figure 3. The
coordination of the iron atom is approximately
octahedral, but the sixth coordination site is
unoccupied by any ligand. The ferrous iron
atom is situated about 0.4 A from the center of
the protoporphyrin ring, which supplies four
pyrrole nitrogen ligands. A fifth nitrogen ligand
is supplied by a histidine side chain (F8) of the
protein, while another histidine (E7) is situated
close to the empty sixth coordination site. In

FiGo. 3. a-carbon skeleton diagram of myoglobin mole-
cule showing helical and nonhelical regions and the
location of the heme group. Reproduced by permission
of R. E. Dickerson, from H. Neurath (ed.), The Proteins,
2d ed., vol. 2, New York, Academic Press, 1964, p. 634.

oxymyoglobin, an oxygen molecule occupies this
sixth site without altering the valence of the iron
atom, although it changes from high-spin to
zero-spin state. In vitro, the iron atom is readily
oxidized, giving ferrimyoglobin, in which the
sixth site is occupied by a water molecule or
other ligands, while the position of the iron
atom remains as in ferromyoglobin. The ar-
rangement of ligands around the heme iron
atom in deoxymyoglobin is identical with that
in a-chlorohemin (92). Figure 3 shows the
heme group in a crevice in the protein. An
analysis of the protein side chains in proximity
to the heme in myoglobin and hemoglobin
shows that the protein provides it with a non-
polar surrounding (87,128).

Hemoglobin consists of two pairs of chains
with different primary structures (25) and can
therefore be designated as a tetramer a2,/6. Each
chain, with its attached heme, has a tertiary
structure very similar to that of myoglobin. The
chains are situated roughly at the corners of a
tetrahedron. Models of oxyhemoglobin and de-
oxyhemoglobin molecules are shown in Figure 4.
These structures show three important features:
the chain conformations are unaffected by com-
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FIG. 4. Models of (a) deoxy and (b) oxyhemoglobin at

5.5A resolution. The heme groups are represented by

grey discs. The a chains are white and the f, chains

black. The a. chain lies at the back of the molecule

behind the a, chain. The contact areas between chains

are marked as boxes. On combination with oxygen the

chains shift relatively by a few A units along the alfiS2

and a2gfl contacts, while contacts aifi, and a2f,82 alter

very little. The P chains move closer together on oxy-

genation. Photographs kindly supplied by M. F. Perutz.

bination with oxygen (at least at the resolution,

5.5A, of the models); the relative orientations

of the four chains change on combination with

oxygen; and the heme groups are not close

enough for direct interaction, their iron atoms

being 25A or more apart (21, 115, 116).

Much experimental and theoretical work has

been carried out in attempts to explain the sig-

moid shape of the hemoglobin oxygen dissocia-

tion curve (7, 8, 142, 171). Kinetic measurements

have shown that, while the rates of combi-

nation of hemoglobin with the first three oxy-

gens are approximately the same, combination

with the fourth oxygen is much more rapid

(145). This suggests that the structural change

associated with the deoxy-oxy transformation

may have occurred before the fourth ligand com-
bines. Most of this change occurs along the
contact between the a, and fi2 chains shown in
Figure 4, some of the atoms at the contact being
displaced relatively by as much as 6A, although
distances between the heme iron atoms in these
chains are very little affected. The iron atoms
in the two f8-chains, however, move about 6A
closer together on oxygenation (115). How the
structural change is triggered off and relayed
across the protein is not yet apparent, although
this may become clearer when the conforma-
tions of both deoxy and oxyhemoglobin have
been determined at atomic resolution. The
transformation in quaternary structure seems
to be a consequence of the change from 5- to
6-coordination of the iron atom rather than of
the change in its spin state.

Structure-function relationships in hemoglo-
bin are complicated by the fact that in solution
a dynamic tetramer-dimer-monomer equilibrium
exists (8, 9, 142). Symmetrical splitting into
a/3 dimers probably occurs along the afi2 con-
tact and also along the a2fl (141), while the
a1,f1 and a2,

8
2 contacts remain unchanged (Fig-

ure 4). It has been suggested that conforma-
tional changes in the af3 dimer are of prime im-
portance in hemoglobin oxygenation and that
the oxy-dimers induce a transformation to a
more reactive conformation in any deoxy-dimers
with which they combine (10, 13, 64, 117). Re-
cent kinetic evidence, however, suggests that the
tetramer and not the dimer is the prime unit of
function, since combination with at least three
ligands is necessary to produce a transformation
to the rapidly reacting form (56). The X-ray
crystallographic studies also support the tetra-
meric molecule as the functional unit in coop-
eration binding effects (128). In any event, the
functional importance of the protein as well as
the iron is evident. This is also shown by the
fact that modifications in the protein may reduce
or destroy both heme-heme interaction and the
Bohr effect. Interestingly, these effects are absent
on the reaction of ferrihemoglobin with ligands
(8), and ferrihemoglobin has a conformation
similar to that of oxyhemoglobin.
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The effect of iron salts as stimulators of both
heme and globin synthesis de novo from amino
acids by reticulocytes in vitro is well known
(95), while the rate of globin synthesis is de-
creased in the absence of heme or heme pre-
cursors such as iron (131). The observation
that heme and globin are synthesized at approxi-
mately the same rates argues for a mechanism
coordinating their syntheses (95, 131). This
may be achieved by an inhibitory effect of hemin
on its own synthesis coupled with a stimulatory
effect of heme on the formation of globin (28).
Oxygen concentration also plays a regulatory role
in hemoglobin synthesis. Globin synthesis was
found to be stimulated by low oxygen tensions
and inhibited at the higher levels (67). Inhibi-
tion is relieved by the addition of heme, and
the effect is believed to occur at the level of
heme synthesis.

The regulatory effect of heme (and of iron as
a heme precursor) on hemoglobin synthesis ap-
pears to be twofold. It is found to stabilize
reticulocyte polyribosomes (131, 162, 163), and
it also appears to promote the assembly of newly
synthesized a and , globin chains (156).

Iron stores:
Ferritin and hemosiderin

Storage iron, amounting to about 700 to 1,000
mg in a normal man (111), represents a mobile
reserve that can be drawn upon in iron de-
ficiency or after hemorrhage, thus allowing sup-
plies of "functional" iron compounds, such as
hemoglobin, to be maintained or rapidly re-
placed (22). Iron deficiency in a clinical sense
occurs only when iron stores are depleted. In
iron overload, storage iron is increased, while
hemoglobin iron usually remains normal. Iron
released from hemoglobin in the normal break-
down of red cells is also stored temporarily in
reticuloendothelial cells from which it can sub-
sequently be released and reutilized for hemo-
globin synthesis (121). Iron is stored in two
forms, ferritin and hemosiderin, and can be
mobilized from both (22, 150). The formation
of ferritin, which occurs in response to the pres-
ence of iron (48, 58), may play a part in the

mechanism regulating iron absorption in mu-
cosal cells (33, 37).

In ferritin, the iron is associated with a well-
defined protein moiety, apoferritin, forming a
soluble red-brown complex (57, 61). The term
hemosiderin was first applied to microscopically
visible, Prussian-blue-staining, insoluble gran-
ules isolated from the liver and the spleen (35,
59, 106). It has also been used to denote massive
iron-rich deposits seen in the electron micro-
scope (16,132). The need for a soluble and also
nontoxic form of iron store seems to be gener-
ally widespread among living organisms. Ferri-
tin has been found not only in many vertebrates
(109) and invertebrates (140, 160) but also in
the plant kingdom (79, 139, 148), including
fungi (126). It would therefore seem to be of
ancient evolutionary origin. Hemosiderin or he-
mosiderin-like deposits have been found in both
vertebrates and invertebrates (35, 159). Under
normal conditions in man and in experimental
animals, most storage iron is in the form of ferri-
tin, but in iron overload the amount of hemo-
siderin may greatly outstrip that of ferritin (108,
149,154).

Ferritin isolated from tissues (principally
liver, spleen, and bone marrow) may contain a
variable amount of iron, although this is usually
around 20 per cent of its dry weight (57), or
about 3,000 iron atoms per molecule. Each
preparation contains a spectrum of molecules of
different iron content (143), ranging from iron-
free molecules to those containing up to 4,000 or
5,000 iron atoms (50, 70). The distribution of
iron content among the molecules varies from
one individual to another and depends on the
state of iron-loading. In anemic animals, how-
ever, iron-free apoferritin is not present in quan-
tity (59, 60). It is apparently degraded when
not required to store iron, whereas iron stimu-
lates its synthesis. Ferritin preparations consist
mainly of monomeric molecules, but some poly-
mers are also present-about 10 to 15 per cent
by weight of the preparation (39, 155, 166). On
ion-exchange chromatography (155, 157), hetero-
geneity has been observed in ferritin, but not
in apoferritin (155). No differences could be
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The iron of ferritin occurs in a "micelle" with
a maximal diameter of about 70. (46, 50, 69,
91), or less in molecules of low iron content
(50, 66). Its composition corresponds roughly to
the formula (FeOOH)8 (FeO:OPO lH2) (70,
110), but the phosphate present does not seem to
be an integral part ofu the "icelle and may be
largely confined to its surface (51, 72). Ferri-
tin and its protein-free micelles give X-ray (51,
72, 158) and electron diffraction patterns (65)
typical of crystalline material of small particle
size. The micelles, which can be seen without
staining in the electron microscope, sometimes
have the appearance of being subdivided into a
few smaller crystallites (46), although this could
possibly be an artifact. The appearance of four
crystallites or "tetrads" in a micelle of average
over-all diameter of about 60Á is taken by many
electron microscopists to be diagnostic of ferri-
tin. Ferritin can also be recognized-and dis-
tinguished from hemosiderin-by its tendency
to form close-packed monolayers on electron
microscope grids and by the fact that its micelles
are surrounded by protein shells, which are not
electron dense, and which prevent the micelles
from coming into contact (Figures 5 and 6).

FIG. 5. Electron micrographs of ferritin (a) and hemo-
siderin (b) prepared from the same horse spleen by the
methods of Granick (57) and McKay and Fineberg
(106), respectively. The samples were unstained and
unshadowed. The iron-containing micelles can be seen
as electron-dense (grey) areas. Magnification X 250,000
(F. A. Fischbach, D. W. Gregory, P. M. Harrison and
T. G. Hoy).

detected in the amino acid compositions of the
chromatographic fractions (155). The hetero-
geneity may therefore be due to differences in
surface conformation, or in bound ferric or other
ions. Variations in the electrophoretic mobili-
ties of ferritins isolated from different tissues
within the same animal have also been found
(5,54,55).

Flo. 6. Electron micrograph of ferritin negatively stained
with sodium phosphotungstate kindly supplied by G. H.
Haggis (unpublished). The ferritin iron-cores are sur-
rounded by protein shells, which appear light against a

background of negative stain. Magnification X 250,000-
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Several different structures have been proposed
to fit the "tetrad" appearance (46, 114). How-
ever, these fit only a small proportion of the
views seen in the electron microscope, while in
electronmicrographs taken close to true focus
many of the micelles look rather uniform in ap-
pearance (65). In ferritin solutions (50) and
in wet crystals (69), the micelles closely ap-
proximate spheres or polyhedra and are of uni-
form density.

The ferritin micelle diffraction patterns differ
from those of the well-known ferric oxide or
oxyhydroxide minerals (65, 72). Three alterna-
tive atomic structures have been proposed for
the ferritin iron cores (72) or for closely related
synthetic "hydrous ferric oxides," which give
similar diffraction patterns (24, 158). These
vary in the coordination of the oxygen atoms
(O=, OH- or H20) around the ferric iron-they
may be all octahedral (158), all tetrahedral (24),
or mixed octahedral and tetrahedral (72). Ow-
ing to the poor quality of the diffraction patterns,
it is not easy to decide between these alterna-
tives. From measurements of the magnetic sus-
ceptibility of ferritin iron, values of about 3.8
Bohr magnetons were obtained for the magnetic
moment. This value is close to that expected
for ferric iron with three unpaired electrons
(instead of the more usual five or one unpaired
electron) and a square planar arrangement for
the iron oxygen ligands (59, 110). Recently,
however, a value of 5.08 ^gt has been reported
(20), with evidence for antiferromagnetic order-
ing in the crystallites at low temperatures. This
value is closer to that normally observed for
high-spin ferric compounds with five unpaired

electrons (5.9 ,t).

The protein shell that surrounds the iron-con-

taining core of ferritin is roughly spherical, with
an average outer diameter of about 122AÁ (maxi-
mum 130A) and an inner diameter of about
73A under conditions in which the protein is
hydrated (19, 50, 69). In the electron micro-
scope these dimensions may be reduced by about
15 per cent (166) (Figure 6). Sedimentation
studies and X-ray measurements of the molecu-
lar weight of apoferritin give values in the range

460,000 to 480,000 (69, 143), using the measured
partial specific volume, 0.747 (143), or 440,000 to

460,000, using V calculated from the amino acid
composition (166). The molecular weight based
on the tryptophan content (75, 153) is 420,000 to
460,000, and on light scattering 430,000 (137).
Ferritin containing its full complement of iron
has a molecular weight of about 900,000 (50,
70). The protein shell is divided into about
twenty subunits (74, 77), probably arranged at
the apexes of a pentagonal dodecahedron (69)
(Figure 7). This arrangement allows for the
presence of channels connecting the inside and
outside of the molecule. These channels are
about 10A to 15A wide (134, and T. G. Hoy
and P. M. Harrison, unpublished observations),
thus allowing for the passage of hydrated iron
atoms in and out of the molecule. Properties that
depend on the size and/or external surface of
the molecule-viscosity (104), electrophoretic
mobility (105), crystal packing (68), gel filtra-
tion (6), antigenicity (105)-show that the pro-
tein is essentially unchanged on binding iron in

FIG. 7. Model of an apoferritin molecule, reproduced by
permission of G. H. Haggis (66). It shows the arrange-
ment of twenty protein subunits at the apexes of a
pentagonal dodecahedron (69) with a pentagon face at
the front of the model. At the center of each face there
is a channel that connects the outside of the molecule
with the central cavity in the protein and allows the
passage of iron in and out of the molecule. The central
cavity, which occupies about 22% of the total volume,
is not visible in the model, but it can be seen in Fig. 6.
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its interior, and this is borne out by a compari-
son of X-ray diffraction patterns of ferritin and
apoferritin (51, 68, 71). Nevertheless, the pres-
ence of the iron-containing core renders the pro-
tein less susceptible to denaturation (104) and
to attack by proteolytic enzymes (104). The
atomic structure of the iron core is not spe-
cifically orientated with respect to the protein
(51). It appears that the cores can grow in
different directions inside the protein shell, their
external shape complementing that of the pro-
tein when the latter is essentially full (51, 65).

The biosynthesis of ferritin has received con-
siderable attention since it was discovered that
de novo synthesis of ferritin protein from amino
acids was induced by administration of iron
salts (48, 49). Several workers have confirmed
this finding in whole animals (41, 99, 103), in
tissue slices (146, 172, 173), and in tissue cul-
tures (136). Tracer experiments with `4C-labeled
amino acids show that apoferritin, or possibly a
ferritin of very low iron content, is formed first,
and that with time the radioactivity passes to
iron-rich species, suggesting that the empty shells
are gradually being filled (41). Reconstituted
"fcrritin" can also be produced in vitro from
intact apoferritin molecules, ferrous salts, and
oxygen or other oxidizing agents (17, 72, 98).
The product resembles ferritin in electron micro-
scopic appearance and in its diffraction pattern,
despite the absence of phosphate (72). This ob-
servation, together with the results of the tracer
experiments, suggests that ferritin may be
formed from apoferritin by a similar mechanism
in vivo (40), rather than by aggregation of apo-
ferritin subunits around a preformed iron-core
template (123). The protein shell may itself
assist in the removal of electrons from the Fe2+

ions entering the molecule. Some "isoferritins"
may be more active in incorporating iron than
others in vivo (54).

The mechanism of induction of ferritin by
iron is not yet known, although it seems fairly
certain that it does not occur through control of
transcription, but .rather at some subsequent
stage (41). Drysdale and Munro (39, 41, 42)
conclude that messenger RNA for ferritin is

stable and that the iron either causes it to be
used more efficiently or assists in the release of
apoferritin subunits from the ribosomes or their
aggregation to completed shells. Iron, however,
is not essential for aggregation of apoferritin
subunits in vitro (39, 73). Since both ferritin
and hemoglohin are induced by iron and both
are found in erythroid cells, it seems likely that
their biosynthetic control mechanisms are inter-
connected in these cells (44, 103, 161, 174).

Little is known about the mechanism of re-
lease of iron from ferritin in vivo. It can be re-
moved as Fe2+ from intact molecules by reduc-
ing agents in vitro (18, 61), or, slowly, as Fe3+

by iron chelating agents (124, 169). An in vivo
release mechanism involving xanth;ne oxidase
has been proposed (62). Iron that has been more
recently deposited as ferritin following red-cell
breakdown is more easily mobilized than iron
from older ferritin deposits (121). Possibly this
is because the more recently formed ferritin has
a lower iron content and the iron can be more
readily removed from only partially filled mole-
cules, or it might be due to conformational dif-
ferences in the protein. Iron can apparently be
released both from intact molecules and from
those in which the protein has been degraded
(154).

Hemosiderin is both chemically and metaboli-
cally related to ferritin. This term has been
used to describe both amorphous and crystalline
intracellular deposits seen in the electron micro-
scope (16, 133), but it seems certain that the
latter are ferritin. It has been suggested that the
term hemosiderin should be restricted to those
granules that are water insoluble (151). While
this is a useful means of distinguishing hemo-
siderin from ferritin at a preparative level, it
obviously cannot apply to iron-rich deposits seen
in electron micrographs of tissue sections. Here
the term should perhaps be restricted to deposits
that are amorphous and in which the iron mi-
celles are not clearly surrounded by well-defined
protein shells. Such deposits are, however, of
variable appearance, sometimes, but not always,
membrane-bound (14, 15, 132). On the basis of
morphological appearance alone, it may not al-
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ways be possible to decide whether they contain
ferritin or not.

Isolated hemosiderin granules have variable
composition. Their iron, phosphorus, and sul-
phur contents are higher than those found in
ferritin (35, 106, 107, 135, 150, 168), and they
contain a number of different organic constitu-
ents, including protein and small amounts of
apoferritin (107, 135). The magnetic moment
of the iron in hemosiderin is similar to that in
ferritin, but with a greater range of values (3.5
to 4.7 , o (150, 154). X-ray diffraction patterns
obtained from ferritin and hemosiderin extracted
from the same normal horse spleen show that
the atomic structures of the two mineral com-
ponents are similar, although the average par-
ticle size observed in hemosiderin is smaller
(F. A. Fischbach, D. W. Gregory, P. M. Harri-
son, and T. G. Hoy, unpublished observations).

The biological origin of hemosiderin is of
some interest. There is evidence that in liver
parenchymal cells it is a breakdown product of
ferritin (154), presumably resulting from di-
gestion of the protein with intracellular prote-
ases. The X-ray diffraction results mentioned
above would be consistent with this conclusion.
Hemosiderin-like material can also be produced
from ferritin by denaturation followed by trypsin
digestion (102). Studies on human siderotic
livers show that above a certain level of iron-
loading the ratio of hemosiderin to ferritin is
nearly constant, thus suggesting a dynamic equi-
librium between the two storage forms (108).
In rabbits, the ferritin level reached a maximum
limiting value in response to massive doses of
iron, whereas the hemosiderin content appeared
to be able to rise continuously (154). The im-
plication in this case would be that the rate of
ferritin turnover was increased at high iron
levels, or that some of the hemosiderin was not
formed from ferritin and possibly differed from
"normal" hemosiderin. Thus, there may be two
mechanisms for "hemosiderin" formation, one
operating when the iron-level exceeds the cell's
ability for ferritin synthesis and turnover. Since
ferritin-like colloidal "iron oxide hydrates" can
be produced in vitro in the absence of ferritin

protein (24, 158), two such mechanisms appear
to be plausible.

Iron transport and delivery:
Transferrin

A group of closely related iron-binding glyco-
proteins occurs in vertebrate blood serum (trans-
ferrin), in mammalian milk (lactotransferrin),
and in avian egg white (ovotransferrin or conal-
bumin) (47). These proteins are similar in size
and iron-binding properties, although they differ
in amino acid composition and carbohydrate
content (47). The discussion that follows will
be principally concerned with serum transferrin.

Transferrin accounts for 2 to 3 per cent of the
dry weight of vertebrate sera. This represents
about 100 times the amount of free iron in
serum, but only 0.1 per cent of the total body
iron (3 to 4 mg transferrin-bound iron in
humans). Human serum transferrin has a mo-
lecular weight of about 86,000 [86,000-93,000
based on physical measurements (12, 47), 86,000
from iron-binding (82)]. It contains several di-
sulphide bridges but no free thiol groups (47).
Its attached carbohydrate, the function of which
is uncertain, consists of four moles of sialic acid,
eight moles of N-acetylglucosamine, four moles
of galactose, and eight moles of mannose for
every 90,000 molecular weight, joined to the
protein as two branched glycopeptide chains
(80). This suggests the presence in the protein
of two peptide chains. Only one N-terminal resi-
due (valine) has been found until recently (12),
but Jeppsson and Sjoquist have observed N-
terminal serine in addition to valine (84), and
they have also reported the splitting of trans-
ferrin into two subunits in 8M urea (83). Greene
and Feeney were unable to obtain evidence for
dissociation under similar conditions and think
that probably all transferrins are monomers
(63.)

Metal-free transferrin is colorless, but when
ferric iron is bound in the presence of bicarbon-
ate a salmon-pink complex is formed. It also
complexes less firmly with other metals, such as
copper. Two metal ions are bound per molecule
of transferrin. At physiological pH, transferrin
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has a very high affinity for iron, the equilibrium
binding constants being of the order of 10° for
both iron atoms (2). Electron spin resonance
studies have shown that the iron is bound as
Fe' +, and that the two binding sites are approxi-
mately equivalent and at least 9A apart (2, 4,
167)TT. Ane ph-ysiologialoions, three pro-

tons are displaced and one mole of bicarbonate
is bound per iron atom (4). The bicarbonate
was previously thought to be coordinated to the
iron atoms (167), but recent evidence suggests
it is probably attached to groups on the protein
(3) and not directly to the iron. The metal
ligands are probably three tyrosine oxygens and
two nitrogens fromn the imidazole or guanidyl
groups of histidine or arginine, respectively (2,
93, 167). Transferrin will bind iron or copper
slowly in the absence of bicarbonate. Electron
spin resonance studies suggest that more pro-
tein ligands are available for binding (three or
four N and three O ligands) when bicarbonate
is absent (1). Evidence of heterogeneity in the
two binding sites in the pH range of 4 to 6 has
been obtained in the absence of bicarbonate (1),
although at pH 7 to 11 the sites were indistin-
guishable. Kinetic evidence indicates that the
binding of the two atoms is cooperative, chela-
tion of the first ion facilitating that of the sec-
ond, presumably as a result of a conformational
change in the protein (170). The two binding
sites also appear to be functionally different. Re-
lease of bound iron to immature red cells oc-
curred more readily from one site than from
the other (52). Exchange of iron atoms between
the two sites occurs only very slowly or not at
all (4, 52, 113). As already noted, iron-binding
stabilizes the protein (47) without substantially
altering its shape. However, in the course of
binding, alterations occur in the antigenic struc-
ture (94), indicating that some conformational
change has taken place. Possibly the metal
stabilizes the protein by forming crosslinks be-
tween separated regions of the primary struc-
ture.

The physiological function of transferrin is to
transport iron. Most of the body's iron is con-
served and reused after the erythrocytes and

other iron-containing cells have been destroyed.
Little iron is excreted and only a small propor-
tion of dietary iron is absorbed. Transferrin
acquires iron, derived from hemoglobin break-
down or entering the body through the in-
testinal mucosa, and delivers it to the erythro-
n i ti, INnn MrIMrnx fnr ;nnr~npoietic bone marro for incorporation into new
hemoglobin molecules, to other tissues requiring
physiologically "active" iron, and to the storage
depots. Transferrin also transfers iron from the
placenta to the fetus. This protein has been
regarded as having an essentially passive role,
i.e. it simply provides a convenient means of
carrying iron in a nontoxic form. Recent work,
however, suggests that it may play an active
part in the mechanisms regulating both absorp-
tion and delivery of iron (53, 86). These con-
trol mechanisms appear to depend on structural
changes in the protein, which result both from
its chelation with iron and from its attachment
to specific receptor sites on cell surfaces.

Every day plasma transferrin delivers from
30 to 40 mg of iron to the erythropoietic bone
marrow-the tissue with by far the highest iron
requirement. The protein is not consumed when
its iron is released. It becomes available for fur-
ther iron transport and is able to deliver about
six to ten times its weight of iron in a day. Un-
like free iron, which is taken up indiscriminately,
transferrin iron is passed selectively to immature
red cells, which are still actively synthesizing
hemoglobin, rather than to mature cells in which
hemoglobin synthesis has ceased (81, 82, 86).
This suggests there are receptor sites on the sur-
faces of immature cells that become lost as the
cell ages. These sites must be specific for trans-
ferrin protein and not for its iron. The rela-
tive ease with which transferrin iron can be
transferred to reticulocytes, as compared with
its removal in vitro, suggests that a confor-
mational change in the protein occurs on bind-
ing. The uptake of iron by reticulocytes seems
to occur as a three-stage process (82, 112,
113): (1) physical absorption of transferrin to
receptor sites; (2) the formation of a tighter
union between the transferrin molecule and the
receptor site, probably involving an alteration in
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the tertiary structure of the protein; and (3)
transfer of iron to the cell.

Stage 1 is reversible, the molecules being com-
paratively easily displaced competitively by other
molecules. At stage 2, iron-bound molecules

have a greater affinity for the receptors than does
apotransferrin (82), suggesting that iron-binding
facilitates the conformational change required

for attachment to the receptor. Transferrin
molecules containing two bound iron atoms re-
lease their iron more readily than do those with

only one (52). Probably only one of these atoms

is taken up at a time, iron from one site being

preferred over that from the other (52). Stages 2

and 3 are dependent on the active metabolism of
the cell (81, 112). The iron does not become
free during transfer and cannot be eluted by

apotransferrin or other chelators (81).

The conformational changes associated with

the binding of iron to transferrin and its de-

livery to reticulocyte receptors is summarized
diagrammatically in Figure 8. As already indi-
cated, these changes, and the ways in which the
transferrin-binding sites are occupied by iron,

may be factors controlling the rate at which iron
is released into the serum from intestinal muco-
sal cells, and hence iron absorption from the gut,

as well as the rate of delivery (53). Under
normal physiological conditions, transferrin is

only about one third saturated with iron (22).

At high levels of saturation (above 60 per cent),
much of the iron is deposited in the liver. The

saturation may be normally kept at 30 to 60 per
cent, so that the marrow, which has a high

affinity for iron, can obtain an adequate supply
while other tissues are not overloaded (22).

Neither the percentage saturation of transferrin

nor the level of iron in the stores appear to have

a controlling influence on iron absorption (34,

164).
Absorption of iron is related to the rate of

erythropoiesis, even under conditions in which

iron-loading is abnormally high (23, 164) or

low (164), and to the rate of plasma iron turn-

over (165). Not all the iron in the mucosa finds

its way into the serum. At high iron levels some

of this iron is sequestered in the mucosa in the

(a)

(e) (f (g)
FiG. 8. The apotransferrin molecule TF, (a), has two
iron-binding sites, A and B. On binding a single iron
atom, *, at either site A or B, as in (b) and (c), the
molecule undergoes conformational changes, which allow
the first iron atom to be firmly bound and which facili-
tate the binding of a second atom (170). A molecule
with both sites occupied is shown in (d). The shape of
the molecule is not much affected by iron-binding (47).
Iron, once bound, cannot easily be removed from trans-
ferrin molecules in solution, but the molecules can readily
deliver their iron to receptor sites on red cell precursors,
depicted in (e), (f), and (g), as a result of conforma-
tional changes on binding to the receptors (81). Mole-
cules with two bound irons, (d), can transfer an iron
atom (one at a time) more readily than those with a
single iron atom (52), as can be seen by comparing (f)
with (e) or (g). Iron atoms from site A can be rather
more readily transferred, (e), than can those from site
B, (g), (53).

form of ferritin (32, 33, 37), which is synthe-
sized in response to the presence of iron (152).
Much of this iron is lost to the body when the
cells are exfoliated. Mucosal cells can both re-

lease iron to the serum and acquire iron from
it, depending on the body's requirements. Con-
rad, Weintraub, and Crosby (34) proposed that

absorption is controlled by the concentration of

iron in the intestinal mucosa and that this in

turn depends on the amount of "messenger" iron

from the plasma entering these cells. This

messenger iron would be free to enter the in-

testinal cells when not required elsewhere. When
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erythropoiesis is stimulated, much of the mucosal

iron would pass to the plasma and absorption

would then be increased.

These ideas have been interpreted by Fletcher

and Huehns (53) in terms of the distribution of
iron on plasma transferrin. They point out that

transferrin consists of four molecular species, two

with a single iron atom at different sites (A and

B), one with no iron atoms, and one with two

iron atoms occupying both sites. The suggested

order of ability to deliver iron to the erythro-

blasts (52, 53) would be as follows:

/ AFe
TF

BFe

/AFe

>TF

B0

/Ao
>TF

BFe

They propose that "messenger" iron is repre-

sented by those molecules that have two bound

iron atoms. The amount of this species present
would tend to be decreased during high marrow

activity and increased when the body's iron

stores are large. The quantity of iron entering
the mucosa from the plasma would be deter-
mined by the number of transferrin molecules
carrying two iron atoms, of which that at site B

might be the more easily incorporated. Iron re-
leased from the mucosal cells to the plasma

would, however, have a preference for site A on

the transferrin molecule-that is, the same site

from which iron is preferentially delivered to the

red cell precursors.
These ideas offer a simple explanation of the

link between absorption and the body's need

for iron. The degree to which transferrin mole-

cules are saturated with iron also depends on

the rate at which the protein is synthesized and

catabolized, both of which have been found to be

related to the erythropoietic rate (36, 96). Sup-

pression of transferrin synthesis seems to be

FIG. 9. Diagram of the central role of transferrin in
iron metabolism. Plasma transferrin is represented by
three species, TF(o)2, TF(Fe,o), and TF(Fe)2, which
have their two binding sites occupied by no, one, or two
iron atoms, respectively. Differences between the nature
of the binding sites (see Fig. 8) have been ignored. The
arrows represent the directions of flow of iron atoms in
and out of the various compartments. The sizes of the
compartments are in no way related to the amounts of
iron they contain.

associated with iron-loading, high hepatic ferri-

tin formation, and low erythropoiesis. In iron

deficiency, the concentration of transferrin in
the plasma is abnormally high (22, 96). Thus,

iron influences the synthesis of transferrin in a

way that is different from its effect on ferritin

formation and in a way that ensures that the

body's main requirement for iron will be met.

The central role of transferrin in the metabo-

lism of iron is illustrated schematically in Fig-

ure 9.

REFERENCES

1. AASA, R., and P. AISEN. Electron paramagnetic
resonance study of iron and copper complexes of
transferrin. 1 Biol Chem 243: 2399-2404, 1968.

2. AASA, R., B. G. MALMSTROM, P. SALTMAN, and
T. VANNGARD. The specific binding of iron (III)

and copper (II) to transferrin and conalbumin.
Biochim Biophys Acta 75: 203-222, 1963.

3. AISEN, P., R. AASA, B. G. MALMSTROM, and
T. VANNGARD. Bicarbonate and the binding of iron
to transferrin. I Biol Chem 242: 2484-2490, 1967.

14



4. AisEN, P., A. LIEBMAN, and H. A. REICH.
Studies on the binding of iron to transferrin and
conalbumin. 1 Biol Chem 241: 1666-1671, 1966.

5. ALFREY, C. P., E. C. LYNCH, and C. E. WHIT-

LEY. Characterization of ferritin isolated from hu-
man marrow, spleen, liver, and reticulocytes. 1 Lab
Clin Med 70: 419-428, 1967.

6. ANDREWS, P. The gel-filtration behaviour of
proteins related to their molecular weights over a
wide range. Biochem 1 96: 595-606, 1965.

7. ANTONINI, E. Interrelationship between struc-
ture and function in hemoglobin and myoglobin.
Physiol Rev 45: 123-170, 1965.

8. ANTONINI, E. Hemoglobin and its reaction
with ligands. Science 158: 1417-1425, 1967.

9. ANTONINI, E., M. BRUNORI, and S. ANDERSON.

Studies on the relations between molecular and
functional properties of hemoglobin. VII. Kinetic
effects of the reversible dissociation of hemoglobin
into single chain molecules. 1 Biol Chem 243: 1816-
1822, 1968.

10. ANTONINI, E., E. CHIANCONE, and M. BRUNORI.

Studies on the relations between molecular and func-
tional properties of hemoglobin. VI. Observations
on the kinetics of hemoglobin reactions in concen-
trated salt solutions. 1 Biol Chem 242: 4360-4366,
1967.

11. BACHMAYER, H., A. M. BENSON, K. T. YASU-
NOBU, W. T. GARRARD, and H. R. WHITELEY. Non-
heme iron proteins. IV. Structural studies of micro-
coccus aerogenes rubredoxin. Biochemistry 7: 986-
996, 1968.

12. BEARN, A. G., and W. C. PARKER. Transferrin.
In Glycoproteins; Their Composition, Structure, and
Function, B.B.A. Library, vol. 5, Amsterdam, Else-
vier, pp. 413-433, 1966.

13. BENESCH, R. E., R. BENESCH, and G. MACDUFF.

Subunit exchange and ligand binding; a new hy-
pothesis for the mechanism of oxygenation of hemo-
globin. Proc Nat Acad Sci USA 54: 535-542, 1965.

14. BEssIS, M., and J. BRETON-GORIUS. Accumula-
tion de granules ferrugineux dans les mitochondries
des érythroblastes. C R Acad Sci 244: 2846-2847,
1957.

15. BEssIs, M., and J. BREToN-GoRIus. Trois as-
pects du fer dans les coupes d'organes examinées au
microscope electronique (ferritine et derivé, dans
les cellules intestinales, les érythroblastes et les cellu-
les réticulaires). C R Acad Sci 245: 1271-1272,
1957.

16. BEssIS, M., and J. BRETON-GORIus. Differents
aspects du fer dans l'organisme. 1. Ferritine et mi-
celles ferrugineuses. II. Differentes formes de l'hémo-
sidérine. 1 Biophys Biochem Cytol 6: 231-240, 1959.

17. BIELIC, H-J., and E. BAYER. Synthetisches
ferritin, ein Eisen (III)-komplex des apoferritin.
Naturwiss. 42: 125-126, 1955.

18. BIELIG, H-J., and E. BAYER. Eisenaustausch
zwischen proteinen; Modellversuche zur eisenre-
sorption und speicherung im Tierkorper. Naturwiss.
42: 466-467, 1955.

19. BIELIG, H-J., O. KRATKY, G. ROHNS, and H.
WAWRA. Small-angle scattering of apoferritin in
solution. Biochim Biophys Acta 112: 110-118, 1966.

20. BLAISE, A., J. CHAPPERT, and J-L. GIRARDET.

Observation par mesures magnétiques et effet Moss-
bauer d'un antiferromagnétism de grains fins dans
la ferritine. C R Acad Sci 261: 2310-2313, 1965.

21. BOLTON, W., J. M. Cox, and M. F. PERUTZ.
Structure and function of haemoglobin. IV. A three-
dimensional fourier synthesis of horse deoxyhaemo-
globin at 5.5A resolution. 1 Molec Biol 33: 283-297,
1968.

22. BOTHWELL, T. H., and C. A. FINCH. Iron
Metabolism. Boston, Little, Brown and Co., 1962.

23. BOTHWELL, T. H., G. PIRzIo-BIRoLI, and C. A.
FINCH. Iron absorption. I. Factors influencing ab-
sorption. 1 Lab Clin Med 51: 24-36, 1958.

24. BRADY, G. W., C. R. KURKJIAN, E. F. X.
LYDEN, M. B. ROBIN, P. SALTMAN, T. SpIRO, and
A. TERZIS. The structure of an iron core analog of
ferritin. Biochemistry 7: 2185-2191, 1968.

25. BRAUNITZER, G., K. HILSE, V. RUDLOFF, and
N. HILSCHMANN. The hemoglobins. Advances Pro-
tein Chem 19: 1-71, 1964.

26. BRESLOW, E., S. BEYCHOK, K. D. HARDMAN,

and F. R. N. GURD. Relative conformation of sperm
whale metmyoglobin and apomyoglobin in solution.

1 Biol Chem 240: 304-309, 1965.
27. BRILL, A. S., and R. J. P. WILLIAMS. The

absorption spectra, magnetic moments, and the
binding of iron in haemoproteins. Biochem / 78:
246-253, 1961.

28. BRUNS, G. P., and 1. M. LONDON. The effect
of hemin on the synthesis of globin. Biochem Bio-
phys Res Commun 18: 236-242, 1965.

29. BUCHANAN, B. B. The chemistry and function
of ferredoxin. Structure and Bonding 1: 109-148,
1966.

30. CAUGHEY, W. S. Porphyrin proteins and en-
zymes. Ann Rev Biochem 36: 611-644, 1967.

31. CHANCE, B., R. W. ESTABROOK, and T. YONE-

TANI (eds.), Hemes and Hemoproteins. New York,
Academic Press, 1966.

32. CHARLTON, R. W., P. JACOBS, J. D. TORRANCE,
and T. H. BOTHWELL. The role of intestinal mucosa
in iron absorption. 1 Clin Invest 44: 543-554, 1965.

33. CONRAD, M. E., and W. H. CROSBY. Intestinal
mechanisms controlling iron absorption. Blood 22:
406-415, 1963.

34. CONRAD, M. E., L. R. WEINTRAUB, and W. H.
CROSBY. The role of the intestine in iron kinetics.
1 Clin Invest 43: 963-974, 1964.

15



35. COOK, S. F. The structure and composition of
hemosiderin. 1 Biol Chem 82: 595-609, 1929.

36. CROMWELL, S. The metabolism of transferrin.
Protides Biol Fluids 11: 484-486, 1964.

37. CROSBY, W. H. The control of iron balance
by the intestinal mucosa. Blood 22: 441-449, 1963.

38. DICKERSON, R. E., M. L. KOPKA, J. WEINZIERL,
J. VARNUM, D. EISENBEERO, and E. MARGOLIASH.
Location of the heme in horse heart ferricyto-
chrome c by X-ray diffraction. 1 Biol Chem 242:
3015-3017,1967.

39. DRYSDALE, J. W. Regulation of ferritin syn-
thesis. In A. San Pietro, M. R. Lamborg, and F. T.
Kenney (eds.), Regulatory Mechanisms for Protein
Synthesis in Mammalian Cells, New York, Academic
Press, 1968, pp. 431-466.

40. DRYSDALE, J. W., G. H. HAGGIS, and P. M.
HARRISON. Biosynthesis of ferritin molecules. Na-
ture 219: 1045-1046, 1968.

41. DRYSDALE, J. W., and H. N. MUNRO. Regula-
tion of synthesis and turnover of ferritin in rat liver.
1 Biol Chem 241: 3630-3637, 1966.

42. DRYSDALE, J. W., E. OLAFSDOTTIR, and H. N.

MUNRO. Effect of ribonucleic acid depletion on
ferritin induction in rat liver. 1 Biol Chem 243: 552-
555,1968.

43. EICHHORN, G. L. The function of iron in
biochemistry. In F. Gross (ed.), Iron Metabolism;
an International Symposium, Berlin, Springer-Ver-
lag, 1964, pp. 9-21.

44. EYLAR, E. H., and G. MATIOLI. Apoferritin
synthesis in human erythroid cells in thalassaemia.
Nature 208: 661-664,1965.

45. FALK, J. E. Porphyrins and Metalloporphy-
rins. Amsterdam, Elsevier, 1964.

46. FARRANT, J. L. An electron microscopic study
of ferritin. Biochim Biophys Acta 13: 569-576, 1954.

47. FEENEY, R. E., and ST. K. KOMATSU. The
transferrins. Structure and Bonding 1: 149-206,
1966.

48. FINEBERG, R. A., and D. M. GREENBERG. Ferri-
tin biosynthesis. II. Acceleration of synthesis by the
administration of iron. 1 Biol Chem 214: 97-106,
1955.

49. FINEBERG, R. A., and D. M. GREENSERG. Ferri-
tin biosynthesis. III. Apoferritin, the initial product.
1 Biol Chem 214: 107-113, 1955.

50. FISCHBACH, F. A., and J. W. ANDEREGG. An
X-ray scattering study of ferritin and apoferritin.
1 Molec Biol 14: 458-473, 1965.

51. FISCHBACH, F. A., P. M. HARRISON, and T. G.
HoY. The structural relationship between ferritin
protein and its mineral core. 1 Molec Biol 39: 235-
238,1969.

52. FLETCHER, J., and E. R. HUEHNS. The signifi-
cance of the binding of iron by transferrin. Nature
215: 584-586, 1967.

53. FLETCHER, J., and E. R. HUEHNS. Function of
transferrin. Nature 218: 1211-1214, 1968.

54. GABUZDA, T. G., and F. H. GARDNER. Obser-
vations on Fe59 labelled bone marrow ferritin. Blood
29: 770-779,1967.

55. GABUZDA, T. G., and J. PEARSON. Two molecu-
lar forms of ferritin in rabbit marrow. Nature 220:
1234-1235, i968.

56. GIBsoN, Q. H., and L. J. PARKHURST. Kinetic
evidence for a tetrameric functional unit in hemo-
globin. 1 Molec Biol 243: 5521-5524, 1968.

57. GRANICK, S. Ferritin. I. Physical and chemi-
cal properties of horse spleen ferritin. 1 Biol Chem
146: 451-461, 1942.

58. GRANICK, S. Ferritin. IX. Increase of protein
apoferritin in the gastrointestinal mucosa as a direct
response to iron feeding. The function of ferritin
in the regulation of iron absorption. 1 Biol Chem
164: 737-746, 1946.

59. GRANICK, S. Ferritin; its properties and sig-
nificance for iron metabolism. Chem Rev 38: 379-
403,1946.

60. GRANICK, S. Structure and physiological func-
tions of ferritin. Physiol Rev 31: 489-511, 1951.

61. GRANICK, S., and L. MICHAELIS. Ferritin. II.
Apoferritin of horse spleen. 1 Biol Chem 147: 91-
97,1943.

62. GREEN, S., and A. MAZUR. Relation of uric
acid metabolism to release of iron from hepatic
ferritin. 1 Biol Chem 227: 653-668, 1957.

63. GREENE, F. C., and R. E. FEENEY. Physical
evidence for transferrins as single polypeptide chains.
Biochemistry 7: 1366-1371,1968.

64. GUIDOTTI, G. Studies on the chemistry of
hemoglobin. IV. The mechanism of reaction with
ligands. 1 Biol Chem 242: 3704-3712, 1967.

65. HAGGIS, G. H. The iron oxide core of the ferri-
tin molecule. 1 Molec Biol 14: 598-602, 1965.

66. HAGGIS, G. H. The ferritin molecule. In Sixth
International Congress for Electron Microscopy,
Kyoto, Maruzen Co., 1966, pp. 127-128.

67. HAMMEL, C. L., and S. P. BESSMAN. Control
of hemoglobin synthesis by oxygen tension in a cell-
free system. Arch Biochem 110: 622-627, 1965.

68. HARRISON, P. M. The structures of ferritin and
apoferritin; some preliminary X-ray data. 1 Molec
Biol 1: 69-80, 1959.

69. HARRISON, P. M. The structure of apoferritin;
molecular size, shape, and symmetry from X-ray
data. 1 Molee Biol 6: 404-422, 1963.

70. HARRISON, P. M. Ferritin and haemosiderin.
In F. Gross (ed.), Iron Metabolism; an International
Symposium, Berlin, Springer-Verlag, 1964, pp. 40-56.

71. HARRISON, P. M., and F. A. FISCHBACH. The
structure of ferritin. Acta Crystallogr 21, Suppl. A:
160, 1966.

16



72. HARRISON, P. M., F. A. FISCHBACH, T. G. HoY,
and G. H. HAGGIS. Ferric oxyhydroxide core of
ferritin. Nature 216: 1188-1190, 1967.

73. HARRISON, P. M., and D. W. GREGORY. Re-
assembly of apoferritin molecules from subunits.
Nature 220: 578-580, 1968.

74. HARRISON, P. M., and T. HOFMANN. The
structure of apoferritin; evidence for chemical sub-
units from "fingerprints" of tryptic digests. 1 Molec
Biol 4: 239-250, 1962.

75. HARRISON, P. M., T. HOFMANN, and W. 1. P.
MAINWARING. The structure of apoferritin; amino
acid composition and end-groups. 1 Molec Biol 4:
251-256, 1962.

76. HARRISON, S. C., and E. R. BLOUT. Reversible
conformational changes of myoglobin and apomyo-
globin. ¡ Biol Chem 240: 299-303, 1965.

77. HOFMANN, T., and P. M. HARRISON. The struc-
ture of apoferritin; degradation into and molecular
weight of subunits. 1 Molec Biol 6: 256-267, 1963.

78. HUBER, R., H. FORMANEK, and O. Epp. Kris-
tallstrukturanalyse des Met-Erythrocruorins bei 5.5A
Auflosung. Naturwiss. 55: 75-77, 1968.

79. HYDE, B. B., A. J. HODGE, A. KAHN, and M. L.
BIRNSTIEL. Study on phytoferritin. 1 Ultrastruct
Res 9: 248-258, 1963.

80. JAMIESON, G. A. Studies on glycoprotein. II.
Isolation of the carbohydrate chains of human trans-
ferrin. 1 Biol Chem 240: 2914-2920, 1965.

81. JANDL, J. H., J. K. INMAN, R. L. SIMMONS, and
D. W. ALLEN. Transfer of iron from serum iron-
binding protein to human reticulocytes. 1 Clin Invest
38: 161-185, 1959.

82. JANDL, J. H., and J. H. KATZ. The plasma-to-
cell cycle of transferrin. 1 Clin Invest 42: 314-326,
1963.

83. JEPPssoN, J.-O., and J. SJoQUIST. Subunits of
normal human transferrin. Sixth Intl Cong Bio-
chem 2: 157, 1964 (abstract).

84. JEPPSSON, J.-O., and J. SJoQuIST. Structural
studies on genetic variants of human transferrin.
Protides Biol Fluids 14: 87-91, 1966.

85. JONES, P., and A. SUGGETT. The catalase-hydro-
gen peroxide system; a theoretical appraisal of the
mechanism of catalase action. Biochem / 110: 621-
629, 1968.

86. KATZ, J. H., and J. H. JANDL. The role of
transferrin in the transport of iron into the develop-
ing red cell. In F. Gross (ed.), Iron Metabolism;
an International Symposium, Berlin, Springer-Ver-
lag, 1964, pp. 103-117.

87. KENDREW, J. C. Side-chain interactions in
myoglobin. Brookhaven Sympos Biol 15: 216-226,
1962.

88. KENDREW, J. C., R. E. DICKERSON, B. E.
STRANDBERG, R. G. HART, D. R. DAVIES, D. C.
PaILLIPS, and V. C. SHORE. Structure of myoglobin;

a three-dimensional Fourier synthesis at 2A resolu-
tion. Nature 185: 422-427, 1960.

89. KING, T. E., H. S. MASON, and M. MORRISON
(eds.). Oxidases and Related Redox Systems, vol. 1.
New York, Wiley & Sons, 1965.

90. KING, T. E., H. S. MASON, and M. MORRISON
(eds.). Oxidases and Related Redox Systems, vol. 2.
New York, Wiley & Sons, 1965.

91. KLEINWACHTER, V. An X-ray diffraction study
of ferritin; interpretation of low-angle scattering.
Arch Biochem 105: 352-358, 1964.

92. KOENIG, D. F. The structure of a-chloro-
hemin. Acta Crystallogr 18: 663-673, 1965.

93. KOMATSU, ST. K., and R. E. FEENEY. Role of
tyrosyl groups in metal binding properties of trans-
ferrins. Biochemistry 6: 1136-1141, 1967.

94. KOURILSKY, F. M., and P. BURTIN. Immuno-
chemical difference between iron-saturated and un-
saturated human transferrin. Nature 218: 375-377,
1968.

95. KRUH, J., and H. BORSOOK. Haemoglobin
synthesis in rabbit reticulocytes in vitro. 1 Biol Chem
220: 905-915, 1956.

96. LANE, R. S. Transferrin synthesis in the rat;
a study using the fluorescent antibody technique.
Brit / Haemat 15: 355-364, 1968.

97. LEVIN, O. Electron microscope observations
on some 60s erythrocruorins and their split products.
1 Molec Biol 6: 95-101, 1963.

98. LoEwus, M. W., and R. A. FINEBERO. The
incorporation of iron by apoferritin. Biochim Bio-
phys Acta 26: 441-443, 1957.

99. LOFTFIELD, R. B., and E. A. EIGNER. The time
required for the synthesis of a ferritin molecule in
rat liver. / Biol Chem 231: 925-943, 1958.

100. MALKIN, R., and J. C. RABINOWITZ. Nonheme
iron electron-transfer proteins. Ann Rev Biochem
36: 113-148, 1967.

101. MARGOLIASH, E., and A. SCHEjTER. Cyto-
chrome c. Advances Protein Chem 21: 113-286,
1966.

102. MATIOLI, G. T., and R. F. BAKER. Denatura-
tion of ferritin and its relationship with hemosiderin.
J Ultrastruct Res 8: 477-490, 1963.

103. MATIOLI, G. T., and E. H. EYLAR. The bio-
synthesis of apoferritin by reticulocytes. Proc Nat
Acad Sci USA 52: 508-516, 1964.

104. MAZUR, A., 1. LITT, and E. SHORR. Chemical
properties of ferritin and their relation to its vaso-
depressor activity. 1 Biol Chem 187: 473-484, 1950.

105. MAZUR, A., and E. SHORR. A quantitative
immunochemical study of ferritin and its relation
to the hepatic vasodepressor material. 1 Biol Chem
182: 607-627, 1950.

106. MCKAY, R. H., and R. A. FINEBERG. Horse

spleen hemosiderin. 1. Isolation. Arch Biochem 104:
487-495, 1964.

17



107. McKAY, R. H., and R. A. FINEBERG. Horse
spleen hemosiderin. II. Further characterization.
Arch Biochem 104: 496-508, 1964.

108. MEIER-RuGE, W., G. BENEKE, and G. AHLERT.

Quantitative relations between ferritin and siderin.
Nature 199: 175, 1963.

109. MICHAELIS, L. Ferritin and apoferritin. Ad-
vances Protein Chem 3: 53-66, 1947

110. MICHAELIS, L., C. D. CORYELL, and S. GRAN-
ICK. Ferritin. III. The magnetic properties of ferri-
tin and some other colloidal ferric compounds. 1
Biol Chem 148: 463-480, 1943.

111. MOORE, C. V., and R. DUBACH. Iron. In
C. L. Comar and F. Bronner (eds.), Mineral Me-
tabolism; an Advanced Treatise, New York, Aca-
demic Press, 1962, pp. 287-348.

112. MORGAN, E. H. The interaction between
rabbit, human, and rat transferrin and reticulocytes.
Brit 1 Haemat 10: 442-452, 1964.

113. MORGAN, E. H., E. R. HUEHNS, and C. A.
FINCH. Iron reflux from reticulocytes and bone
marrow cells in vitro. Amer 1 Physiol 210: 579-585,
1966.

114. MUIR, A. R. The molecular structure of iso-
lated and intracellular ferritin. Quart 1 Exp Physiol
45: 192-201, 1960.

115. MUIRHEAD, H., J. M. Cox, L. MAZZARELLA,

and M. F. PERUTZ. Structure and function of haemo-
globin. III. A three-dimensional fourier synthesis of
human deoxyhaemoglobin at 5.5A resolution. 1
Molec Biol 28: 117-156, 1967.

116. MUIRHEAD, H., and M. F. PERUTZ. Structure
of haemoglobin; a three-dimensional fourier synthe-
sis of reduced human haemoglobin at 5.5A resolu-
tion. Nature 199: 633-639, 1963.

117. NEER, E. J., W. KONIGSBERG, and G. GUIDOTTI.

The interactions between a and 3 chains of human
hemoglobin. 1 Biol Chem 243: 1971-1978, 1968.

118. NEILANDS, J. B. Naturally occurring non-
porphyrin iron compounds. Structure and Bonding
1: 59-108, 1966.

119. NICHOLLS, P., and G. R. SCHONBAUM. Cata-
lases. In P. D. Boyer, H. Lardy, and K. Myrback
(eds.), The Enzymes, vol. 8, New York, Academic
Press, 1963, pp. 147-225.

120. NOBBS, C. L., H. C. WATSON, and J. C. KEN-

DREW. Structure of deoxymyoglobin. Nature 209:
339-341, 1966.

121. NoYEs, W. D., T. H. BOTHWELL, and C. A.
FINCH. The role of the reticuloendothelial cell in
iron metabolism. Brit 1 Haemat 6: 43-55, 1960.

122. PADLAN, E. A., and W. E. LOVE. Structure
of the haemoglobin of the marine annelid worm,
Glycera dibranchiata, at 5.5A-resolution. Nature
220: 376-378, 1968.

123. PAPE, L., J. S. MULTANI, C. STITT, and P.
SALTMAN. In vitro reconstitution of ferritin. Bio-
chemistry 7: 606-612, 1968.

124. PAPE, L., J. S. MULTANI, C. STITT, and P.
SALTMAN. The mobilization of iron from ferritin
by chelating agents. Biochemistry 7: 613-616, 1968.

125. PAUL, K. G. Peroxidases. In P. D. Boyer,
H. Lardy, and K. Myrback (eds.), The Enzymes,
vol. 8, New York, Academic Press, 1963, pp. 227-
274.

126. PEAT, A., and G. H. BANBURY. Occurrence
of ferritin-like particles in a fungus. Planta (Berl.)
79: 268-270, 1968.

127. PEISACH, J., W. E. BLUMBERG, B. A. WITTEN-

BERG, and J. B. WITTENBERG. Electronic structure
of photoheme proteins. III. Configuration of the
heme and its ligands. 1 Biol Chem 243: 1871-1880,
1968.

128. PERUTZ, M. F., H. MUIRHEAD, J. M. Cox, and
L. C. G. GOAMAN. Three-dimensional fourier syn-
thesis of horse oxyhaemoglobin at 2.8A resolution.
II. The atomic model. Nature 219: 131-139, 1968.

129. PERUTZ, M. F., M. G. ROSSMANN, A. F.
CULLIS, H. MUIRHEAD, G. WILL, and A. C. T.
NORTH. Structure of haemoglobin; a three-dimen-
sional fourier synthesis at 5.5A resolution, obtained
by X-ray analysis. Nature 185: 416-422, 1960.

130. PRELOG, V. Iron-containing compounds in
micro-organisms. In F. Gross (ed.), Iron Metabo-
lism; an International Symposium, Berlin, Springer-
Verlag, 1964, pp. 73-83.

131. RABINOVITZ, M., and H. S. WAXMAN. De-
pendence of polyribosome structure in reticulocytes
on iron; implication on the tape theory of haemo-
globin synthesis. Nature 206: 897-900, 1965.

132. RICHTER, G. W. A study of hemosiderosis
with the aid of the electron microscope. 1 Exp Med
106: 203-218, 1957.

133. RICHTER, G. W. Electron microscopy of
hemosiderin; presence of ferritin and occurrence of
crystalline lattices in hemosiderin deposits. ¡ Bio-
phys Biochem Cytol 4: 55-58, 1958.

134. RICHTER, G. W. Internal structure of apo-
ferritin as revealed by the "negative staining tech-
nique." 1 Biophys Biochem Cytol 6: 531-534, 1959.

135. RICHTER, G. W. The nature of hemosiderin
granules in idiopathic hemochromatosis; electron
microscopy, chemical, and serological studies. Amer
1 Path 35: 690-691, 1959.

136. RICHTER, G. W. On ferritin and its produc-
tion by cells growing in vitro. Lab Invest 12: 1026-
1039, 1963.

137. RICHTER, G. W., and G. F. WALKER. Reversi-
ble association of apoferritin molecules; comparison
of light-scattering and other data. Biochemistry 6:
2871-2881, 1967.

18

1



138. RIMINGTON, C., and G. Y. KENNEDY. Por-
phyrins; structure, distribution, and metabolism. In
M. Florkin and H. S. Mason (eds.), Comparative
Biochemistry, New York, Academic Press, 1962, pp.
557-614.

139. ROBARDS, A. W., and C. L. ROBINSON. Fur-
ther studies on phytoferritin. Planta (Berl.) 82:
179-188, 1968.

140. ROCHE, J., M. BEssxs, and J. BRETON-GoRIUS.

Mise en évidence de molécules d'hémoglobine et de
ferritine dans certaines cellules d'Arenicola marina.
C R Acad Sci 252: 3886-3887, 1961.

141. ROSENMEYER, M. A., and E. R. HUEHNS. On
the mechanism of the dissociation of haemoglobin.
1 Molec Biol 25: 253-273, 1967.

142. Rossi FANELLI, A., E. ANTONINI, and A.
CAPUTO. Hemoglobin and myoglobin. Advances Pro-
tein Chem 19: 73-222, 1964.

143. ROTHEN, A. Ferritin and apoferritin in the
ultra-centrifuge. Studies on the relationship of fer-
ritin and apoferritin; precision measurements of the
rates of sedimentation of apoferritin. 1 Biol Chem
152: 679-693, 1944.

144. ROUGHTON, F. J. W. Transport of oxygen and
carbon dioxide. In Handbook o] Physiology, Sec-
tion 3, Respiration, vol. 1, Washington, D.C.,
American Physiological Society, 1964, pp. 767-825.

145. ROUGHTON, F. J. W., A. B. OTIS, and R. L. J.
LYSTER. The determination of the individual equi-
librium constants of the four intermediate reactions
between oxygen and sheep haemoglobin. Proc Roy
Soc [Biol] 144: 29-54, 1955.

146. SADDI, R., and A. voN DER DECKEN. Specific
stimulation of amino acid incorporation into ferritin
by rat-liver slices after injection of iron in vivo.
Biochem Biophys Acta 90: 196-198, 1964.

147. SAN PIETRO, A. (ed.). Non-heme Iron Pro-
teins; Role in Energy Conversion. Yellow Springs
(Ohio), Antioch Press, 1965.

148. SECKBACH, J. Studies on the deposition of
plant ferritin as influenced by iron supply to iron-
deficient beans. 1 Ultrastruct Res 22: 413-423, 1968.

149. SHODEN, A., B. W. GABRIO, and C. A. FINCH.

The relationship between ferritin and hemosiderin
in rabbits and man. 1 Biol Chem 204: 823-830, 1953.

150. SHODEN, A., and P. STURGEON. Hemosiderin.

1. A physico-chemical study. Acta Haemat (Basel)
23: 376-392, 1960.

151. SHODEN, A., and P. STURGEON. Formation of

haemosiderin and its relation to ferritin. Nature
189: 846-847, 1961.

152. SMITH, J. A., J. W. DRYSDALE, A. GOLDBERG,

and H. N. MUNRO. The effect of enteral and
parenteral iron on ferritin synthesis in the intestinal
mucosa of the rat. Brit 1 Haemat 14: 79-86, 1968.

153. SPIES, J. R. Determination of tryptophan in
proteins. Anal Chem 37: 1412-1416, 1967.

154. STURGEON, P., and A. SHODEN. Mechanisms
of iron storage. In F. Gross (ed.), Iron Metabolism;
an International Symposium, Berlin, Springer-
Verlag, 1964, pp. 121-146.

155. SURAN, A. A., and H. TARVER. Heterogeneity
of horse spleen ferritin and apoferritin; comparison
of electrophoretic and chromatographic fractions.
Arch Biochem 111: 399-406, 1965.

156. TAVILL, A. S., A. T. GRAYZEL, 1. M. LONDON,

M. K. WILLIAMS, and G. A. VANDERHOFF. The role
of heme in the synthesis and assembly of hemo-
globin. 1 Biol Chem 243: 4987-4999, 1968.

157. THERON, J. J., A. O. HAWTREY, and V.
SCHIRREN. Characterization of human liver ferritin
by starch-gel electrophoresis. Clin Chim Acta 8:
165-167, 1963.

158. TOWE, K. M., and W. F. BRADLEY. Mineral-
ogical constitution of colloidal "Hydrous Ferric
Oxides." ¡ Colloid Interface Sci 24: 384-392, 1967.

159. TowE, K. M., and H. A. LOWENSTAM. Ultra-
structure and development of iron mineralization in
the radular teeth of Cryptochiton stelleri (mollusca).
1 Ultrastruct Res 17: 1-13, 1967.

160. TowE, K. M., H. A. LOWENSTAM, and M. H.
NESSON. Invertebrate ferritin; occurrence in mol-
lusca. Science 142: 63-64, 1963.

161. VAN STONE, J., R. D. COLEMAN, and P.
HELLER. Effect of ferritin on globin synthesis.
Nature 210: 843-844, 1966.

162. WAXMAN, H. S., and M. RABINOVITZ. Iron
supplementation in vitro and the state of aggrega-
tion and function of reticulocyte ribosomes in hemo-
globin synthesis. Biochem Biophys Res Commun
19: 538-545, 1965.

163. WAXMAN, H. S., and M. RABINOVITZ. Control
of reticulocyte polyribosome content and hemoglobin
synthesis by heme. Biochim Biophys Acta 129: 369-
379, 1966.

164. WEINTRAUB, L. R., M. E. CONRAD, and W. H.
CROSBY. The role of hepatic iron stores in the
control of absorption. / Clin Invest 43: 40-44, 1964.

165. WHEBY, M. S., and L. G. JONES. Role of
transferrin in iron absorption. 1 Clin Invest 42:
1007-1016, 1963.

166. WILLIAMS, M. A., and P. M. HARRISON.

Electron-microscopic and chemical studies of oligo-
mers in horse ferritin. Biochem 1 110: 265-280, 1968.

167. WINDLE, J. J., A. K. WIERSEMA, J. R. CLARK,

and R. E. FEENEY. Investigation of the iron and
copper complexes of avian conalbumins and human
transferrins by electron paramagnetic resonance.
Biochemistry 2: 1341-1345, 1963.

168. WOHLER, F. Über die Natur des Hamosi-
derins. Acta Haemat (Basel) 23: 342-377, 1960.

169. WOHLER, F. The treatment of haemochro-
matosis with desferrioxamine. In F. Gross (ed.),

19



Iron Metabolism; an International Symposium, Ber- Regulation of ferritin synthesis in rat liver. 1 Biol
lin, Springer-Verlag, 1964, pp. 551-567. Chem 243: 2911-2917, 1968.

170. WOODWORTH, R. C. The mechanism of metal 173. Yu, F.-L., and R. A. FINEBERG. Biosynthesis
binding to conalbumin and siderophilin. Protides of ferritin by rat liver slices. ¡ Biol Chem 240:
Biol Fluids 14: 37-44, 1966. 2083-2087, 1965.

171. WYMAN, J. Linked functions and reciprocal 174. ZAIL, S. S., R. W. CHARLTON, J. D. TORRANCE,
effects in hemoglobin; a second look. Advances Pro- and T. H. BOTHWELL. Studies on formation of ferri-
tin Chem 19:. 7-28R6 1964 tin in reA eP1 precursnrs 7 r71in iv,,/ct 43: 670-680,

172. YosHINO, Y., J. MANIS, and D. SCHACHTER. 1964.

20



THE CONTROL OF IRON BALANCE BY THE
INTESTINAL MUCOSA 1

William H. Crosby

Iron metabolism is under the control of a
complicated system for keeping unneeded iron
out of the body. It is unlike the metabolism of
other nutrient metals, such as potassium, cal-
cium, or copper, which depend upon excretory
functions to remove any excess. The excretory
capability for getting rid of iron is meager, so
the balance is maintained primarily by adjust-
ing the absorption of available iron (17). The
small intestine of a normal man absorbs about
1 mg of iron a day (18), thereby offsetting simi-
lar losses (14), which are comprised of the
traces of iron in all of the epithelial cells shed
from the surfaces of the body. This 1 mg of
iron is absorbed from the 15 to 20 mg in the
daily diet. More than 50 per cent of dietary iron
is available for absorption (13), but the normal
intestine declines to accept unneeded iron. When
the requirement is increased during growth or
pregnancy or after blood loss, the intestine's
mucosal block is relaxed to permit more of the
available iron to enter (9). A normal man with
a moderate-to-severe iron deficiency can absorb
6 mg of his dietary iron in a day-1 mg lost in
desquamating epithelium and 5 mg incorporated
into the expanding mass of circulating hemoglo-
bin as the anemia is repaired (6).

The diflerences of behavior of the intestine in
these two states, repletion and depletion of iron,
provide a useful model for comparative studies

1 These studies were aided with funds from U.S. Army
Research and Development Command Contract Number
DA-49-193-MD-2815.

and for speculation concerning the control of
iron metabolism. They also provide some insight
into the complexity of the system that exerts the
control.

Iron deficiency is induced experimentally by
removing blood from normal volunteers. One
liter of blood with 150 g of hemoglobin con-
tains 500 mg of iron, which is 10 to 15 per cent
of the body's total. Following such a loss, the
anemia is corrected by a temporary increase of
erythropoiesis. The iron required for this spurt
of hemoglobin synthesis comes from two sources
-the physiologically uncommitted stores of iron
in the liver, spleen, and bone marrow, and from
the diet. Following this loss of blood and iron,
the small intestine absorbs more than the usual
amount of iron. It changes its behavior in an
appropriate reaction to a changed requirement
for iron. In other words, the intestine is acting
upon information it receives concerning the re-
quirement.

The iron absorption control system comprises
a series of recognizable steps: (1) information
concerning the requirement for iron must origi-
nate somewhere in the system; (2) this informa-
tion must somehow be transmitted to the small
intestine; (3) the intestine must somehow re-
ceive the information; and (4) the information
must be translated into a pattern of iron ab-
sorption-an avidity that is appropriate to the
requirement for iron. Though the nature of this
system is known, information is still lacking on
precisely how the several steps are accomplished.
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Sufficient clinical and investigational data are
available, however, to provide the scaffolding
for a working hypothesis.

Origin of information concerning the
requirement for iron

The rat, after its iron stores have been over-
loaded by injections of iron, absorbs less of a test
dose of radioiron than normal animals do. After
a moderate bleeding-not nearly enough to de-
plete the excess stores-the animal behaves as
though he were iron deficient, absorbing an in-
creased amount of the test dose (8). This would
indicate that the information concerning require-
ment for iron does not originate primarily within
the iron stores. When there is iron-deficiency
anemia and the amount of iron returning from
the normal destruction of red cells is insufficient,
the principle requirement for iron exists at the
point of erythropoiesis. However, when the
stores are depleted without anemia and without
reduction in hemoglobin iron, the intestine
permits iron to accumulate until the stores are
replete. The signals generated by the loss of
storage iron-following a hepatectomy for exam-
ple-are not equal in intensity to those generated
by the loss of a similar quantity of hemoglobin
iron (21).

Nature and transmnission of information
concerning the requirement for iron

It is not known for certain what stimuli cause
the intestine to increase or decrease its absorp-
tion of iron in accordance with the body's need.
Anemia, hypoxia, erythropoietin, hypoferremia,
and the rate of iron turnover in the plasma have
been suggested as possibilities. These can all be
ruled out, however, by observing the behavior of
the intestine in a chronic situation and noting
the increases in iron absorption and accumula-
tion of unneeded iron (12). Care must be taken
to eliminate diseases with an associated iron
metabolism disorder that in and of itself per-
mits the accumulation of iron-for example,
Cooley's anemia and the acquired sideroblastic
anemias, in which a syndrome resembling hemo-
chromatosis develops even without transfusion.

Also to be eliminated are acute situations in
which the size of the red cell mass or the erythro-
poietic marrow changes, thus causing alterations
in the availability and demand for iron-as in
the onset of polycythemia, which is accompanied
by a relative iron deficiency, and the onset of
folate deficiency, where the dwindling red cell
mass provides iron to be placed in storage.

Anemia, hypoxia, and excess erythropoietin
are all present in the hypoplastic anemias that
are not sideroblastic. Patients with these condi-
tions do not absorb iron in amounts above the
normal range, and, if they are not transfused,
they do not accumulate iron. Permanent dwell-
ers at high altitude live with a permanent hy-
poxia (although plethoric) and with increased
erythropoietin, yet they do not accumulate un-
necessary iron.

Plasma iron itself does not seem to be the
channel of information to the gut. Hypoferremia
is associated with increased iron absorption in
iron deficiency, but not when the hypoferremia
is due to inflammatory disease. In uncompli-
cated hemolytic disease (for example, hereditary
spherocytosis), the turnover of plasma iron may
remain perpetually at 5 to 10 times the normal
rate, yet unneeded iron does not accumulate.
Iron needed for accelerated erythropoiesis is
easily available from equivalent hemolysis, and
the patient with such a chronic disorder remains
in a state of dynamic equilibrium similar, except
for volume, to that of a normal person.

When iron becomes relatively unavailable, iron
absorption increases. Erythroblasts remove the
iron from plasma transferrin, and the transferrin
must then recoup from other sources. When the
requirement exceeds the amount made easily
available by hemolysis, the stores of iron are
tapped and additional iron is brought in from
the intestine. In this situation, the concentration
of serum iron is often, but not necessarily, low.
When the iron stores are not exhausted, the mar-
row may repair a diminished red cell mass while
the plasma iron concentration remains normal
(20).

Iron removed from transferrin at an increased
rate is replaced at an increased rate, yet the
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concentration of plasma iron and the saturation
of plasma transferrin tend to remain constant.
This suggests that the transferrin's avidity for
iron involves a homeostatic mechanism that
maintains the iron-binding protein at about one
third of saturation (11). When saturation falls
below that level, the avidity of the protein seems
to increase so that iron is drawn from the storage
depots. When a normal man is injected paren-
terally with a modest amount of iron in excess
of requirement-let us say 1 or 2 grams-within
a few weeks that iron has been distributed to the
storage depots, and the ratio of plasma iron to
transferrin re-establishes itself at the evidently
critical level of about one third saturation. The
avidity of the transferrin is low enough to pre-
vent the excessive storage iron from bulging
into the plasma space.

The homeostatic behavior of transferrin,
which shows avidity increased during iron de-
fieiency and decreased during surfeit, suggests
that this is the mechanism whereby information
concerning iron requirement is transmitted from
the place where iron is needed to the place where
it is available.

The intestine's reception of information
concerning the requirement for iron

The plasma transferrin behaves in response
to the requirement for iron, bringing iron to the
stores when there is an excess and cleaning out
the stores when there is a deficit. It is evident
that the several pools of uncommitted iron vary
in their availability. For example, the iron de-
rived from normal hemolysis seems to be most
readily available, while iron stored in the liver
is less so. As a consequence, the daily cycle of
erythrocyte iron involves little of the liver's stor-
age iron: about 90 per cent of the iron in new
red cells comes from old red cells. When the re-
quirement increases and the transferrin must
recover the needed iron from available sources,
the more labile, easily available iron pools are
the first to go. Notable among these is the non-
heme iron in the intestinal mucosa. We have
found that the concentration of iron in the
duodenal mucosa is low in the case of iron de-

ficiency and high in experimental iron overload
(8). For example, in rats, within a week after
hemorrhage, the concentration of iron in the
duodenum falls from about 15 to 8 ,tg per g of
tissue. When 25 ,tg of iron is injected intra-
venously, the concentration of duodenal iron
abruptly increases, then gradually subsides to
normal within four days. There is evidence that
the differences of intestinal iron concentration
between normal, iron-deficient, and iron-loaded
animals may not be so great in the epithelial cells
as it is in the entire mucosa (4), and the differ-
ences may not be evident in man (1). The prob-
lem needs further investigation, but it is worth
considering that in iron deficiency all tissues be-
come iron deficient, and in the state of iron
overload resulting from injections of iron or
transfusions it is possible to see excess iron in the
intestinal lamina propria (2).

The working hypothesis here is that the small
intestine receives information concerning the
body's requirement for iron through the medium
of its nonheme iron pool. When iron is needed
the pool is depleted; when iron is in excess the
pool becomes overloaded.

Translating iron requirement information into
an appropriate pattern of iron absorption

In both man and rats (7, 10, 16), radioauto-
graphs of the duodenum after ingestion of radio-
iron have demonstrated that the epithelial cells
of the villi react differently in different states of
iron repletion. In the iron-deficient state, the
cells in vivo take up a great amount of the radio-
iron and pass all of it into the body, so that in
the radioautographs the villi are free of activity.
In vitro, the epithelial cells accept the iron freely
but are unable to pass it on, so they are highly
radioactive. Normal epithelium in vitro accepts
less iron than that of the iron-deficient patient,
while the epithelium of the iron-loaded subject
accepts little or no iron at all. The in vivo ex-
periment in iron-loaded animals does not reveal
any radioactivity in the villous epithelium either.
One may conclude that these cells have been
conditioned to refuse available iron. In this situa-
tion, the mucosal block to absorption appears to
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reside at the surface of the cell. On the other
hand, in normal animals the radioautograph
demonstrates that the epithelial cells sequester a
portion of the absorbed iron, and that iron is lost
into the lumen when the cells are shed at the
end of their life cycle. Another portion of the
absorbed iron, of course, is passed along to the
body. Thus, in addition to the mechanism at
the surface of the cell, there appears to be a sec-
ond mechanism within the cell to prevent un-
needed iron from entering the body. The epithe-
lium has the ability to synthesize ferritin, and
this ability is sharply diminished in iron de-
ficiency (5). For this reason, it is believed pos-
sible that the accepted iron which becomes
sequestered in the epithelium has been bound
into ferritin. In this conception, ferritin is not a
stage of iron absorption but rather a metabolic
cul-de-sac to prevent iron absorption. For the
sake of completeness, it should be noted that
there is yet another block to the absorption of
iron. Following a large dose of iron by mouth,
it is possible within two or three hours to dem-
onstrate the presence of iron-loaded macro-
phages in the duodenal villous tips. This occurs
even in iron deficiency (19), thus indicating that
the iron is not of internal origin. These iron-
laden cells move across the epithelial cortex and
return the iron to the intestinal lumen (2).

Conditioning of the epithelial cells results in
the absorption of iron in consonance with the
body's requirement. It is evident that the "front
door" of the epithelial cells can be closed against
dietary iron. There is also evidence to indicate
that the transfer of iron from cells to the plasma
is rate-limiting (22). It is reasonable to postu-
late that external information concerning re-
quirement determines the attitude of the epithe-
lial cells. According to the hypothesis, this
attitude is determined by the concentration of
nonheme iron in the lamina propria of the du-
odenal mucosa. As the cells are formed, they
somehow receive a signal concerning the require-
ment for iron, and this impression dominates
the ability to accept or reject available iron
throughout the cells' life span. A cell informed
of a surfeit cannot accept iron; a cell informed

of a deficiency cannot reject it. According to this
concept, the duodenum changes its attitude to-
ward available iron by changing its epithelial
covering.

The means whereby the cells are imprinted
with instructions for absorbing iron may be
related to a small amount of iron that is incor-
porated into the cell as it is formed. When a
trace of highly radioactive iron is injected intra-
venously in normal and iron-loaded rats, the
villous epithelial cells formed thereafter are
radioactive; none of the radioactivity goes into
cells already formed (8). In iron-deficient ani-
mals, none of the cells become radioactive. The
iron involved represents a tiny investment. If
it is this mite that controls iron absorption by
the cell, it must be strategically positioned (15).

While the ability to excrete iron is limited,
it is not entirely lacking. The macrophages of
the intestinal lamina propria are loaded with
iron in patients with transfusion siderosis, and
these cells have been shown to intercept absorbed
unneeded iron (19). It is not known if they
play any part in normal iron metabolism.

Epithelial cells of the mucus-secreting glands
are also capable of accepting more iron than
they require and storing it as ferritin-hemosid-
erin (3, 10). These cells are located at the
surfaces of the body, and when they are shed
the iron within is lost. In the gut, the mucous
glands of the stomach and Brunner's glands of
the duodenum provide yet another means by
which a small amount of excess iron can leak
out.

The total excess iron that an iron-loaded man
can lose may not exceed 4 or 5 mg a day (13).
This seems small when the overload is measured
in grams, as in a patient with transfusion sider-
osis, but it is adequate to help maintain iron
balance under normal conditions. It is possible
that the intestine may, from time to time, absorb
some small quantity of iron in excess of the
requirement. These excretory channels would
be adequate to remove the excess. Thus, the
macrophages and specialized epithelial cells may
serve as a supplementary device in support of

24

1

t



the intestine's ability to refrain from absorbing
available unneeded iron.

Summary

The small intestine controls the level of iron
in the body, responding to the body's require-
ment and refusing to absorb unneeded available
dietary iron. The intestine receives information
concerning the requirement and acts upon this
information, absorbing more or less dietary iron
as indicated.

It is suspected that a chain of phenomena
controls these responses in approximately the
following manner: (I) bleeding stimulates
erythropoiesis, which increases the marrow's
requirement for iron; (2) this accelerates the
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turnover of plasma iron, thus hastening the re-
moval of iron from the intestinal mucosa and
causing the iron concentration in the mucosa to
fall; and (3) the intestinal epithelial cells formed
in this iron-poor environment do not have the
ability to refuse available dietary iron. When the
intestine becomes covered with such cells, iron
absorption is increased. After the body's ac-
cumulation of iron is restored to normal, all
these changes subside and the intestine once
again can refuse to absorb available iron.

The injection of excessive iron has an opposite
effect. The absorption of iron becomes less than
normal. Some of the excess may be lost with
the shedding of iron-laden phagocytes and epi-
thelial cells.

RENCES

of concepts relating to control of iron absorption.
Seminars Hemat 3: 299-313,1966.

10. CROSBY, W. H. Iron absorption. In W. Heidel
(ed.), Handbook of Physiology, Section 6, The Ali-
mentary Canal, vol. 3, Washington, D.C., American
Physiological Society, 1968, pp. 1553-1570.

11. CROSBY, W. H. Intestinal response to the
body's requirement for iron. ¡AMA 208: 374-381,
1969.

12. CROSBY, W. H. Iron metabolism. In A. S.
Gordan (ed.), Regulation o/ Hematopoiesis, New
York, Appleton-Century-Crofts. In press.

13. CROSBY, W. H., M. E. CONRAD, and M. S.
WHEBY. The rate of iron accumulation in iron
storage diseases. Blood 22: 429-439, 1963.

14. GREEN, R., R. CHARLTON, H. SEFTEL, T.
BOTHWELL, F. MAYET, B. ADAMS, C. FINCH, and

M. LAYRISSE. Body iron excretion in man. Amer 1
Med 45: 336-353, 1968.

15. HARTMAN, R. S., M. E. CONRAD, R. E. HART-
MAN, R. J. T. JoY, and W. H. CROSBY. Ferritin-
containing bodies in human small intestinal epithe-
lium. Blood 22: 397-405,1963.

16. KIMURA, 1., J. TSUCHIDA, and H. KODANI. Iron
metabolism of intestinal mucosa in various blood
diseases. Acta Med Okayama 18: 127-137, 1964.

17. MCCANCE, R. A., and E. M. WIDDOWSON. Ab-
sorption and excretion of iron. Lancet 2: 680, 1937.

18. MOORE, C. V. Iron metabolism and nutrition.
Harvey Lect 55: 67-101, 1959.

25



19. MOURIQUAND, C. Villosité intestinale et mé-
tabolisme du fer; une étude expérimentale. Rev
Hematol 15: 472-488, 1960.

20. WEINTRAUB, L. R., M. E. CONRAD, and W. H.
CROSBY. Regulation of the intestinal absorption of
iron by the rate of erythropoiesis. Brit / Haemat 11:
432-438, 1965.

21. WEINTRAUB, L. R., M. E. CONRAD, W. H.
CROSBY, and A. L. FoY. The role of hepatic iron
stores in the control of iron absorption. 1 Clin
Invest 43: 40-44, 1964.

22. WHEBY, M. S., L. G. JONES, and W. H. CROSBY.
Studies on iron absorption; intestinal regulatory
mechanisms. 1 Clin Invest 43: 1433-1442, 1964.

26

-TI

t1



THE ROLE OF PROTEIN IN IRON ABSORPTION

Marcel E. Conrad

Iron deficiency is widespread among popula-
tions that consume a protein-deficient diet. Its
etiology has been related to a variety of differ-
ent factors in combination, some of them di-
rectly attributable to protein-depleted diet and
others apparently unrelated to food but occurring
with high frequency among people of limited
means (3, 4, 42). In some geographic areas pro-
tein consumption is diminished by religious be-
liefs and customs that forbid the use of meat as
food. However, in most parts of the world, a
protein-depleted diet is not eaten by choice, it
being a reflection of poverty rather than dietary
idiosyncrasy.

Nutritional studies suggest that the iron con-
tent of the diet is the most important factor
affecting iron repletion. A low incidence of iron
deficiency is found in the United States, where
the adult diet contains 10 to 20 mg of iron,
whereas it is commonplace in areas of the world
where the diet contains less iron (42). The
problem is further complicated by marked dif-
ferences in foods and the chemical form of die-
tary iron in various parts of the world. Signifi-
cant differences in the quantity of iron absorbed
from various radiolabeled foods attests to the
importance of this factor (24, 26, 27, 29). These
differences exist because foods contain various
forms of iron and ingredients that serve to in-
crease and/or decrease iron absorption. Ferrous
iron is absorbed in greater quantities than ferric
iron, and dietary ingredients such as certain
sugars and amino acids solubilize iron to en-
hance iron absorption, whereas other constitu-
ents of the diet such as carbonates, oxalates,

phytates, and phosphates cause precipitation or
molecular aggregation of iron and hence de-
crease absorption (2, 5, 8, 14, 21, 23, 28, 30, 32).

Iron deficiency is not prevalent among people
who consume meat as a major constituent of
their diet. This can be attributed to both the
high iron content of meat diets and the more
efficient absorption of hemoglobin iron than
dietary iron. Heme is absorbed from the in-
testinal lumen as an intact metalloporphyrin. It
does not compete with intraluminal iron for
absorptive sites in the mucosal cell, and in the
presence of globin-degradation products it is less
susceptible than inorganic iron to precipitating
and aggregating chelators (Figure 1 and 1, 10,
35,38, 41).

Absorption of Iron From FeS04 and Hemoglobin with
Food ond Fosting
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FiG. 1. In measuring the absorption of Fe' from a test
dose of ferrous sulfate or labeled hemoglobin containing
one milligram of iron, each test dose was administered to
human volunteers after a 16-hour fast or with food
(36). More iron was absorbed by fasting subjects from
ferrous sulfate than from hemoglobin. Addition of the
test doses to a meal markedly diminished the absorption
of iron from ferrous sulfate but had little effect on the
absorption of hemoglobin iron. Bars represent the mean
of eight absorption studies and brackets are the standard
error of the mean.
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Many other factors that are generally found

in populations of limited means can contribute
significantly to iron deficiency. For example, the
histologic appearance of the small intestine in
normal subjects from Southeast Asia contrasts

sharply with biopsy specimens from Europeans

and North Amrnericans. There appears to be a
marked diminution in the absorptive surface

area of the gut, with alterations that resemble

sprue (9, 33). Many other factors contribute to

iron deficiency as well (Table 1). These in-

clude hookworm infestation, chronic infection,

chronic diarrhea, and frequent pregnancy (1,

13, 19, 20, 25, 31). Diets often contain mar-
ginal amounts of other nutrients, and iron de-

ficiency may be complicated by the coexistence

of deficiencies in dietary needs such as folic

acid, vitamin B12, thiamine, and riboflavin (34,

37).
It is difficult to study the effect of protein dep-

rivation on iron absorption in malnourished peo-

ple because of the multiplicity of factors in-

volved. For this reason, experiments with rats

have been used to study the effect of starvation
and dietary depletion of protein on iron absorp-
tion (11).

Previously, acute starvation was used to assay
erythropoietin (22). Rodents starved for five

days have a marked depression in the incorpora-
tion of intravenous doses of radioiron into red

TABLE 1. Factors affecting iron repletion in protein-
deprived populations

Absorption:

1. Iron-deficient diet
2. Chemical form of dietary iron
3. Histology of small intestine
4. Limited erythropoiesis
5. Limited growth rate
6. Chronic infection
7. Chronic diarrhea
8. Geophagia

Excretion:

1. Enhanced excretion
2. Intestinal parasites
3. Frequent pregnancy

blood cells. Similarly, there is a notable decrease
in the absorption of iron from oral test doses of
ferrous sulfate. The animals lose body weight;
they develop a relative erythrocytosis; and they
show an elevated serum iron concentration, a
significant decrease in their total iron-binding
capacity, and a prolonged plasma iron clearance
with diminished plasma iron turnover (Table
2).

Similar changes were observed in ferrokinetic
studies of rats made iron-deficient by phlebotomy
of 4 ml of blood at four and ten days before star-
vation when compared with iron-deficient rats
that were fed. The starved animals lose 25 per
cent of their body weight after five days of
fasting. The packed cellular volume increases,
because starved rodents voluntarily abstain from
drinking normal quantities of water. Starvation
decreases iron absorption and the incorporation
of radioiron into red blood cells. Serum iron
concentration was shown to be increased, and the
total iron-binding capacity decreased. Differences
in the plasma iron clearance and calculated plasma
iron turnover were not significant (Table 3).

Ferrokinetic data from starved iron-deficient
rats were similar to observations in normal un-
starved animals. A comparison of iron absorp-
tion studies in normal, iron-deficient, iron-
loaded, and phenylhydrazine-treated rats is
shown in Figure 2. In groups of unstarved ani-
mals, iron deficiency and phenylhydrazine-in-
duced hemolysis caused an increase in iron ab-
sorption, whereas iron-loaded rats absorbed less
iron than normal control animals. A similar

TABLE 2. Effect of acute starvation on iron metabolism
in normal rats

FASTED STARVED

OVERNIGHT 5 DAYS

Iron absorption (%) 20 5
Weight loss (%) 6 23
Hematocrit (%) 48 55
Serum iron (tg/100 ml) 116 192
TIBC (yag/100 ml) 495 416
Plasma iron clearance (T Y/2 min) 70 169
Daily iron turnover (,ag/d) 115 79
RBC iron incorporation (%) 36 7
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TABLE 3. Effect of acute starvation on iron metabolism

in iron-deficient rats

FASTED STARVED
OVERNIGHT 5 DAYS

Iron absorption (%) 48 24
Weight loss (%) 5 25
Hemnatocrit (%) 39 45
Serum iron (,tg/100 ml) 51 89
TIBC (,ug/100 ml) 540 428
Plasma iron clearance (T /r min) 40 50
Daily iron turnover (tzg/d) 89 110
RBC iron incorporation (%) 80 54

relationship was observed among groups of

starved animals in the various states of iron re-
pletion and with hemolysis. However, the

starved animals absorbed significantly less iron

than unstarved rats in the same state of iron

repletion. Thus, iron-deficient and phenylhydra-

zine-treated starved rats absorbed approximately

the same amount of iron from oral test doses of

ferrous sulfate as did unstarved normal control

animals. This indicates that starvation produces

ABSORPrlTION OF IRON BY RATS IN VARIOUS STATES OF IRON REPLETION AND
HEMOLYSIS: FED VERSUS STARVEO RATS

FIG. 2. In the various states of iron repletion and he-

molysis, rats fed a normal diet (stippled bars) absorbed

significantly more Fe5' from oral test doses of ferrous sul-
fate than comparable animals starved for five days (striped
bars) (16). Fasted, iron-deficient rats absorbed as much
iron as normal, unstarved animals but significantly less

than the iron-deficient rats that received a normal diet.

Similar changes were observed in acetyl-phenylhydrazine-

treated animals. This suggested that there was a rela-

tive deficiency of substances required for hemoglobin syn-

thesis but that the deficit was not absolute. Bars show

mean levels and brackets indicate 1 SE for 10 rats.

relative changes in iron absorption and that any
human or animal studies must include appropri-
ate control groups, or else differences will remain
undetected.

The elevated hematocrit observed in all groups
of starved animals was caused by dehydration
and a diminished plasma volume. Starved rats
ingest about one half the volume of water con-
sumed by fed animals, and Cr' red blood cell
volume studies showed the same red blood cell
mass in normal animals and in rats starved for
five days. To determine whether relative eryth-
remia or dehydration affected iron absorption,
water was removed from animal cages and rats
were hydrated by hypodermoclysis of 10 ml 5%
dextrose at six-hour intervals for five days. Half
the animals were starved and the remainder
were fed dried food. The hematocrit remained
normal in the parenterally hydrated starved ani-
mals, but iron absorption and the red blood cell
incorporation of Fe5 was notably depressed
(Table 4).

Periodic studies following recovery from a five-
day period of starvation showed that iron ab-
sorption became normal after six days of feed-
ing. This coincided with the interval required

TABLE 4. Hydration and iron absorption

NORMAL STARVED 5 DAYS

HYPO- HYPO0
WATER WATER

DERMO- DERMO-
AD LIB. AV LIB.

CLYSIS CLYSIS

Water intake
(ml/day) 35 40 21 40

Food
(g/day) 17 12 0 0

Weight
(g) +12 -4 -57 -44

Hematocrit
(%) 48 47 56 48

Ci`' RBC mass
(ml) 5.1 5.0 4.9 5.0

Fe absorption
(%) 18 15 5 6

RBC Fe` incorp.
(%) 39 34 7 7
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TABLE 5. Recovery from a five-day starvation

WEIGHT CHANGE
IRON RBC INCORP.

GROUP FROM BEFORE ABSORPTION FE
w

STARVATION ( )
(GRAMS)

Control 0 23 33

0 -62 6 4
1 -51 12 5
2 -39 14 8
3 -25 13 14
4 -8 16 19
6 + 2 26 33
9 +20 27 34

*Number of days fed following starvation period

for each group of rats to regain their prestarva-
tion body weight and normal erythropoiesis
(Table 5).

The effect of starvation on ferrokinetics in the
duodenum was studied. The nonheme iron con-
centration of duodenal segments from starved
animals was similar to chemical measurements

EFFECT OF STARVATION UPON FERROKINETICS IN DUODENAL MUCOSA

ABSORPTION NON HEME IRON INCORPORATION INTO DUODENUM
EORAL DOSE) (% I.V. DOSE OF Ft")

20% + 20. > c9 r- 1 .4%
15,uqg/g. í~ - (7.4% DIALYZABLE)

NORMAL

41 5 g.4. (24.4% DIALYZABLE)

STARVED

FIG. 3. This schematic diagram of the small intestinal
mucosal cell in normal and srarved animals shows a
similar nonheme iron concentration for both groups (17).
Starved animals sequester more iron from body stores
in their duodenal mucosa than do normal animals, and
this iron is more readily dialyzed from duodenal homog-
enates. This suggests that the mucosal iron of starved
animals is either unbound or loosely bound to protein
and may be more readily available to diminish the up-
take of dietary iron from the intestinal lumen. Homoge-
nates were dialyzed in 0.5 M Tris (pH 9) containing
Tiron (1 g/liter) in 250 ml plastic bottles rotated at
4° c for 48 hours. Fe' passing through the dialyzer tub-
ing was bound to Tiron and collected in anion exchange
resin (1 AG-1 X 8) (11).

in gut specimens from normal rats (Figure 3).
These data seemed to conflict with the hypothe-
sis that the iron content of intestinal cells regu-
lates the quantity of iron absorbed from the in-
testinal lumen. It seems unlikely that generalized
malabsorption caused the marked decrease in
iroi absorption that was obscrvcd in starved
rats, because these animals absorbed normal
quantities of glucose and had an intestinal mu-
cosa of histologically normal appearance. How-
ever, there was increased incorporation of body
iron into the intestinal cells of starved animals,
and much of this iron was readily dialyzed from
duodenal homogenates. This suggested that a
larger amount of the intestinal iron in starved
animals was either unbound or loosely bound to
protein and might be available to regulate the
uptake of iron from the intestinal lumen. Previ-
ous experiments have already suggested that
body iron sequestered by intestinal mucosal cells
is a more potent regulator of absorption than
dietary iron. An intravenous dose of iron mark-
edly decreases absorption, whereas the ingestion
of iron only slightly reduces the quantity of iron
absorbed from oral test doses of radioiron ad-
ministered several hours later (6, 12).

The effect of dietary composition on ferro-
kinetics and iron absorption was studied by
feeding food containing various amounts of pro-
tein and carbohydrate to rats (Figure 4). Each
diet contained 10 per cent fat and 0.15 mg/g of
inorganic iron. Rats weighing 125 g were se-
lected and fed these diets for three weeks.
Weight gain was proportionate to the protein
content of the diet. Iron absorption and kinetic
studies in rats receiving a protein-depleted diet
were similar to those observed in starved ani-
mals. Iron absorption, the incorporation of Fe59

into red blood cells, and the concentration of
iron-binding protein in plasma were decreased.
The serum iron concentration was elevated, the
plasma Fe59 clearance became prolonged, and
the calculated plasma iron turnover was approxi-
mately half the level observed in rats that were
fed a normal diet. Unlike starved animals, rats
on a protein-depleted diet consumed relatively
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FIG. 4. Diets containing various quantities of protein
were fed to 125-gram rats for three weeks. WRCF rats
were used because they are unable to absorb heme iron
(40). Each diet contained 0.15 mg/g of nonheme iron.
Weight gain was proportionate to the protein content of
the diet. Animals maintained on protein-depleted diets
had a higher serum iron concentration but absorbed less
iron from oral test doses of ferrous sulfate and had di-
minished incorporation of radioiron into red blood cells
and a decreased plasma iron turnover. Testing was per-
formed on groups of 10 rats fasted for 16 hours. Brackets
represent the standard error of the mean.

normal amounts of water and did not become
dehydrated. Rats maintained on an 8 per cent
protein diet had ferrokinetic values intermediate
between those of starved rats and animals re-
ceiving a normal protein-replete diet.

To determine the effect of various types of
carbohydrate on iron absorption, cooked white
rice and diets containing either sucrose or corn-
starch were prepared and fed to rats. Vitamin-
free casein was added to different diets in various
quantities. Corn oil, vitamins, and iron were
added to each diet in equal amounts. The rats
weighed 125 g at the beginning of the study
and were kept on each diet for three weeks.
Testing was performed after an overnight fast.
Rats on protein-deficient diets gained less weight,

absorbed less iron from oral doses of ferrous sul-

fate, and incorporated less of an intravenous dose
of radioiron into the red blood cells. Ferro-
kinetic data and iron absorption studies were
similar in the rats that received the starch and
sucrose diets (Figure 5).

The habitual ingestion of large amounts of
laundry starch is a common practice among Ne-
gro females in certain geographic areas of the
United States (15, 18, 39). Occasionally the
amount consumed exceeds two pounds a day
and causes severe iron deficiency. The severity
of "starch eaters'" anemia seemed excessive for

an iron-deficient diet alone and raised the ques-
tion of whether the starch chelated iron within
the intestinal lumen to make it unavailable for

absorption. To test this hypothesis, rats were
given 5 ml oral test doses of ferrous5 9 sulfate
containing either 1 g of starch, 1 g of sucrose, or
no additive. The absorption of similar amounts

Effect of Various Diets Upon Iron Absorption
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FIG. 5. Cooked white rice and diets containing either
sucrose or cornstarch were prepared for rats. Vitamin-
free casein was added to certain diets and equivalent
amounts of corn oil and vitamins were added to each
diet. Diets contained 0.15 mg of iron per gram of dry
weight. The rats weighed 125 g at the beginning of the
study and were kept on each diet for 3 weeks. Rats on
protein-deficient diets gained less weight, absorbed less
Fe6' from oral test doses of ferrous sulfate, and incorpo-
rated less of an intravenous dose of Fe' into red blood
cells. There was no significant difference between groups
of rats fed starch or sugar. Bars represent the mean for
10 animals+l1 SE.
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EFFECT OF ADDITION OF STARCH OR SUCROSE

TO ORAL TEST DOSES OF RADIOIRON

25-
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FIG. 6. The addition of 1 gram of either starch or su-
crose to oral test doses of ferrous' sulfate had no sig-
nificant effect on iron absorption (18).

of iron from each preparation indicated that
starch had no direct intraluminal effect on iron
absorption (Figure 6).

The effect on iron excretion of diets containing
various amounts of protein was studied by meas-
uring the whole body retention of a parenteral
dose of radioiron in rats with diets containing
either 27 per cent, 8 per cent, or no protein at
all. After two weeks on the special diets, the
animals received an intravenous dose of Fe*9-
labeled plasma, and they continued to receive the
same diets for another two months after injec-
tion. The rats that were fed the protein-depleted
diets lost significantly more radioiron than the
animals that received a normal diet (Figure 7).

The effect of prolonged protein depletion on
anemia was studied in rats with either iron-
replete or iron-depleted diets containing various
amounts of protein. Six weeks of protein dep-

O8DY RETENTION OF PARENTERAL IRON
$9

IN RATS ON DIETS
WITH DIFFERENT PROTEIN

CONTENTS

so

DAYS

FIG. 7. Body retention of a parenteral dose of Fe'9

was measured twice weekly in rats given diets containing
either 27 per cent, 8 per cent, or no protein. The ani-
mals were fed the special diets for two weeks before they
were injected with an intravenous dose of Fe-labeled
plasma. Whole body radioactivity was measured in a
small animal liquid scintillation detector (ARAMAC)
and by assay of the radioiron in stool collections (16).
Protein depletion caused increased loss of parenteral
iron from animals. Each point represents the mean for
a group of 10 rats.

rivation caused a moderate anemia in the rats
receiving an iron-replete diet. However, the red
blood cells remained normochromic and normo-
cytic. All iron-depleted diets produced a micro-
cytic hypochromic anemia, and the anemia was
most severe in the animals that were fed a pro-
tein-depleted diet (Table 6).

TABLE 6. Hematologic data on rats fed various amounts of protein for six weeks

RBC HB HCT MCV MCH MCHC
(106 CELLS/CMM) (G/100 ML) (%) (W3

) (/z/-G) (%)

28% Protein with iron 8.6 14.5 44 50 17 33
Iron-depleted

8% Protein with iron
Iron-depleted

0% Protein with iron
Iron-depleted

8.1

7.2
6.9

5.1
4.9

10.5

11.6
9.7

8.2
6.7

32

36
28

24
21

40

49
41

13 30

16 34
14 29

49 16 34
43 14 31
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Summary

Iron deficiency is widespread among popula-
tions consuming a protein-deficient diet, and it
is found with greatest frequency in women dur-
ing the childbearing years and in children dur-
ing periods of maximal growth. These people
frequently have other nutritional problems such
as multiple deficiencies of the B vitamins.
Among protein-starved humans the most im-
portant nutritional factors causing iron deficien-
cies are the low iron content of most protein-
deficient diets and a lack of readily absorbed
heme iron in the diet. Other factors that dimin-
ish iron absorption in protein-deprived popula-
tions are (1) histologic alterations of the small
intestinal mucosa, (2) a diminished corporeal
stimulus to absorb iron, (3) a decreased concen-
tration of the amino acids in the diet that facili-
tate iron absorption from the intestinal lumen,
(4) chronic diarrhea, and (5) chronic infection.
Iron deficiency is worsened in many of these
people because of a high incidence of hookworm
infection and frequent pregnancies.
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INTERSUBJECT AND INTRASUBJECT VARIATION
OF IRON ABSORPTION

James D. Cook

Measurements of iron absorption from the
gastrointestinal tract have been a highly useful
tool for studying the disorders of iron balance.
The effectiveness of this tool, however, has been
limited by the marked variations in absorption
that have characterized measurements with pres-
ent isotopic methods. In earlier reports, this
variability was usually attributed to methodologic
errors in determining the activity retained in the
body. Tests were subsequently performed using
the double isotope technique by comparing ab-
sorption of Fe-5 and Fe5 9 administered as a
single dose. The differences noted by dual iso-
tope counting of whole blood taken 14 days after
administration were within a range of plus or
minus 2 per cent, whereas absorption measure-
ments among normal subjects typically range
from 1 to 50 per cent (5). Thus, it is apparent
that the explanation of variability in iron ab-
sorption lies with the individual subject rather
than with the method of assay.

It is important to examine variations in iron
absorption and the factors that give rise to them
in order to find ways of reducing or eliminating
their effect and thereby improve the precision
of the tests now being used. Before considering
specific factors, brief mention should be made
of the general nature of iron absorption data.
The frequency distribution of large series of
measurements obtained under comparable con-
ditions have shown a highly skewed distribution
that bears little resemblance to normality. By
applying statistical methods based on assump-

tions of normal distribution, useful information
may have been lost in the reports published to
date. This loss of sensitivity in the analysis of
absorption data can be avoided by transforming
the data to a scale that normalizes the frequency
distribution before applying classical methods of
statistical analysis. It has been found that loga-
rithmic transformation gives a distribution that
is remarkably close to normal and permits more
sensitive evaluations to be made (5).

In turning now to specific causes of iron ab-
sorption variation, it is useful to consider two
major categories: intersubject variations, or
differences among individuals, and intrasubject
variations, or differences in the same subject
from day to day. Subject-to-subject variations
can be determined by subtracting the differences
in absorption of Fe55 and Fe59 administered to
the same subject on two successive days from
the over-all variation in absorption among the
test group as a whole. Studies of this kind have
shown intersubject and intrasubject variability
to be roughly equal in magnitude among normal
subjects. 1

Intrasubject differences represent an artifact
of current isotopic methods that presumably
arises from differences in the gastrointestinal
motility or secretion at the time of dose admin-
istration. A useful approach to minimizing the
effect of such variations is to administer the
radioiron as a series of doses over a period of

1 J. D. Cook, M. Layrisse, and C. A. Finch, unpublished
observations.
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several days (2). This method is useful for
studies of inorganic iron, where the test dose
can be easily prepared and taken by the subject;
it offers little advantage, however, when more
detailed preparation of the test dose is required,
as in studies of dietary iron absorption. In the
latter case, better information can be obtained
by giving single doses to a larger number of
subjects.

The importance of intersubject differences de-
pends on the purpose for which the absorption
studies are being performed. In certain cases,
it is precisely these variations that are of interest,
since iron absorption measurements provide a
sensitive index of an individual's iron require-
ments. Women, for example, absorb more than
twice as much as men (6), reflecting differences
in iron requirements due to menstrual losses
and the demands of pregnancy and lactation.
The iron balance of an entire population may
vary from one geographic region to another,
presumably reflecting the type and level of
dietary iron supply. Thus, in studies from Eng-
land, absorption of a 5 mg dose of ferrous
sulphate in normal subjects averages from 20
to 30 per cent (1, 4, 8), whereas comparable
data for subjects living in the United States is
of the order of 10 per cent (3, 9). A valuable
feature of iron absorption measurements, there-
fore, is their ability to characterize the iron
balance of an individual.

Another important kind of iron absorption
study involves evaluating the availability of dif-
ferent forms of administered iron. Here, subject-
to-subject differences are an unwanted variable
that should be minimized in order to obtain
optimal sensitivity. When only two iron com-
pounds are being assessed, a useful approach is
to compare them both in the same subject by
means of a double tracer technique. When
more than two compounds are being evaluated,
however, it is important to eliminate possible
differences in the over-all setting of the mucosa
among different groups of subjects. The most
suitable approach here is to relate the absorption
of the test compound in each subject against a
standard reference dose of inorganic iron (7).
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An example of this model is shown in Figure 1.
Mean absorption from two forms of biosyntheti-
cally labeled dietary iron were roughly equal,
whereas inorganic iron absorption revealed ap-
preciable difference in the over-all level of iron
absorption in the two groups of test subjects.
When these were unmasked by relating the
absorption of the food iron to the reference dose,
highly significant differences in the availability
of iron became apparent. Optimal sensitivity of
the statistical comparison requires that the ratios
be tested on the logarithmic scale.

In summary, the limitations in the precision
of present iron absorption techniques can be;
explained in terms of day-to-day variations in
the same subject and individual variations among
different subjects. In all types of studies, pre-
cision can be improved by employing more ap-
propriate methods of statistical analysis for the
skewed distribution of iron absorption data, and
also by using sufficient numbers of subjects to
give statistical validity to the results. Studies
with inorganic iron can be made more precise
by administering multiple test doses to reduce
differences between days. In studies of dietary
iron assimilation, it is important to relate meas-
urements to a reference dose of inorganic iron
so as to eliminate any variations in the mucosal
setting for iron that may exist among the differ-
ent groups of test subjects.
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IRON ABSORPTION FROM FOOD'

Miguel Layrisse

Most of the knowledge on iron absorption is
based on studies performed with radioiron in
the form of iron salts. Investigations of iron
absorption from food in which radioiron is bio-
logically incorporated were first started in 1951
with the pioneer work of Moore and Dubach
(19). However, despite the importance of this
subject for nutrition, it has not been actively
pursued since then. The large amount of radio-
iron necessary for biological tagging and the
tediousness of cultivating the necessary plants
have made progress very difficult. Only the
absorption of hemoglobin iron has been studied
in detail (2, 3, 6, 7, 9, 23).

Early contributions (3, 5, 17, 18, 19) have
shown in general that food iron of animal origin
is better absorbed than vegetable food iron, and
that absorption rates vary widely according to
the type of food and individual tested. In nor-
mal subjects, the mean iron absorption from
animal food ranges from 2 to 6 per cent in eggs
to 11 per cent in chicken muscle and 9 to 13
per cent in hemoglobin. Iron absorption from
vegetable food (spinach, mustard greens, swiss
chard, and beet greens) is shown to be generally
lower than with animal food, but only a few
samples of each food have been tested.

In 1964 the Department of Medicine and
Botany of the University of Washington and
the Department of Physiopathology at IVIC in
Caracas started a program to study iron ab-
sorption with the staple foods consumed in

1 The studies performed in Venezuela were supported
in part by U.S. Public Health Service Grant No. Rol-
HE-06507.

tropical and temperate zones. A summary of
the results of the last five years' work, which
involved more than 500 subjects, will be pre-
sented here. Some of these findings have been
the subject of recent publications (8, 10, 12, 14,
15), and the others, still in the process of
analysis, are presented here as preliminary
information.

Any discussion of iron absorption from food
should take into account that, besides the varia-
tion among different individuals owing to the
degree of iron storage, there is an intrasubject
day-to-day variation that may be as high as 100
per cent at different times. Some authors have
found a reduction in intrasubject variation with
the administration of multiple doses over a
period of 10 days (1), whereas others have found
a similar variation regardless of whether dose
administration was single or multiple (13).
Methodological errors play a minor part in varia-
tion; they are estimated to be of the order of
plus or minus 2 per cent. 2 This has been
demonstrated by determining iron absorption in
subjects fed with either inorganic iron tagged
with Fe5` and Fe5 9, or corn from cultures in
which Fe 55 was added to the nutrient and Fe5 9

injected into the stem. It is also important to
mention that the skew distribution observed in
the absorption of an iron salt (8), which is
changed into a normal distribution by using the
logarithm of the percentage of absorption, is
also observed in the absorption of food iron.

2 J D. Cook, M. Layrisse, and C. A. Finch, unpublished
observation.
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This tas been clearly shown with foods such as
black beans and veal tested in a large number
of subjects. Accordingly, the mean absorption
and standard deviation of absorption from each
food presented here is calculated from the loga-
rithms of the percentage of absorption.

The results of 448 tests of six foods of vege-
table origin and four foods of animal origin
are shown in Figure 1. This material includes
absorption tests already published (10, 14, 15)
and new information collected in the last two
years. For the most part, iron from vegetable
foods is poorly absorbed (soybean was the
only exception). The mean absorption, includ-
ing normal and iron-deficient subjects, ranges
from about 1 per cent in spinach to 5 per cent

in wheat, with intermediate values of 3 per cent
in corn and 4 per cent in black beans and let-
tuce. Iron absorption from animal food ranged
from 7 per cent in ferritin to 22 per cent in veal,
with intermediate values of 11 per cent in fish
and 12 per cent in hemoglobin. The mean iron
absorption from soybean was 11 per cent,
which is close to the intermediate values observed
in animal food. The mean absorption of each
food, with the exception of veal, was lower than
that reported in recent publications (14). These
lower figures may be accounted for in part by
the mathematical treatment of the data.

A comparison of iron absorption from each
food, based on the three parameters used to
estimate body iron stores in studies of this kind,

Food of vegetable origin Food of animal origin

Spinoch Bick beons Corn Lettuce Wheat Soybeon Ferritin F 4 eo Hlooi Totalmuscle m uscle
Dose of 2 mg 3-4 mg 2-4mg l-l.7mg 2-4mg 3-4rmg 3 mg 1-2 mg 3-4rg 3-4mq
food Fe

N' Cases 9 122 73 13 42 24 17 34 39 75 448
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FIG 1. Findings on irorl absorption from foods; the result of a collaborative study conducted by the Department of
Botany and Medicine at the University of Washington, Seattle, and the Department of Physiopathology, IVIC,
Caracas, Venezuela. The mean absorption and standard error is calculated from the logarithms of the percentage
of absorption.
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showed that there is a poor correlation between
the absorption of food iron and either serum
iron concentration or percentage of transferrin
saturation. However, a significant correlation
was observed between absorption of food iron
and inorganic iron. Accordingly, a ratio of food
iron and inorganic iron absorption could be
used, instead of food iron absorption alone. This
made it possible to compare differences in
absorption in the various foods independently of
variations in individual iron stores. The mean
ratio was below 0.20 in black beans, spinach,
and corn; from 0.20 to 0.29 in wheat and lettuce;
from 0.30 to 0.39 in soybean and hemoglobin;
0.52 in fish; and 0.97 in veal. On the basis of
these results, the iron absorption from these
foods may be predicted in a subject whose in-
organic iron absorption is known. For example,
a normal male with an absorption of 7 per cent
will absorb less than 1 per cent from corn,
spinach, or black beans; between 1 and 2 per
cent from lettuce or wheat; between 2 and 5
per cent from fish, soybean, or hemoglobin,
and about 8 per cent from veal muscle. In sub-
jects with iron-deficiency anemia and diminished
iron stores, inorganic iron absorption will be 50
per cent and above in most cases, and, propor-
tionally, the level of food iron absorption will
be at least two or three times as great.

Previous studies (10, 12) have shown that
absorption of food iron (wheat, corn, and fer-
ritin) is enhanced by ascorbic acid and markedly
depressed by desferrioxamine. The only two
foods studied so far that do not follow this
pattern are hemoglobin (23), in which absorp-
tion is not affected by reducing or chelating
agents, and soybean, whose absorption is not
increased with ascorbic acid (12). In view of
the wide range of iron absorption levels among
different subjects, which is more pronounced
than the daily intrasubject variation, the iron
absorption from a single food given alone and
combined consecutively with ascorbic acid and
desferrioxamine was determined in each indi-
vidual. The results showed that iron absorption
from veal muscle is not affected by these agents,
whereas iron absorption from fish muscle is

markedly reduced by desferrioxamine and in-
creased by ascorbic acid. These preliminary
results may suggest that the myoglobin iron is
still attached to the porphyrin ring during the
absorption, as was already demonstrated with
hemoglobin iron, and that fish iron goes by a
different route.

The possible interacting effect of several foods
administered in the same meal, as in the usual
diet, has also been studied. Experiments with
animal and vegetable foods mixed in a single
meal (15) have shown that iron absorption from
veal is significantly lower when veal is combined
with either black beans or corn than when it is
given alone. Contrariwise, corn and black beans
give higher absorption levels when mixed with
veal or fish than when administered alone.

Further studies have been conducted to find
out whether the amino acids present in fish
muscle are responsible for the enhancement of
vegetable iron absorption in the same way that
some amino acids affect the absorption of in-
organic iron (11). In the first experiment, black
beans were mixed with amino acids in the same
number and proportion as those present in 100 g
of fish. The resulting iron absorption level
was more than double the figure obtained with
black beans alone. Further experiments showed
that the sulfur-containing amino acids-cysteine
plus methionine, or cysteine alone-enhance
vegetable iron absorption. However, there was no
significant increase in absorption with the other
amino acids grouped according to their chemical
properties (16).

Although there is no further information in
the literature concerning the interacting effect
on iron absorption of foods administered in the
same meal, studies have been performed to
determine the effect of a single food or standard
meals on the absorption of tagged inorganic
iron. The goal in most of these studies has been
to investigate the possible benefit of feeding a
population with staple foods enriched with in-
organic iron. They have shown that either a
single food, such as wheat (4, 22), or a standard
meal (20, 21) result in a much lower inorganic
iron absorption level than that of iron given
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alone. Absorption is improved when ascorbic

acid is administered with the meal (4, 20). In

connection with this point, the two groups of

the University of Washington and IVIC have

found that inorganic iron absorption is markedly

reduced when the iron is combined with either

soybean or corn, but it is not affected when

administered with veal muscle.

The information presented in this paper cen-

ters around two aspects of iron metabolism that

are of great importance in public health: namely,

absorbability of iron from diet, and absorbability

of iron supplementing the diet. The studies of

iron absorption from food have shown how poor

some of the national staples really are. This is

the case with corn, for example, which is con-

sumed as a large part of the diet throughout

Central America. The findings also indicate that

food of animal origin is important not only for

its high rate of iron absorbability but also for

its effect on vegetable iron absorption. The

great difference between vegetable and animal

food may explain why the prevalence of iron-

deficiency anemia (in the absence of blood loss)

is less frequent in temperate zones than in tropi-

cal areas; even though iron intake in the latter

is higher, most of it comes from vegetable

sources.
Studies on the absorption of inorganic iron

administered with a single food or with a diet

show variations according to the accompanying

food. Thus it may be concluded that food iron

fortification programs should first be evaluated

by isotopic methods in a pilot study using a

sample of the population in question and expos-

ing them to the same environmental conditions.
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IRON LOSSES

Clement A. Finch

Iron exchange between man and his environ-
ment is limited. It is important, however, to
define these losses in as quantitative a fashion
as possible, since this is the best way to establish
absorptive needs for iron. Figure 1 shows the
various routes by which iron may leave the body.
Types of iron loss include surface desquamation,
secretion, and loss of internal tissue. Surface
loss includes exfoliation of both the skin and the
intestinal mucosa.

Losses from the skin have been the subject of
some controversy because of the technical diffi-
culties in their measurement. Chemical analysis
of the iron content of exfoliated skin is suspect
because of surface contamination. As might be
expected, such analyses have given larger esti-
mates of loss than seem consistent with other
information concerning body iron turnover.
Methods of testing have included isotopic meas-
urement of a collection of sweat and desqua-

1
tinal m u coso

FIG. 1. The various routes by which iron can leave the
body

mated skin after the intravenous injection of
radioiron, measurement of isotope localization
in the skin with assumptions as to the rate of
desquamated turnover, and injection of radio-
iron directly into the skin with determinations
of the rate of disappearance of the isotope by
in vivo counting. It appears that the pathway
of excretion is directly from transferrin iron to
the epithelium, with subsequent exfoliation, and
that the level of plasma iron influences skin
loss. Average dermal loss is about 0.2 mg a
day (6).

The gastrointestinal mucosa has been of con-
siderable interest in animal studies because ap-
proximately 10 per cent of plasma iron has been
demonstrated to localize there and to be sub-
sequently lost through exfoliation (3). How-
ever, isotope studies of mucosal iron turnover
in man suggest that this amount is less than
0.2 mg a day (6).

Only limited amounts of iron are lost in the
urine and bile. Urinary losses have been exten-
sively studied and there is general agreement
that they constitute less than 0.1 mg a day in a
normal person (4). Biliary losses are much more
difficult to estimate. It would seem they are
derived from an hepatic iron pool that is only
slowly miscible with radioiron. Chemical studies
carried out in people with biliary fistulae suggest
that the mean daily iron content of bile is about
0.2 to 0.3 mg (6).

The only internal body tissue of significance
with respect to iron lossCs is the red cell mass.
Even in normal individuals there are appreciable
losses of red cells in the gastrointestinal tract,
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and this "physiologic" bleeding from the gut
has been estimated at 0.35 mg a day (6). To
this might be added the day-to-day losses of
blood that may occur from trauma to the body
exterior. All these individually estimated iron
losses in the adult male are summarized in
Table i.

There are obvious difficulties in estimating
iron losses in such a piecemeal manner. It would
seem more accurate to measure the turnover
of body iron in man by isotopic methods. There
are two general approaches to this; one involves
total body counting and the other involves the
measurement of the specific activity of the circu-
lating red cells.

In the first technique, Fe5 9 must be used to
permit external counting. This method has ob-
vious drawbacks, since the isotope's relatively
short half-life of 45 days limits body loss meas-
urement to about a year. Moreover, assump-
tions have to be made concerning the degree of
mixing of body iron with the isotope injected.

The second method involves the intravenous
injection of Fe55, an isotope with a half-life of
three years (5). The specific activity of the red
cells is then measured over a period of several
years. Approximately 90 per cent of the injected
iron is found in the circulating red cell mass at
90 days; thereafter, the level of circulating activ-
ity declines. This occurs more rapidly during
the first year, presumably because of some dilu-
tion in body stores. In subsequent years the
level of circulating activity falls at an exponential
rate. In the interpretation of this late curve,
certain assumptions must be made. Total body
iron must be constant over the period of study,
and the total miscible pool must be estimated.

TABLE 1. Estimated iron losses in the adult 70 kg male
(mg/day)

Total 0.93

Gastrointestinal
Blood
Mucosal
Biliary

Urinary
Skin

0.35
0.10
0.20
0.08
0.20

With these assumptions in mind, total daily
body iron turnover has been calculated in the
adult male to be 0.95 mg, or 13 ,ag per kilogram
of body weight, in subjects studied in Seattle,
Caracas, and Durban (6). These figures are in
good agreement with the tabulation of the
individual losses previously discussed.

The information concerning iron losses in the
normal adult male may be considered highly
precise. Iron losses in the adult female are less
consistent owing to the variability of menstrual
blood loss. Figure 2 shows the results of meas-
urements by Hallberg et al. (7) of losses in-
curred by menstruating and pregnant females.
The mean daily menstrual loss is 0.5 mg, but
5 per cent of the women go up to more than
1.4 mg. Pregnancy losses are also highly sig-
nificant, with a mean daily loss of 2.5 mg, and
an even greater requirement during the last
months (1).

Virtually nothing is known about iron losses
in infancy. It is apparent, however, that appre-
ciable requirements result from rapid growth of
the child and expansion of his body tissues. For
every kilogram of lean body weight produced
there is an iron requirement of approximately
35 mg. Isotope labeling of the fetus in utero
permits measurement after birth of the dilution
of the body iron pool by absorbed iron (10).

In addition to physiologic losses of iron, the
numerous mechanisms by which pathologic iron
loss occurs must be taken into account as well.
These relate to the red cell mass and usually to
bleeding. In most instances, bleeding occurs
from the gastrointestinal tract, and in terms of
its global significance hookworm infestation rep-
resents the leading cause. The outstanding
studies of Roche and Layrisse (8) have identified
many aspects of hookworm blood loss. They
have demonstrated a daily iron loss per worm
of 0.03 mg for Necator americanus, 0.05 mg
for Ancylostoma caninum, and 0.15 mng for
Ancylostoma duodenale. Iron may also be lost
by infestation of other intestinal or blood-sucking
insects, by pathology of the gastrointestinal tract,
by uterine bleeding in the female-to mnention
a few of the more common ways. A single blood
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TABLE 2. Iron balance data on three population groups

INCIDENCE OF
LOSSES STORES IRON-DEFICIENCY

(MG/D) (MG) ANEMIA

(%)

Males 0.9 1,000 < 5
Menstruating females 1.5 400 5-10
Pregnant females 2.5 200 20-30

donation requires an increased daily iron absorp-
tion of 0.6 mg for one year to replace the
amount removed. Unusual causes of iron de-
ficiency include hemosiderinuria (9) and intra-
pulmonary bleeding (2).

The significance of physiologic iron losses is
only apparent when matched against iron avail-
able in the diet. Since iron absorption and
dietary iron are discussed elsewhere, this direct
comparison will not be made. Table 2 points to
the significance of physiologic iron losses in

1. AMERICAN MEDICAL ASSOCIATION, COMMITTEE

ON IRON DEFICIENCY. Iron deficiency in the United
States. ]AMA 203: 407-412, 1968.

2. APT, L., M. POLLYCOVE, and J. F. Ross. Idio-

pathic pulmonary hemosiderosis; a study of the ane-
mia and iron distribution using radioiron and radio-
chromium. 1 Clin lnvest 36: 1150-1159, 1957.

3. CONRAD, M. E., L. R. WEINTRAUB, W. H.
CROSBY, B. MERRIL, and A. Foy. The role of the
intestine in iron kinetics. 1 Clin lnvest 43: 963-974,
1964.

4. DAGG, J. H., J. A. SMITH, and A. GOLDBERG.
Urinary excretion of iron. Clin Sci 30: 495-503,
1966.

5. FINCH, C. A. Body iron exchange in man. 1
Clin Invest 38: 392-396, 1959.

6. GREEN, R., R. CHARLTON, H. SEFTEL, T. BOTH-

WELL, F. MAYET, B. ADAMS, C. FINCH, and M. LAY-

another way-by relating them to iron stores
and to the incidence of iron-deficiency anemia.
Iron stores portray the result of balance between
absorption and loss. The incidence of iron-
deficiency anemia indicates the state of iron bal-
ance in the population at large. In the man,
iron balance appears satisfactory in that iron

stores are ample for any foresecable needs, in-
cluding blood donation, and iron deficiency is

limited to pathologic bleeding and rare instances

of malabsorption. The requirement of the men-
struating female compromises her iron stores

and is associated with an incidence of 5 to 10
per cent of iron-deficiency anemia. In pregnancy,

a negative iron balance is inevitable. These data
indicate that the physiologic losses of about 1

mg in the male are of no consequence but that
losses of 2 or more mg a day in the menstruating

or pregnant female are almost certain to create

a negative iron balance.
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GENERAL DISCUSSION
Moderator: We have heard about the basic

aspects of iron deficiency, and we will now take
a few minutes for a discussion of the session
so far. A question has been raised about the role
of erythropoietin in iron absorption, which Dr.
Crosby will answer.

Dr. Crosby: Erythropoietin does play a role
in iron absorption, but probably it is entirely
indirect. By stimulating the requirement for
hemoglobin iron, it establishes a state of iron
deficiency, and this then is reflected in altered
iron absorption by the intestine. Erythropoietin
itself probably does not cause any change in the
behavior of the intestine.

Dr. Cohen: There have been reports in the
literature on the relative turnover rates of the
various iron compounds; viz., the cytochromes,
hemoglobin, myoglobin, and the peroxidases.
From the standpoint of iron deficiency, it is
crucial to know where the rate-limiting con-
centration will have its greatest impact. If
cytochromes have high turnover rates and there
is only a limited amount of iron available, a
very serious problem could exist, obviously, for
cell function. What is the current state of
knowledge on the relative rates at which the
different iron pools turn over? Does cytochrome
turn over more rapidly than hemoglobin, myo-
globin, or the other iron heme compounds?

Dr. Finch: Since the hemoglobin cycle is so
overwhelming from a quantitative standpoint, it
is very difficult in the kinetic studies to see the
changes in the rates of these other pools. There
is some evidence clinically that the erythroid
marrow is the most avid tissue in taking up
iron, and even at extremely low plasma levels
the erythron does better than other tissues. In
states of very low plasma iron, other tissues may
well suffer. There have been findings such as
spoon nails and certain red cell and tissue
enzyme measurements showing decreases. The
functional significance of such changes is far
from clear.

Dr. Crosby: I suspect there is one organ
whose individuality exceeds even that of the

erythroblast-the placenta. A child can be
born with a normal complement of iron from
a woman who is iron deficient.

Dr. Waterlow: I would like to ask a ques-
tion and to show a couple of slides. As several
speakers have said and will say, infantile anemia
is a tremendously important problem throughout
the area. Failure to absorb iron may be one of
the causal factors. Therefore in Jamaica, in
collaboration with Dr. Paul Milner and Dr. Ann
Ashworth, we have made measurements in in-
fants of the absorption of iron from labeled foods
supplied by Dr. Finch.

Figure 1 shows the absorption of corn iron
compared with that of ferrous ascorbate. The
corn iron was very poorly absorbed-on the
average only 2.5 per cent, compared with 28
per cent from ascorbate. Three measurements
were made on each patient, either two with
corn and one with ascorbate, or vice versa.
The point I want to emphasize is the variability
of repeat measurements-a point on which many
authors working with
commented.
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We observed that children who happen
to have a fever at or near the time of the test
absorb very poorly. Figure 2 shows some meas-
urements of iron absorption in relation to body
temperature. Fever seems to depress the absorp-
tion almost to nothing. I want to stress that a
child doesn't have to be clinically ill to show this
effect. In one case we picked up an undetected
subclinical infection because the child failed to
absorb iron. This effect of even a mild infec-
tion may be one of the causes of the variability
mentioned above, and it may in practice be an
important cause of poor iron absorption by
people in tropical countries.

The question I want to pose is, what is the
mechanism of this effect?

Moderator: Do you say it is the fever that
causes poor absorption, or just the infection?

Dr. Waterlow: All we know is that there
is a rise of temperature. Usually we can find no
cause for the infection. Sometimes these effects
are produced simply by routine immunization.

Colonel Conrad: If you inject endotoxin into
an animal, it will immediately have a marked
diminution in its capability to absorb iron.
Unlike most known factors, which take several
days to affect iron absorption, endotoxin pro-
duces a significant effect within one hour after

A., D.OcL. E.C. O.T. C.D.
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FIG. 2. Effect of pyrexia on iron absorption

injection. The animal does not die, but it
appears slightly lethargic. This is similar to the
results reported with injections of turpentine.
I believe experiments with endotoxin are more
definitive. If you studied your febrile children
you would find their serum iron concentration
was quite low in comparison to measurements
at the time they were absorbing iron in normal
quantities.

Dr. Moore: Dr. Crosby, what do you think
happens to the mechanism controlling intestinal
absorption when it seems to break down? For
instance, in pyridoxine-deficient animals, Dr.
Wintrobe and his associates have demonstrated
increased absorption, even though these animals
have some degree of iron overload. In individ-
uals with ineffective erythropoiesis, it has been
demonstrated that iron overload develops in part
because increased amounts of iron are absorbed.
The same thing must happen with hemochroma-
tosis. Persons who develop iron overload as a
result of drinking wine, or as a result of either
pancreatic or hepatic disease, also seem to
absorb increased amounts of iron even in the
presence of the overload.

Dr. Crosby: The very nature of your ques-
tion helps me to answer it. In posing a ques-
tion with so many facets, you indicate that the
problem is a complex one. In my presentation
I stated that the control of iron balance appears
to reside in a complicated system for keeping
iron out of the body, and I simplified it into
four steps, but there may actually be more. In
a complicated system for doing anything, dis-
ruption can occur in many places. For this
reason, in the present instance, I suspect that the
disorders that permit unneeded iron to come
into the body are numerous and varied. There
is some support for this in the rather large
number of hereditary disorders that are clini-
cally identifiable as different; in all of these,
the syndrome which we might call hemochroma-
tosis does occur.

Dr. Caldeyro-Barcia: I would like to know
whether the increased iron needs in pregnant
women are entirely due to the iron that is
being transferred to the fetus, or if the maternal
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needs for her own metabolism are increased.
Also, I would like to know whether the
placental transfer from mother to fetus is ac-
complished by simple diffusion or facilitated
diffusion, or whether it is an active transfer.

Dr. Moore: There is probably an increased
requirement during pregnancy, caused by the
demands of the fetus and by the sizable increase
in circulating red cell mass that occurs during
the second half of this period. As I will point
out shortly in my paper, however, the iron
that goes into the increased circulating red cell
mass is largely conserved by the mother and
returned to her body economy when the preg-
nancy is terminated. I cannot answer the ques-
tion about the mechanism of iron transfer across
the placenta. Dr. Elmer Brown in our depart-
ment tried very hard to find evidence for an
active transfer system, but he was not able to
do so. Dr. Finch has also worked on this
problem. Perhaps he can supply additional
information.

Dr. Finch: I can comment that there are cer-
tainly large amounts of iron going across the
placenta, in spite of marked deficiency on the
part of the mother. Fetal plasma does not go
back across the placenta. It is a one-way street,
and an extremely effective one, able to compete
successfully with all maternal needs for iron.

Moderator: I have a small comment to make
in regard to Dr. Conrad's statement that the
iron content of the diet is usually low when
the protein content is low. The fact is that
in our hemisphere this is not necessarily true.
In most of the Latin American countries, the
iron content of diet is quite high. In Venezuela,
for example, it is of the order of 25 to 50 mg
per day. In spite of the high intake in our coun-
tries, iron-deficiency anemia is widespread, so
there must be difficulty with absorption, even
more so than in Asia.

Dr. Cohen: I would like to go back to the
question of the dynamics of the system. Ob-
viously, one tends to focus on hemoglobin,
because it represents the largest mass of iron,
and also because it is relatively easy to get at.
However, in consideration of the dynamic steady

state, we recognize that the distribution of iron
to the different pools is going to be, within cer-
tain limits, a function of the concentration of
transferrin iron, or whatever pool is rate-limit-
ing. The avidity factor that has been alluded
to in the erythropoietic system is very illumi-
nlating. WVe know that there is consider able
reserve capacity of the circulating hemoglobin
concentration from the standpoint of oxygen
transport and buffering. Thus, there should be
some recognition of the fact that in this steady
state process there are iron compounds of far
more critical significance to cell function than
the mere transport of oxygen or the buffering
of the blood.

The pool size of hemoglobin is at least
two orders of magnitude greater than perhaps
that of the cytochromes or other systems which
may be rate-limiting. I am suggesting, there-
fore, that within a fairly small range of hemo-
globin change there might be much larger
changes in specific iron compounds that are
crucial, particularly for the fetus during preg-
nancy, or in certain pathologic states. I feel
that these important areas, though much more
difficult to get at, warrant thorough study.

Dr. Gandra: I should like to hear from Dr.
Layrisse something about the common causes
for impairment of iron absorption that might
be present in black beans and spinach, such as
phytates and oxalates.

Dr. Layrisse: Black beans and corn probably
contain a large amount of phosphate and phy-
tate, which could partially block the iron present
in these seeds. However, we do not know yet
if this is the case, or whether there are other
chelating agents in these foods.

Moderator: Do we have any idea of the
chemical state of the iron in these foods?

Dr. Layrisse: No.
Dr. Waterlow: Perhaps we should call on

the physical chemists. Obviously, standard
chemical analysis is not going to tell us much
about the state of iron in vegetables. Would
Dr. Harrison have anything to add?

Dr. Harrison: Unfortunately, for X-ray anal-
ysis, you have to crystallize your material first.
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Dr. Cohen: I would like to ask Dr. Harrison
whether the ligands or chelates that are formed
between ascorbate and iron can be formed with
both the divalent and trivalent forms of iron.

Dr. Harrison: I don t know specifically in re-
lation to ascorbate.

Colonel Conrad: The compound formed with
ferric iron and ascorbate is totally different from
that formed with ferrous iron and ascorbate. It
has different solubility characteristics, different
characteristics by infrared spectroscopy, and a
different chemical composition. On theoretical
grounds, the complex formed by ferric iron and

ascorbate is probably more available for absorp-

tion than the ferrous ascorbate complex. The
ferric iron probably becomes ferrous iron when

it combines with the ascorbate. However, it

forms a tighter complex, which remains soluble
over a much wider range of pH.

Dr. Caldeyro-Barcia: It has recently been re-
ported that when the interval between two
successive pregnancies is very short (less than
12 months between births) the second newborn
has a lower birth weight and poorer motor and
psychological performances later in life than
babies from comparable groups in which the
interval between pregnancies has been longer.
I wonder if the question of iron deficiency may
be related to this problem.

Moderator: I don't know whether anybody
can answer that.

It appears not.
If there are no further comments, I think we

will go on with the program and ask Dr. Moore
to speak to us on human iron requirements.
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HUMAN IRON REQUIREMENTS

Carl V. Moore

Nutritional requirements for iron are deter-
mined by the amount lost from the body, the
amount needed to support growth and preg-
nancy, and the efficiency with which food iron
is absorbed from the intestinal tract. Efforts to
define requirements have brought out the fol-
lowing facts: (1) information about iron losses
and iron absorption from whole diets is in-
complete; (2) variations among people, deter-
mined by factors such as body size and differ-
ences in menstrual loss, cover a relatively broad
range; and (3) needs during infancy and
pregnancy have probably been underestimated
(5, 21, 23). Recent studies of the kind already
summarized by previous speakers at the present
symposium have focused on these problems
and have added sufficient data so that intelligent
estimates of iron requirements can now be made.

Requirements can be stated in one of two
ways. The first takes into account differences
among people and states the estimates as a
range. The second approach, often preferred
by public health workers, states requirements
in terms that are broad enough to meet the
needs of a large segment-often 90 or 95
per cent-of any given population.

Iron needed for excretion, pregnancy,
and growth

The best and most recent measurements of
obligatory loss of body iron by adult male sub-

1 The investigations by the author and his associates
described in this presentation were supported in part by
U.S. Public Health Service Research Grant No. H-22
from the National Heart Institute.

jects (Table 1) indicate a daily excretion rate
of 0.5 to 1.63 mg; mean values for three groups
of subjects varied from 0.95 to 1.02 mg (8).
A total of 41 subjects, from Seattle, Venezuela,
and South Africa (Indian men), was included
in the group. A breakdown of the data indi-
cated that about 0.1 mg of the gastrointestinal
loss occurred through desquamated mucosal
cells and about 0.4 mg through blood; bile
delivered to the small intestine each day con-
tained about 0.26 mg, but there was no way to
determine how much of this amount was reab-
sorbed. The daily iron content of urine was
only about 0.1 mg. The estimated daily iron
loss from skin at normal transferrin saturations
was between 0.2 and 0.3 mg, but this figure
could rise to as much as 0.6 or 0.7 mg when
transferrin saturation was high. It was postu-
lated that the values for iron-deficient subjects
would be about half these figures. In two
groups of Bantu subjects with high iron stores,
the total body iron loss was as high as 4.4 mg a
day, with mean values of 2 and 2.4 mrg. No

TABLE 1. Iron required to replace physiological losses and
to support growth and pregnancy (mg/day)

AVERAGE RANGE

Loss in feces, urine,
and sweat 0.9-1.0 0.5 -1.6

Menstrual loss 0.5 0.1 -1.4
Pregnancy 2.4 1.68-3.75
Growth (average)

Males 0.5 0.3 -0.7
Females 0.37 0.3 -0.45
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FiG. 1. Distribution of menstrual blood loss in a popu-
lation sample of womrnen living in Goteborg, Sweden.

Loss in ml of blood is indicated along the horizontal

scale; number of subjects along the vertical scale. Repro-
duced from Hallberg et al. (9).

similar data are available for children. In non-

menstruating women, the figures were 0.64±

0.05 mg (4).
The most extensive studies of menstrual blood

flow indicate that the loss is fairly constant

from month to month in the individual woman

but varies widely from one subject to the next

(9). It may be as small as 10 ml a month,

but may be greater than 60 ml a month in 15 to

25 per cent of a presumed normal population.

The mean loss in a group of Swedish women

was found to be 43.4 - 2.3 ml a month, or

about 0.5 mg a day (Figure 1). In 95 per cent

of the women studied, menstrual loss was found

to be less than 1.4 mg a day. Consequently,

the range of iron needed to compensate for

menstrual blood loss in healthy women extends

from as little as 0.1 to as much as 1.4 mg a day.

The amount of iron necessary to compensate

for losses sustained through pregnancy is rela-

tively large and varies widely (Table 2 and

5, 21, 23). The average obligatory excretion of
body iron has conservatively been estimated at

170 mg, with a range of 150 to 200 mg. The

iron contained in the fetus varies from about

200 to 370 mg, with an average of about 270 mg,

while that contained in the placenta and cord

varies from about 30 to 170 mg, with an average

of roughly 90 mg. Blood lost at delivery has

been estimated to contain 90 to 310 mg, or an

average of 150 mg. These are quantities actually

lost from the body; they vary from 470 to

TABLE 2. Iron required for pregnancy (mg)

AVERAGE RANGE

External iron loss 170 150-200
Fetal iron 270 200-370
Iron in placenta and cord 90 30-170
Blood loss at delivery 150 90-310
(Expansion of red blood

cell mass 450 200-600)*
Total requirement * 680 470-1050
Av. requirement per day * 2.4 1.68-3.75

Expansion of red cell mass not included.

1050 mg, with an average of 680 mg. Stated
in terms of daily losses, they range from 1.68 to
3.75 mg, with an average of 2.4 mg. This
figure does not include the 200 to 600 mg re-
quired for the expanded red blood cell mass
which develops late in pregnancy, because that
iron is largely conserved when the erythrocyte
mass returns to normal after delivery. Lacta-
tion after delivery produces additional iron
losses of approximately 0.5 to 1 mg a day, but
that amount is usually balanced by the absence
of menstruation during the period in question.

The iron required for growth varies with the
rate of growth and the body weight to be eventu-
ally attained at adult stature. The fully grown
man has approximately 50 mg of iron for each
kilogram of body weight; the adult woman,
about 35 mg (5). Thus, a man who stops grow-
ing when he reaches an adult weight of 50 kg

above his birth weight will normally have as-
similated 2500 mg. Spread over the 20 years
that males take to reach adult stature, this figure
amounts to 125 mg a year, or about 0.35 mg a
day (Table 1). A large man who ends up weigh-
ing 100 kg above his birth weight would require
twice as much iron-250 mg a year or 0.7 mg a
day. Similar figures for human females, based
on the assumptions that growth is completed
by the age of 15 years and that normal adult
weight varies from 45 to 70 kg above birth
weight, would be 100 to 160 mg a year, or 0.3
to 0.45 mg a day. These average values would
vary from year to year depending on growth
spurts. During the first year of life, for instance,
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TABLE 3. Estimated iron needs and dietary requirements

iRON NEEDED (MG/DAY)

FECES, DIETARY IRON

URINE, MENSES PREGNANCY GROWTH TOTAL REQUIREMENTS

DERMAL (MG/DAY)

Men, nonmenstruating women 0.5-1.6 0.5 -1.6 5-16
Menstruating women 0.5-1.6 0.1-1.4 0.6 -3.0 6-30
Pregnancy 1.7-3.75 1.7 -3.75 17-37.5
Adolescent boys 0.5-1.6 0.35-0.7 0.85-2.3 8.5-23

girls 0.5-1.6 0.1-1.4 0.3 -0.45 0.9 -3.45 9-34.5
Children (average) ?0.1-0.8 0.3 -0.7 0.4 -1.5 4-15
Infants (3-12 months) ? 0.8 -1.5 1.0 -1.5 10-15

* Assuming 10% absorption.

it is estimated that the need is approximately
0.8 to 1.5 mg a day for normal term infants
(19, 26, 30, 31).

The data summarized above have been used
to construct the range of values presented in
Table 3-namely, the estimated average amounts
of iron that must be accumulated in a day to
meet the needs of various segments of the
population. They are of the same magnitude as
those previously published by the Committee on
Iron Deficiency of the American Medical Asso-
ciation's Council on Foods and Nutrition (5)
but differ slightly to reflect the new data on
obligatory body iron loss (8) and a different
method for calculating the needs associated with
pregnancy (inclusion of blood loss at delivery
plus omission of the iron required for expansion
of red blood cell mass).

Absorption of food iron

The task of determining how much food
iron must be consumed in order to provide for
these needs is particularly difficult (21, 22).
In recent years, most studies on food iron ab-
sorption have used foods grown or prepared so
as to contain radioiron. The foods are then
cooked and fed as they would be under normal
consumption except that they are given alone.

Figure 2 summarizes most of the published
data on the absorption of radioisotope-tagged
foods (1, 3, 7, 12, 13, 20, 27, 29, 33). The
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FIG. 2. Radioiron measurement of the absorption of
iron from foods by adult subjects and children. The
length of the bars indicates the degree of variation in
results obtained from each food; the heavy vertical line
across each bar indicates the average value. Cross-hatched
bars = iron-deficient; clear bars = normal. The amount
of iron in each feeding varied from I to 17 mrg. Data
compiled from the following references: 1, 3, 7, 12, 13,
20, 24, 27, 29, 33.

length of the bars indicates the variation among
different subjects for each food; the heavy
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vertical line across each bar indicates the average
value; the cross-hatched bars represent the results
with iron-deficient subjects. The amounts of iron
in each vary from 1 to 17 mg. Several facts are
evident: variation among subjects is large; iron-
deficient patients tend to absorb food iron
better than normal subjects do; and assimilation
from wheat and corn is less efficient than from
most other foods, particularly those of animal
origin. In all the studies taken together, the
over-all average is 8.5 per cent for normal sub-
jects and 18.9 per cent for iron-deficient persons.

Several deficiencies in these data should be
pointed out. The test dose was administered
on a one-shot basis and does not, therefore, illus-
trate the day-to-day variation that may occur
in the same individual. Furthermore, the food
was fed by itself, so that the effect of other
foods administered in combination was not
evaluated. Layrisse and his associates (16) have
elegantly demonstrated that absorption from corn
and black beans is increased by feeding animal
food simultaneously; that absorption from
veal (but not from fish) is reduced when fed
together with corn or black beans; and that cer-
tain amino acids, especially the sulfur-containing
group of amino acids, enhance the absorption
of iron from vegetable sources.

Several groups of workers have tried to cir-
cumvent some of these problems by feeding a
tracer dose of radioiron along with a stand-
ard meal. The results of one such study from
Dr. Finch's laboratory are also included in
Figure 2 (24). This method saves the trouble
of labeling the foods themselves, avoids the
artificiality of measuring absorption from only
one food at a time, and permits evaluation of a
number of intra- and extraluminal factors that
affect iron absorption. It assumes, however, that
the tracer dose of ferric chloride will admix
or interchange sufficiently with the iron in food
to provide an index of iron absorption, whereas
there is evidence to suggest that, in the case of
hemoglobin at least, such interchange does not
occur (10). Results with the four different
standard meals agree reasonably well with each
other (Table 4 and 6, 24, 28, 32). The average

TABLE 4. Absorption of radioiron from standard meals

Fe hORilAL | Fe DEFICIENT

m9 NO. Range A v.& NO. Range % Av.%

Shrpe eta]1
(adSlehepnt boye) 7.5 - 6 10 ? 5.76

10 7 8 .3

Turnbull 8 7 1-10 3.4 2- 17 - 33 25

6$ 22 14 - 80 46.2

Piio -6oíli et a1 4.6 a8 1.7 - 16.6 6.35 8 9.9 -38.7 21.6

4.6 12-- 0.5 -10.5 4.6

4.6 4--- 0.6 - 8.6 5.3

Go1dber.g et al 12.5 8 17 -66 75

7 41 29.6 18.5

Fe deficlency without anemia
Non-hematolog I c patients

-Pernicious an eia fn remlssion

fPatients with
Achlorhydrla

Composition of the standard meals as follows:

1 Sharpe, Peacock, Cooke, and Harris (1950): Milk,
200 g; cooked rolled oats, 285 g; white bread, 34 or
56 g; tomtao juice, 150 g.

2 Turnbull (1965): Canned stewing steak, 50 g; po-
tato powder, 15 g; frozen peas, 50 g; butter, 10 g;
orange, 100 g; cream, 20 g.

3 Pirzio-Biroli, Bothwell, and Finch (1958): Canned
corned beef hash, 200 g; apple sauce, 200 g; tomnato juice,
200 g; soda crackers, 13 g; cocoa, 3 g.

4 Goldberg, Lochhead, and Dagg (1963): Corned beef,
100 g; apple sauce, 100 g; tomato juice, 200 g; cream
crackers, 13 g; cocoa, 3 g.

values for healthy or normal subjects range from
3.4 to 8.3 per cent, and for iron-deficient patients
from 18.5 to 57.5 per cent. The strong pos-
sibility exists, however, that these data represent
the absorption of inorganic iron and are not an
accurate measure of the assimilation of iron from
food.

There is a tendency to ignore the results of
early balance studies because technical errors
were significant, because the difference between
oral intake and fecal loss was so small that
precise measurement was difficult, and because
differentiation between excreted and unabsorbed
fecal iron was not possible (22). Five of these
studies, however, were done with such great
care that they merit attention (Figure 3 and
11, 14, 17, 25, 34). They have the advantage
of having been performed, with one exception,
over a period of at least 28 days, so that
daily variation was minimized. In addition, a
varied diet was used. In these healthy sub-
jects, the absorption range, calculated on the
basis of the positive balance, was from 7.3 to
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FIo. 3. Iron balance studies of iron absorption

21 per cent. If one assumes that 0.5 mg of
fecal iron was excreted iron, then the propor-
tion of food iron absorbed from the basal diets
would be increased to from 11.3 to 27.5 per cent.

There are several other dietary factors that
must be considered in attempting to arrive at
an average figure for food iron absorption:

1. Achlorhydria may impair the absorption of
food iron (6, 22).

2. In countries where wine is taken with
meals, the wine serves as a source of iron
and its alcohol content may enhance absorption
as well (2).

3. Ascorbic acid will increase absorption from
certain foods (15, 22).

4. The use of iron cooking utensils may add
considerable amounts of iron to foods (21).

5. Geophagia, or clay eating, is more fre-
quent, particularly among economically deprived
groups, than is commonly recognized. Alkaline
clays with a high cation exchange capacity are
particularly instrumental in depressing iron as-
similation (Figure 4 and 18).

For all these reasons, it is impossible at the
present time to draw any firm conclusions
about the composite percentage of iron that will
be absorbed from a given diet. Furthermore,
it is difficult to judge exactly how iron absorp-
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FIG. 4. Effect of 5 grams of Turkish clay (pH 10.3)
on Fe¿SO, absorption in nine normal subjects. Repro-
duced from Minnich et al. (18).

tion will increase or decrease on a sliding scale
as iron deficiency develops or is corrected. One
can do no better than to guess that a figure of
10 per cent might represent a fair approxima-
tion for diets that contain a generous amount of
animal protein; the estimate of 10 per cent is
probably too high when food is derived largely
from vegetable sources, particularly cereals.

Dietary iron requirements

Application of the 10 per cent absorption
figure to the estimates of iron needs gives the
dietary estimates indicated in the right-hand
column of Table 3.

Since in most diets there is only about
6 mg of iron per thousand calories, it is evident
that the higher values in the various ranges
would be difficult to achieve, particularly in
infants, adolescent girls, menstruating women,
and pregnant women. It is not surprising,
therefore, that these are the groups in which
iron deficiency is most common. The estimates
are higher than formerly believed and cause
consternation among nutritionists. The greatest
chance for error would come from underestimat-
ing the efficiency of absorption, but at this time
the recommendations seem reasonable. It is
doubtful that they are off by a factor of more
than plus or minus 25 per cent.
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IRON-DEFICIENCY ANEMIA IN LATIN AMERICAN AND
CARIBBEAN POPULATIONS

Yaro R. Gandra

Iron-deficiency anemias have long been iden-
tified as a major public health problem in dif-
ferent areas of Latin America and the Carib-
bean. The frequency of anemia in these popu-
lations and its negative effect on their progress
and development are recognized. The infections
and reduced work capacity associated with
anemia result in educational and economic losses
that eventually affect the social behavior of the
hemisphere's population. The problem is most
acute among vulnerable groups, whose physio-
logical iron requirements are particularly high.

Although many reports on iron-deficiency
anemia in different areas of the hemisphere
have been published, the real extent of this
disorder is still unknown. In recent years a
coordinated effort to explore the problem fully
has been carried out under the auspices of
WHO, PAHO, and FAO (20, 21, 22, 23). In
various meetings studies have been recom-
mended to clarify the role of dietary defi-
ciency and parasitism in the pathogenesis of
nutritional anemias and also to learn more
about anemias associated with pregnancy.

In 1963 a regional center was established
under the auspices of PAHO/WHO at the
IVIC, in Caracas, to train investigators and
technicians for work in this field throughout
Latin America and the Caribbean area.

In August 1968 a meeting of the PAHO Scien-
tific Group on Research in Nutritional Anemias
was held at Caracas. Its main purpose was to
study and discuss a WHO nutritional anemias

program in Latin America and the Caribbean;
it also examined parameters for the reproduci-
bility of data from different cooperating labora-
tories and made appropriate recommendations.

Iron-deficiency anemia

Iron-deficiency anemia is the most common
kind of anemia in the Americas, and, as malnu-
trition, it is second only to protein-calorie mal-
nutrition. Since dietary iron intakes in this area
of the world are not significantly lower than
they are elsewhere, where iron-deficiency anemia
is not a major problem, it is probable that other
factors enter into play-the amount of iron
available for absorption, the interference of nu-
trients in the common diet, abnormalities of
small bowel architecture, or abnormal blood
loss. Other possible causes of iron-deficiency
anemia, such as low dietary calcium, high
phosphorus in the diet, or iron loss from the
skin through excessive perspiration or due to
increased intestinal desquamation have not been
investigated in detail in this area.

The literature on this subject is extensive,
but the population samples analyzed, the
methods used, and the criteria of normality have
not been homogeneous and do not allow for an
adequate analysis of the results. Thus, emphasis
has been focused on the need for data that are
comparable rather than for information from
field studies in general.

The reports from different surveys carried out
in Latin America and the Caribbean area show
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hemoglobin averages varying from 11.8 g to
16.0 g/100 ml of blood, the level for males
being 1 or 1.5 g higher (Table 1). Some areas,
like the West Indies, showed low over-all aver-
ages-12 .5 for males and 11.8 for females (19),
whereas other places, such as Uruguay (17),
had general averages that were somewhat higher
-14.7 for men and 13.5 for women. A better
analysis of this situation, however, is obtained
when one considers the percentage of individ-
uals in the population classified as "low" or
"deficient." In Venezuela, for instance (18),
although the male population had an average
of 13.7 g/100 ml, 41.7 per cent had hemoglobin
rates considered "low," and 14.2 per cent were
under 12 g/100 ml; and in the same country,
18.9 per cent of the women were below this
last-mentioned level. The percentage of total
population having less than 12 g of hemoglobin
varies in the different countries from 1.7 to
38.6 for males and from 3.6 to 49.1 for females
(12, 17, 20).

Quite often generally elevated hemoglobin
averages have been found among populations
living at high altitudes. It is evident that a
more meaningful interpretation of the hema-
tological data is obtained when the figures are
adjusted taking altitude into consideration. In
Bolivia, for instance (12), a general average of
16.4 was obtained for persons over 15 years of
age and 14.9 for those 15 and under. Seven
study areas located at altitudes ranging from
6,700 to 13,467 feet presented generally high
hemoglobin averages, but when these data were
corrected for altitude, most of the subjects fell
into the "acceptable" or "low" category. The
same thing happened with the studies in Colom-
bia (14), Ecuador (15), and Mexico (2).

The mean corpuscular hemoglobin concentra-
tion (MCHC) was around 32 per cent in all
the countries but Venezuela, where it was about
36 per cent. The proportion of the general pop-
ulation having an MCHC of less than 30 per
cent varied from 1.5 per cent for Venezuela (18)
to 18.0 per cent for the West Indies (19). This
is a partial suggestion of the presence of iron-
deficiency hypochromic macrocytic anemia.

Serum iron was not determined in most of
the studies. In Trinidad (5), the serum iron
values ranged between 22.92 to 274 jtg/100 ml,
with a mean value of 87.2 /ag/100 ml; 43 per
cent of the subjects studied had values under
80 tug, and 15 per cent were below 50 /g/100 ml.

All the data that have been cited refer to the
general population, and therefore they do not
always give a clear picture of the vulnerable
groups, where the problem of anemia is of
greatest magnitude.

In Venezuela (18), for example (Table 2),
children under one year of age have a mean aver-
age hemoglobin of 10.27 g/100 mi, and one third
of them have hemoglobin concentrations of less
than 10 g/100 ml. In Brazil (16), the children
in this same age group have an average hemo-
globin of 12.1 g/100 ml, and half of them have
levels below 12 g/100 ml. In the West Indies
(19), almost 90 per cent of children under two
years of age have hemoglobin levels below
12 g/10 0 ml.

Preschool children in all these countries ex-
cept Uruguay are deficient. In this age group,
the average hemoglobin levels in the different
Latin American countries has varied, with gen-
eral averages of from 10.8 g/100 ml (and 77.4
per cent with less than 12 g) in the West Indies
(19) to 13.2 g/100 ml in Bolivia (12).

Many authors found "foci" of anemia in
schoolchildren in certain tropical areas. In
Iquitos, Peru (6), for example, the schoolchil-
dren had an average hemoglobin of 10.6 g/100l
ml, with 56 per cent having less than 10 g/100
ml. A recent examination of schoolchildren
from villages in the coastal region of the State
of Sao Paulo (Brazil), showed general hemo-
globin averages in many villages of around 9.5
g/100 mi, with more than half the children hav-
ing less than 10 g/100 ml. Throughout almost
all of Latin America and the Caribbean area

a large percentage of the children have inade-

quate hemoglobin concentration levels.

Pregnant and lactating women are another

group in which anemia is an important public

health problem (Table 3). Some of the surveys

by the U.S. Interdepartmental Committee on
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Nutrition for National Defense (ICNND) in-
clude these groups in their studies. In Ven-
ezuela, for instance, where the hemoglobin
average of pregnant and lactating women is
practically the same as that of nonpregnant,
nonlactating females, the proportion of cases
with less than 12 g in pregnant women is 57.9
per cent, whereas in the total nonpregnant
female group it is 18.9 per cent. The same
situation was found in other areas. Even in
Uruguay (17), where anemias are not a very
serious health problem, 60 per cent of the third-
trimester pregnant women were found to have
less than 12 g/100 ml, as against 6.1 per cent
in the nonpregnant group. In Trinidad (4),
an examination of over 500 pregnant women
selected at random showed that 34 per cent
had hemoglobin concentrations of less than
10 g/100 ml. In this study it was shown that
the rate of hemoglobin values decreases as the
pregnancy progresses. Women in the first five
months of pregnancy have an average of 11
g/100 ml, and those in the sixth month and
onward have 10.6 g/100 ml. In Saltillo (1),
a city in the north of Mexico with an altitude
of over 5,200 feet, 50 per cent of the pregnant
women under medical supervision had hemo-
globin levels of less than 10.5 g/100l ml, and
15.2 per cent had less than 8.5 g/100 ml; 68
per cent of all the pregnant women studied
had less than 50jug/100 ml of serum iron.

The 1968 PAHO Scientific Group on Research
in Nutritional Anemias, meeting at Caracas,
reviewed the pilot studies on the prevalence of
nutritional anemia in pregnancy that had been
recommended in 1963, and the results of 900
protocols from cooperating laboratories in Mex-
ico City, Caracas, Medellín, Sio Paulo, Lima,
Corrientes (Argentina), and Port of Spain led
to the conclusion that 21 per cent of the women
in the last trimester of pregnancy are definitely
anemic and have hemoglobin levels below the
lower limit of normality (10 g/100 ml at sea
level, or corrected for altitude).

The foregoing data demonstrate the serious-
ness of anemia among vulnerable groups of
infants, preschool children, schoolchildren, and

pregnant and lactating women. If analyzed
samples could be extended to all the population,
one would realize that millions of people in
Latin America and the Caribbean area have
clear-cut anemia.

The most frequent types of anemia in
Latin America and the Caribbean

As far as the type of anemia is concerned,
many of the studies mentioned (1, 9, 11, 16, 19)
seem to indicate that the most frequent anemia
in Latin America and the Caribbean area is
produced by the deficiency of available iron for
the body. The values of MCHC in these areas
are generally "acceptable," but in several coun-
tries the proportion of the population with
average levels of less than 30 per cent was
high-Ecuador (15), 42.7 per cent; Chile (13),
26.7 per cent for men and 42.8 per cent for
women; Brazil (16), 23.5 per cent for men and
17.5 per cent for women-to cite a few. In
Uruguay (17), where iron-deficiency anemia is
not a public health problem and the general
average of MCHC is similar to the level men-
tioned above, there were no cases below 30
per cent.

Serum iron has been shown to be generally
low. In Trinidad (5), for instance, 43 per cent
of the population has less than 80 /g/100 mi,
and in 15 per cent of the population the level
is less than 50jg/100 ml. In Mexico, too (9),
the serum iron levels were generally low; in
Huamantla (11) and in Saltillo (1), for example,
a large proportion of the pregnant women had
low serum iron and high MCHC, suggesting
that at least 60 per cent of the cases of anemia
in pregnant women were caused by iron de-
ficiency.

It was concluded at the Caracas meeting
in 1968 (10), that iron deficiency accounts for
approximately 75 per cent of the cases of anemia
in the third trimester of pregnancy, and in ap-
proximately one third of these cases an addi-
tional nutritional deficiency can be observed.
In female control subjects, iron deficiency ac-
counts for approximately half of the anemia
found. Studies of low-income pregnant women
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in the last trimester of pregnancy, nonpregnant
women, and men conducted by IVIC in Caracas
showed hemoglobin levels of less than 11 g/100
ml for 37 per cent of the pregnant women;
low serum iron and decreased transferrin satura-
tion indicated iron deficiency in nearly 60 per
cent nf the pregnant women and 19 per cent

of the nonpregnant women (23). Finally,
projects that included the administration of iron
to the anemic population of these areas (3, 6)
confirmed that iron deficiency is the most gen-
eral and important cause of anemia in Latin
America and the Caribbean area.

Etiology of iron-deficiency anemia in
Latin America and the Caribbean

It is recognized that iron-deficiency anemia
can be caused by the following factors: (1) in-
adequate ingestion; (2) poor absorption and
utilization; (3) increased losses or requirements,
as in growth, lactation, and pregnancy. All these
factors are present in Latin America and the
Caribbean area.

Inadequate ingestion

The idea that iron-deficiency anemias occur
chiefly because of insufficient dietary iron intake
has not necessarily been confirmed by surveys
carried out in Latin America and the Caribbean
area. The different reports on anemia and
dietary iron intake from dietary surveys or food
analysis show that in most cases there is no
correlation between the amount of dietary iron
and the degree of anemia (Table 1). In
Bolivia (12), Brazil (16), Chile (13), Mexico
(2), and Venezuela (18), the amounts of dietary
iron were substantially above the NRC allow-
ances and ICNND reference guides, and still
iron-deficiency anemia is a problem in these
areas. The biological availability of iron from
dietary sources has not always been taken into
consideration. In the surveys of Chile and
Uruguay (13, 17), the average daily dietary iron
intake was shown to be nearly 17 mg per capita
in both cases-and yet anemia is a problem in
Chile but not in Uruguay. These examples

suggest that most anemia in these areas is not
necessarily a consequence of dietary iron de-
ficiency, but rather that other factors are inter-
fering.

Poor absorption and utilization

Iron-deficiency anemia may result from poor
absorption and utilization. Some reports have
shown that dietary iron derived from animal
sources is better absorbed than that from vege-
table sources, even in an iron-deficient patient.
In these subjects, the absorption of iron de-
rived from animal products such as meat and
fish is about 20 per cent (8), whereas absorption
from staple foods such as wheat and corn is
not as high as 10 per cent. However, diets con-
taining large amounts of animal protein may be
more efficient than vegetable diets as far as iron
absorption is concerned. Layrisse et al. (7),
working with food of animal and vegetable
origin, found that the interaction of both may
change the rate of iron absorption and that the
mixture of a vegetable food such as corn or
black beans with food of animal origin enhances
the absorption of iron by threefold.

It should be kept in mind that for the great
majority of people in Latin America and the
Caribbean area the proportion of animal foods
in the diet is not adequate. In Brazil (16),
for instance, a dietary survey showed that iron
intake is high chiefly because of the high con-
sumption of legumes. Animal food, such as
meat and eggs, is not commonly eaten by
the population.

Malnutrition may well be an important cause
of anemia in Latin America and the Caribbean
area. Also, deficiencies of proteins, folate, vita-
min B1l and other nutrients can result in anemia.

Increased losses

Epidemiological studies on losses of iron from
the body through sweat, skin exfoliation, urine,
and gastrointestinal processes are not available
for Latin America and the Caribbean, and con-
sequently it is not possible to give consistent
figures for these areas. It is generally accepted
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that one of the most important causes of body
iron loss in tropical zones is hookworm infec-
tion. Ancylostoma duodenale, Necator ameri-
canus, Trichuris trichiura, Schistosoma hema-
tobium, and Schistosoma mansoni infections can
produce chronic blood loss resulting in iron-
deficiency anemia.

Nutritional surveys carried out in Latin Amer-
ica and the Caribbean have shown that intestinal
parasitic infections and anemias frequently con-
stitute a serious public health problem (4, 5,
14). In the survey of Northeast Brazil (16),
for example, 99.4 per cent of the results of fecal
examination for helminths was positive. A com-
parison of hemoglobin levels in subjects with
and without hookworm infection showed that
those with hookworm had a mean hemoglobin
consistently lower than those without.

In the study of an Amazon basin community
(6), it was reported that 56 per cent of the
schoolchildren had hemoglobin levels below
10 g/100 ml, and 96 per cent harbored more
than one kind of intestinal parasite. Hookworms
were found in 93 per cent of the schoolchildren.
In one subgroup that received iron but not anti-
helminthic treatment, the mean hemoglobin
concentration increased from 8.3 -- 2.1 to 10.8-
1.1 g/100l ml six weeks after treatment had been
initiated. In another subgroup that received
both iron and antihelminthics, the mean hemo-
globin concentration increased from 8.2+-2.2 to
11.5+1.0 g/1 00 ml during the same period.
The response of the group that had previously
been given antihelminthics was significantly
greater (p>0.05) than that of the group that
did not receive the treatment.

A Mexico study (2), in which the frequency
of anemia was analyzed both in coastal com-
munities and in the highlands, revealed an
average hemoglobin of 11.1 g/100 ml on the
coast and 12.1 in the highlands. Hookworm
infection was very common in the former area
but not in the latter.

Studies of infected and noninfected rural
communities in Venezuela have demonstrated
that 30 per cent of the anemic conditions could
be traced directly to hookworm infection. Para-

sitic blood losses had to reach a certain level
of intensity, however, before they significantly
influenced hemoglobin levels in the blood.

Since parasitic infection is a very widespread
public health problem in Latin America and the
Caribbean area, it can easily be surmised that
it has an important role in enhancing the preva-
lence of iron deficiency in these areas. Some
exception to this, of course, can be found in the
literature. In Saltillo, for instance (1), where
hookworm is not prevalent, 50.9 per cent of the
pregnant women had hemoglobin levels below
10.5 g/100 ml, and 68.0 per cent of the same
group had less than 50 /g of serum iron. Thus,
although anemia is a serious problem in this
area, the authors conclude that hookworm in-
fection has little to do with the situation.

Final considerations

In all the available reports, a high percentage
of the general population and of specific groups
have blood parameters that are considered "de-
ficient" or "low." If the groups that have been
analyzed in these different surveys are really
representative of the general population of the
area, this means that millions of people in Latin
America and the Caribbean have unsatisfactory
hemoglobin levels.

For the most part, dietary iron deficiency does
not stand out as a factor among these popula-
tions, though poor, unbalanced diets could have
an important role in the absorption of iron.

The increase of intestinal hemoglobin iron
loss as a consequence of the prevalence of para-
sitic infection might also be another important
factor in the frequency of iron-deficiency anemia,
chiefly in the tropical areas of Latin America
and the Caribbean.

The reports that have been made to date on
the subject of anemias are not sufficient enough
to give a clear idea about their frequency, se-
verity, or etiology, and more studies in different
areas should be stimulated. Moreover, the lack
of standardized techniques in these surveys, and
the variation in criteria used for random sam-
pling, make comparisons difficult; greater en-
couragement should be given to the PAHO/
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WHO efforts to standardize methods and tech-
niques for obtaining accurate data on the preva-
lence and etiology of anemias.

It is important also to consider that, despite
the many surveys that have been made on iron-

deficiency anemia, very few programs for the
distribution of iron to the general population
or to specific vulnerable groups have been car-
ried out to date. It would be useful to stimulate
more preventive programs in this area.
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IRON DEFICIENCY IN PREGNANCY AND INFANCY

Luis Sánchez-Medal

From the standpoint of iron nutrition, preg-
nancy is the most critical period in a woman's
life. In a normal pregnancy, the total iron
requirement is estimated to be from 580 to 1340
mg, the average being about 980 mg (52). This
amount is the sum of the ordinary external

losses, the requirements for red cell mass en-

largement, and the supply to the fetus and the
placenta.

The needs are unevenly distributed during

the period of pregnancy, rising exponentially
with the passing months. Thus, whereas in the
first trimester they amount to about 0.6 mg a

day, which is less than those of the nonpregnant

woman, they go up to about 8 mg a day during
the third trimester (Table 1). These estimates

are based on the following data: (1) the iron
content of the fetus, which is 5 mg at four
months, 65 mg at seven months, and 265 mg
at ten months (37); (2) increases observed in

the mother's red cell volume during pregnancy,
which range from 315 to 485 ml, with an aver-

age of about 425 ml, equivalent to 500 mg of

TABLE 1. Distribution of iron requirements (mg/day)
during pregnancy

FIRST * SECOND THIRD

External losses 0.5 0.5 0.5
The fetus 0.04 0.7 2.4
Mother's RCV expansion 0 1.4 4.2
Placenta 0.04 0.3 0.5

Totals 0.58 2.9 7.6

* Trimester

iron (Table 2 and 4, 8, 10, 29, 40); and (3) the
apparent uneven distribution of this rise through-
out pregnancy. Though Caton and associates
(8) reported similar increases in the three tri-
mesters, the data of De Leeuw et al. (10) and
Berlin et al. (14) indicate that the increase
starts after the sixth and seventh month, re-
spectively. It seems likely that most of the red
cell volume increase takes place during the last
trimester.

Diet does not provide absorbable iron in suf-
ficient amounts to meet the third trimester re-
quirements. Common diets in Western societies
provide less than 2 mg of absorbable iron per
day to the iron-deficient subject (10, 17, 25, 42).

Iron stores are usually insufficient to cover
the difference between what is required and
what is absorbed. Estimates made using differ-
ent methods have shown that all over the world
the average woman has limited iron stores-

TABLE 2. Mean increase in red cell volume during
pregnancy

Berlin et al. (4) 315 ml
De Leeuw et al. (10) 405 ml
Lund and Donovan (29) 439 ml
Pritchard (39) 485 ml
Caton et al. (8) 495 ml

Mean of all series: 425 ml =- 500 mg of iron,
distributed as follows (mg):

FIRST * SECOND THIRD

Total
Per day

0 125 375
0 1.4 4.2

* Trimester
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TABLE 3. Prevalence of anemia and iron deficiency in pregnancy

PLACE SUBJECTS

%/ FREQUENCY OF

IRON

ANEMIA DEFICIENCY BOTH IN

JN THE ALL CASES

ANEMICS

Evers (11)
Benjamin et al. (3)
Hunter (20)
Lund (28)
Giles and Burton (13)

Holland
New York, U.S.A.
Indianapolis, U.S.A.
New Orleans, U.S.A.
England

* Hb below 12 g; in the others Hb below 11 g
t First prenatal consultation

At term

in most cases less than 400 mg (6, 10, 39, 45, 54).
In the light of these facts, it is not surprising

that iron deficiency in pregnant women is a
standing problem all over the world, even in
the most industrialized countries (Tables 3 and

TABLE 4. Prevalence of anemia and iron deficiency in
pregnant women in WHO collaborative studies (38, 56)

ANEMIA * IRON
DEFICIENCY

(%) (%)

Ramalingaswami: New Delhi
(rural) 80 t 51.7

Baker: Vellore 56 99.0
Rachemilewitz: Upper Galilee

(rural) 471 46.3
Layrisse: Caracas 37 59.7
Sánchez-Medal: Tlaxcala

(rural) 28 64.5
Lawkowicz: Warsaw 21.8 40.0
Gutnisky: Corrientes 63.0 t -
Layrisse: Caracas 52.0 57.0
Viteri: Guatemala 38.0 73.0
Sánchez-Medal: Mexico City 36.0 33.1
Sánchez-Medal: Mexico City 19.0 23.1
Reynafarje: Lima 35.0 -
Vélez: Medellín 26.0 11.0 #
Jamra: Sao Paulo 13.0 17.0

* Criteria: Hb below 11.0 g at sea level; saturation
index below 15%

t Second and third trimesters
Uncinariasis

§ Sampled during labor
# 43% of cases with SFe below 50 cg

4 and 3, 11, 13, 20, 27, 28, 43). The Bantus
seem to be the only exception, which may be
explained by the large iron content of their
usual diet (12). Thus, the World Health
Organization has made the general recommen-
dation that "a dose of ferrous salt containing
at least 60 mg of elemental iron [be] given once
daily during the second and third trimesters of
pregnancy and the first six months of lacta-
tion" (56).

The prophylactic administration of iron dur-
ing pregnancy is useful even in populations
without widespread iron deficiency (35). This
was demonstrated in a study of women injected
intravenously with 1200 mg of iron dextran*
during the first trimester of pregnancy (Table
5). In the third trimester all the subjects had
serum iron levels of over 60 ísg/100 ml, trans-
ferrin saturation over 15%, and a higher hemo-
globin (0.4 g/100 ml) than they had had
during the first three months.

Iron nutrition is also seriously compromised
during infancy. During the first two to three
months of life, iron requirements of the normal
infant are practically zero; the total hemoglobin
level remains lower than that present in the
newborn. From then on, however, total hemo-
globin increases rapidly as the infant gains
weight and his concomitant blood volume in-

* Iron dextran (Imferon) was kindly supplied by
Farmacéuticos Lakeside, S.A.
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TABLE 5. Effect of prophylactic administration of iron
to pregnant women without evidence of iron deficiency
in the first trimester *

IRON-
CONTROLS

TREATED

Data on first trimester
Mean hemoglobin (g/l00 ml) - 13.0
Mean serum iron (,ag/100 ml) - 131.0
Cases with SFe below 60 ug (%) - O
Mean transferrin saturation (%) - 34.8
Cases with saturation below 15 (%) - 0

Data on third trimester
Mean hemoglobin (gO/100 ml) 12.4 13.4
Cases with hemoglobin below 12(%) 36 4.5
Mean serum iron (/ag/l1O ml) 97.3 121.0
Cases with SFe below 60 yg (%) 10.5 0
Mean transferrin saturation (%) 20.2 30.4
Cases with saturation below 15(%) 33 0

* The iron-treated group was randomly selected from
the same population as the controls. In the latter, no
laboratory determinations were performed in the first
trimester, but it may be assumed that at that time they
had values similar to those in subjects injected with
1200 mg of intravenous iron dextran.

creases. During the second three months of
life, about 1.0 mg of iron a day is required to
increase hemoglobin, myoglobin, and iron-con-
taining enzymes, and to compensate for external
losses estimated at 0.1 to 0.15 mg a day (52).
The requirements decrease progressively from
the third trimester on, so that in the second year
of life they are probably of the order of 0.4 to
0.5 mg. The requirements of infants growing
faster than average, and particularly those whose
weight was low at birth, are even greater.

The infant's usual diet, with milk as the main
component, plus meat, fruits, and cereals, cannot
provide sufficient iron to meet these require-
ments. Recognition of this fact has led to the
use of iron-enriched cereals, which at present
are the main source of iron in the first-year diet
of infants in upper-income families (2). How-
ever, many babies refuse to eat these processed
foods (2), and low-income families cannot afford
them. Moreover, the foods currently on the
market do not seem to provide sufficient iron.
It has been estimated that the usual diet with
iron-enriched cereals contains from 4 to 6 mg of

iron a day (45, 50). These considerations appear
to be correct and significant. Guest and Brown
(15) state that in 1957 iron deficiency in infancy
in Cincinnati was as widespread as it had been
20 years before, and Moe (33) found a high
deficiency rate in Norwegian infants. In addi-
tion, several studies have shown that in infants
from upper-income families the blood hemo-
globin and serum iron levels can be raised by
supplemental iron (33, 51).

At birth the infant has two main sources of
iron reserves: excess hemoglobin and tissue
stores. The average newborn has about 20 g
of excess hemoglobin, equivalent to 70 mg of
iron. This excess, which accounts for the large
blood volume and high concentration of hemo-
globin in the newborn (34), is derived par-
tially from placental transfusion. Early clamp-
ing of the cord decreases the amount of hemo-
globin excess; the difference in total hemoglobin
between early and late clamping has been esti-
mated in 4.6 to 6.0 g per kilo (36). Thus, in
the average newborn, early clamping will de-
crease the hemoglobin iron reserve to less than
half the value mentioned above.

As to tissue stores, it may be assumed that
the average newborn has a reserve of about
80 mg. This figure is calculated by subtracting
190 mg of hemoglobin and other functional iron
from the 270 mg total iron content of the new-
born (52).

Despite these reserves, it is a fact that iron
deficiency is widespread not only among infants
from families with limited economical means,
in whom definite anemia is observed with fre-
quencies of even greater than 70 per cent (1, 9,
23, 44), but also among those from upper-income
families (Table 6 and 15, 50). The prevalence
of anemia in the latter is not as great, but in
general these babies still exhibit low serum iron
and MCHC, high TIBC and erythrocyte proto-
porphyrin (49), and increased absorption of
iron (47). The deficiency becomes apparent in
the second trimester of the infant's life (21, 47)
and decreases after the age of 18 months, except
in premature babies and those from very poor

homes, in whom it appears earlier and may
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TABLE 6. Iron-deficiency anemia in infants (Hb below
10 g)

AUTHOR AND PLA PREVALENCE SOCIOECONOMIC
AUTHOR AND PLACE NDTO

CONDITION

Currimbhoy:
Bombay (9) 92.8 Poor

Andelman:
Chicago (1) 76.0 Poor

Lanzkowsky
Cape Town (23) 65.4 Medium (colored)

Schulman:
Chicago (44) 44.0 Poor

Lanzkowsky:
Cape Town (23) 29.5 Poor (white)

Guest: Cincinnati (15) 20.0 Variable

continue without improvement until as late
as three years of age (9).

Serum iron determinations in infants have
shown that the level decreases starting at birth,
and that throughout infancy the mean values
are definitely lower than those seen in adults.
In infants supplemented with iron, higher values
have been obtained, but they are still below
normal levels for adults (1, 31, 33, 49-51), which
suggest that they are not yet iron sufficient
(Figure 1). A hemoglobin level of 11 g per
100 ml is not always indicative of iron suf-
ficiency. In Sturgeon's series of infants given
250 mg of parenteral iron (51), not one subject
had a hemoglobin level lower than 11 g, and
still the group as a whole was probably iron
deficient, since the mean serum iron and MCHC
were below the normal adult range and the
TIBC was above.

D o-- IRO 6 MC/OUART MILK NO SOUO FOOS. AMARS ET AL 1959

C -IRON EEXTRAN 250 MG 1. STU..ON, . 1OS
D & .....& ORAL IRON I AND Z MG/ ./DAY. STRGEON. .

E o- GO0D DI0T. NOADDITIONA-LIRON. STUROE,.I958
F G GENERAL POPULATION. STUeGEO, 1954
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FIG. 1. Mean iron serum values found in infants with
and without iron supplementation

Two complications seen in markedly iron-
deficient infants add to the problem: the occur-
rence of microscopic but significant gastrointes-
tinal bleeding (18), and the impairment of iron
absorption (22).

The current impression is that the tissue
stores of the infant do not play an important
role in the development of iron deficiency in
infancy and that the fetus gets all the iron it
necds from the mother, regardless of her iron
status (5, 46). It would appear that further
studies on these aspects are needed, since it is
reasonable to assume that the iron stores at
birth can make up for the difference between
iron requirements and iron absorption during
infancy, and that such stores probably depend
on the iron nutrition status of the mother. The
amount of iron stored in the liver of stillborns
has been shown to vary greatly from one case
to another (Table 7 and 7, 14). Similarly, varia-
tions in the total body iron content ranging
from 200 to 370 mg for fetuses of similar weight
have been observed (55). Consequently, infants
with low iron stores have to depend solely on
their diets to mect their iron requirements,

TABLE 7. Amount of iron found in liver of stillborns
weighing over 3 kg

AUTHOR SUBJECTS MG/IOOG TOTAL
MG

Gladstone (14) 1 72.0 140.0
Gladstone (14) 1 10.6 15.6
Widdowson and

Spray (55) 1 10.4 -
Widdowson and

Spray (55) 1 16.7 -
Widdowson and

Spray (55) 1 21.1 -
Widdowson and

Spray (55) 1 25.5 -
Widdowson and

Spray (55) 1 37.0 -
Buchanan (7) 16 9.7-79 36-21
Wainwright (53) 4 (E) 18-110
Wainwright (53) 17 (B) 81-666

E= Europeans; B = Bantus
* Dry weight in Wainwright's cases and wet weight

in the others
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significant relationship was observe
which became even more significaí
when the pairs in which the moth<
folate values were excluded from tl

whereas the infant born witl
will be able to withstand the d

It is most likely that the
infant's iron stores depends
status of the mother. The pre
has found (26) a direct rel
serum iron values in the r

y= 130.2+ 0.316X cord (Figure 2). Earlier results reported by
r= 0.263 pc:0.025

others (19, 24) are in agreement with this find-
ing. More important is Wainwright's observa-
tion (53) that Bantu infants have five times more
storage iron than European babies do, although
most Bantu females of child-bearing age do not
show histological evidence of siderosis. In fact,
in over three fourths of the women under 40
years of age studied by the same author the liver
iron was scored as zero. In 14 Bantu stillborns
weighing more than 3 kg the mean iron content
in the liver was 0.175 per cent of the dry weight,

whereas in 4 European stillborns it was 0.035
200 300 per cent. Furthermore, though in general the

rum ron values in mother's deficiencies do not influence the rederum iron values in
mother-infant pairs. A cell values of the newborn, exceptions have been
d in the whole group, observed. In a study of 82 mother-infant pairs
nt (p less than 0.001) (26), a cord hemoglobin level below normal
er had abnormally low limits was found in three instances, and in al!
he analysis.e analysis. of them the infants' mothers showed megalo-

h large iron stores blastic changes in the bone marrow.

Iemands. The practical implication of these findings is

magnitude of the that among low-income families it will probably
on the nutritional be easier to prevent iron deficiency in infants by
esent author's team prenatal measures than by medical supervision
lationship between of the infant. These measures, moreover, will
nother and in the also benefit the mother.
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THE RELATiONSHiP BETWEEN HOOKWORM iNFECiION
AND ANEMIA

Marcel Roche

In the tropical and subtropical zones, where
both hookworm infection and iron deficiency
are widespread, cases both of hookworm with-
out anemia and of anemia without hookworm
can be readily found. That hookworm may be
a major cause of iron-deficiency anemia can be
stated on the basis of thrce lines of evidence:
(1) the demonstrated blood and iron loss caused
by hookworm; (2) the statistically significant
correlation between circulating hemoglobin
levels and hookworm load; and (3) the slow
rise in circulating hemoglobin, without added
iron, when hookworms are removed and the
patient remains on his usual diet. The conclu-
sions arrived at in the second and third lines
of evidence are only known to apply in certain
rural areas of Venezuela. In other countries,
where a different nutritional status may prevail,
the deductions are only tentative.

Blood and iron loss caused by hookworm

Attempts at estimating blood loss by isotopic
and nonisotopic methods have been reviewed
by Roche and Layrisse (24). Hahn and Offutt
(14) were the first to use isotopic methods in
animals. Two infected dogs received Fe59-tagged
erythrocytes from donor dogs, and the decline
in circulating radioactivity during periods of
constant hematocrit reading was subsequently
determined. Gerritsen et al. (12) were the first
to use an isotopic method in man (Fe59 ). Since
then, a number of authors have utilized either
Fe5 9 or Cr5 ' (26). Daily blood loss by Necator

is of the order of 0.03 ml per worm, while
Ancylostoma duodenale gives losses of the order
of 0.15 to 0.4 ml.

Since the review by Roche and Layrisse (24),
several additional reports have appeared on blood
loss by hookworm. Bloch and Ruiz (2) deter-
mined losses by means of Cr5 ' in ten patients
(N. americanus) and Fe59 in eleven (N. ameri-
canus and A. duodenale). The average loss was
0.1 ml per parasite, with wide variations. Rep
(23) studied blood loss due to Ancylostoma
ceylanicum by means of Cr51 in two dogs and
ascertained an average daily loss of 0.0137 ml
per worm. Mahmood (18) found a daily blood
loss of 0.032 ±0.035 ml per worm in twenty
patients infected with N. americanus and 0.152
±0.124 in ten patients infected with A. duode-
nale. Georgi (10, 11) utilized whole-body count-
ing for the measurement of blood loss due to
Haemonchus contortus and to A. caninum (11)
and found considerable losses due to these para-
sites. Miller (20) reported a daily blood loss
for Ancylostoma caninum of 0.08 to 0.20 ml
per worm for light infections and 0.01 to 0.09
for heavy infections. Worms from irradiated
larvae produced worms that caused little or no
blood loss, and Uncinaria stenophala and Ancylo-
stoma braziliense caused little or no blood loss.
In two chimpanzees, Ancylostoma duodenale
caused daily blood losses of 0.04 and 0.02 ml,
respectively, per worm.

It is abundantly clear, therefore, that hook-
worm gives rise to blood loss, and therefore to
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iron loss. By tagging circulating red blood cells
simultaneously with Fe5` and Cr51, Roche and
P&érez-Giménez (25) showed that an average of
44.1 per cent of the iron lost into the intestine of
infected subjects was probably reabsorbed and
reutilized. Layrisse et al. (16) found a 36.3 per
cent reabsorption. The average on all subjects
reported in the aforementioned two reports, plus
fifteen more subjects (24), was 39.2 per cent
reabsorption of intestinal iron loss. In spite of
this reabsorption, which tends to reduce the net
loss, iron loss is still considerable, as may be seen
in Table 1.

Of the two isotopes utilized, Cr 5 and Fe59,
the former gives a more accurate and direct
idea of actual losses, since iron is in part reab-
sorbed. The figures given for iron loss calcu-
lated from Cr51 measurements are probably
too high, and should be reduced by approxi-
mately one third.

The loss of iron for a given amount of blood
varies, of course, with the hemoglobin level.
Eventually, as this level decreases, an equilibrium
is established, at which point loss equals intake.
To obtain an idea of the magnitude of such
loss, it may be assumed that a subject infected
with 500 hookworms and initially with a normal
hemoglobin level will have a daily intestinal
blood loss of the order of 16 ml. This means,
in the presence of normal circulating hemo-
globin, a daily iron loss of 7.9, and, if reab-
sorption is taken into account, a loss of approxi-
mately 5.0 mg.

There is a rough but significant correlation
between total blood loss and number of eggs
in the stools, which has been determined to be
2.74+1.50 ml/1000 eggs per gram of stool by
Roche et al. (26) in twenty-one cases; 2.59 by
Bloch and Ruiz (2) in ten cases; and 2.14+ 1.01
by Martínez-Torres et al. (19) in fifty cases.

Correlation between hookworm load and anemia

The association between hookworm and ane-
mia was mentioned as early as 1880 (22), but
the matter was not studied thoroughly until the
twenties when Darling et al. (6, 7), by relating
hookworm load to hemoglobin levels, showed

that these were negatively correlated, in a
general manner. The standardization of a
method to count hookworm eggs in the stools
(27) made the matter easier, and a number of
studies have been carried out in that direction
since then, several of them with statistical
analysis (24). Of the 32 papers reviewed by
Layrisse and Roche, 16 reported a definite cor-
relation, and the rest showed uncertain correla-

tion or none at all; 14 of the papers contained
statistical analysis, and all of these but one

(Chernin, 4) reported significant correlation.

In making a statistical analysis of the cor-

relation between hookworm load and anemia,

a sufficient number of cases must be studied,

since variations in individual subjects may be

extreme. This figure will depend on the

number of severe cases in the series and on the

TABLE 1. Iron loss in human hookworm infection studied by isotopic methods *

ISOTOPE NO. OF
AUTHOR YEAR USOTPE NO. OF IRON LOSSES (MG/DAY)

UsED SUBJECTS

Gerritsen et al. 1954
Roche et al. 1957
Ventura et al. 1957
Roche et al. 1959
Nabekura 1959
Tasker 1961
Layrisse et al. 1961
Aly et al. 1962
Farid et al. 1965

* From Roche and Layrisse (24)

Fe""
Cr`e'c~6
Few
Few
Cr"
CrI
Fer'

Cr",
CEl

3
21
7

14
47
20
11
39
12

3.4-6.2-8.3
1.2-29.1

0.85-6.84
Average: 5.25 Range: 1.80-16.24

0.8-7.5
1-40 (calculated on basis of "normal hemoglobin levels")

2.55-7.91
Average: 3.35

Average: 6.06 Range: 3.56-9.94
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background of iron balance in the community.
In addition, the series studied should include
a sufficient spectrum of both severe and light
infections. Since light infection may not affect
hemoglobin values, a relationship between load
and anemia should not be expected when only
smnal loads are present. Similary, -when oily

small samples of cases with large loads are
analyzed (13), no relationship may be apparent
because of the sample size and the many vari-
ables involved.

More recently, Topley (30, 31) found a
statistically significant negative correlation be-
tween hemoglobin and hookworm load in Gam-
bian men, but not in women-possibly because
other sources of iron loss (pregnancy, lactation,
menstruation) in women masked the milder
effect of hookworm.

In most studies, small loads of worms have
no apparent effect on hemoglobin. For example,
Carr (3) and Stoll and Tseng (28) found that
the drop in hemoglobin values began when the
load was greater than 1000 eggs per gram of
stool; Layrisse and Roche (17) found the
"break" at 2000 eggs per gram in women and
children, and 5000 eggs per gram in adult men.
Figure 1 gives the relationship curve found by
Layrisse and Roche in their rural communities
in Venezuela.

Layrisse and Roche (17) attempted to make
a general estimate of the contribution of hook-
worm as an anemia-producing factor in given
rural communities. They studied two com-

munities, geographically close to each other,

one with hookworm and the other practically

without. The results are shown in Table 2.

It is presumed that the difference in anemia

Eççs per g. of feces

FIG. 1. Relationship between hemoglobin levels and
severity of hookworm infection in various Venezuelan
rural communities. The number of cases in each group is
shown in parentheses. Vertical lines indicate one standard
deviation. The differences between the negative group
and both groups with less than 2000 eggs/g of feces are
not statistically significant. In all groups with more than
2000 eggs/g of feces, the difference with the negative
group is significant (P<0.01). From Layrisse and Roche
(17).

prevalence among the noninfected groups be-

tween one area and the other is due to an

alimentary factor, probably the quantity of avail-
able food iron. The difference between the

prevalence of anemia among the infected and

noninfected groups in the endemic zone pre-

sumably indicates the percentage of individuals

TABLE 2. Prevalence of anemia in two rural Venezuelan communities *

ZONE CLIMATE
NUTRITIONAL

STATE

NO. OF

SUBJECTS

PREVALENCE NONIN-
INFECTED

ANEMIA FECTED

Endemic Hot humid Fair; little animal 1142 Abundant 46% 30%
protein

Nonendemic Hot humid Fair; good animal 482 No 16%
protein (fish)

* From Layrisse and Roche (17)
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TABLE 3. Iron utilization from food measured in anemic subjects by the increase of total circulating hemoglobin and
iron loss due to hookworm infection *

IRON LOSS TOTAL
HEMOGLOBIN

DUE TO IRON
~~~~~~AGE~~IRON HOOKWORM USED

AGE INITIAL HEMOGLOBIN FINAL HEMOGLOBIN INCREASE
CASES YEARSIN (G/100) (T00 (TOTAL G) (NC TON (MG/DAY) t

A B A+B

Children from 2 to 6 years

1. E.A. 6 10.5 126 12.0 183 0.34 3.36 3.70
2. I.A. 6 8.6 89 14.4 152 0.37 1.34 1.71

Children from 7 to 14 years

1. L.M. 10 11.1 166 15.5 272 0.63 0.53 1.16
2. J.M.C. 9 10.5 164 12.6 246 0.49 0.20 0.69
3. J.R.V. 7 11.6 155 11.9 187 0.19 0.10 0.29
4. R.B. 9 8.5 113 10.6 179 0.39 1.11 1.50
5. E.G. 8 11.5 142 12.4 218 0.45 0.00 0.45
6. L.V. 12 11.7 205 13.3 311 0.63 2.54 3.17
7. A.M. 7 10.9 142 10.6 165 0.14 1.09 1.23
8. C.R.P. 7 8.0 130 11.4 237 0.54 1.14 1.68
9. C.R.M. 13 9.6 206 11.3 316 0.55 3.55 4.10

Average 10.4 158 12.2 237 0.45 1.03 1.25

Men from 15 to 45 years

1. P.A. 18 4.6 151 11.4 437 1.70 1.02 2.72
2. D.R.C. 38 12.5 422 15.2 494 0.42 0.18 0.60

* From Layrisse (15)
t Minimum estimate
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with anemia due to hookworm as a paramount
factor (roughly one third of the cases).

It has thus been abundantly shown, in a
number of communities, that groups with vary-
ing degrees of hookworm infection have an
average level of circulating hemoglobin signifi-
canly below that of uninfected groups :iving
under similar conditions in the same community.
Such groups could properly be said to exhibit
hookworm anemia.

Rise in circulating hemoglobin after
removal of the worms

Cruz (5) emphasized that hemoglobin re-
sponded rapidly to the administration of iron
in iron-deficient hookworm-infected subjects,
whereas patients in whom hookworms had been
removed but to whom iron was not given did
not respond in such a fashion. An examination
of these data, however, shows clearly that such
cases do respond, albeit very slowly. Increments
in circulating hemoglobin were measured over
a period of 365 days in thirteen endemic-zone
anemic subjects, in whom repeated worming was
performed, while they remained in their usual
habitat and consumed their usual diet (15).
The results are seen in Table 3. The increase
in hemoglobin iron ranged from 0.14 to 1.70 mg
a day but, in addition, there was a fecal iron
loss, due to residual infections or reinfections,
in spite of repeated worming. From egg counts,
this fecal iron loss could be estimated to range
from 0.10 to 3.55 mg a day, so that food iron
utilization was probably at least of the order
of 0.29 to 4.10 mg a day-values not unlike
those that may be calculated from the data
presented by Cruz (5) and those given by
Finch et al. (9) in phlebotomized subjects with
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polycythemia vera. The fact that hemoglobin
rises to, or at least towards, normal after worm-
ing, on local diet only and despite residual infec-
tions, suggests that in the absence of hookworm
infection the food iron in the area studied
(Pequín, Venezuela) should be adequate to
sustain hemoglobin levels.

Figure 2 shows the hemoglobin curve in one
patient in whom the study was carried out for
a longer time. The curve may be seen to rise
from 4.5 to 13.0 g/100 ml over the 1200 days
during which the patient was studied.
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PREVENTION OF IRON-DEFICIENCY ANEMIA

Joginder Chopra

Introduction

Nutritional anemia has long been considered
a public health problem in Latin America and
the Caribbean-a fact that was reiterated at the
first and second meetings of the PAHO Tech-
nical Advisory Committee on Nutrition in 1962
and 1968, respectively (5). Moreover, the FAO/
WHO Joint Committee at its various meetings,
beginning in 1949 (7), has stressed the urgency
for investigation of the etiology and prevention
of anemias, in view of the widespread preva-
lence of this condition in the developing coun-
tries of the tropical and subtropical zones
throughout the world.

Although deficiency of several essential nutri-
ents may result in anemia, those deserving pri-
mary consideration are iron, folate, and vitamin
B12. It is the general consensus of opinion that
dietary deficiency, poor absorption and utiliza-
tion, physiological requirements, or increased
losses of these nutrients are the underlying
causes of most of the anemias in the world.
Associated parasitism may enhance the signifi-
cance of one or more of these factors.

In the prevention of iron-deficiency anemia,
several approaches may be considered. Long-
term goals can be achieved through programs
designed to improve the dietary intake of iron
by means of education and increased availability
of iron-rich foods, and through environmental
sanitation campaigns to control parasitism as-
sociated with blood loss. Immediate and short-
term measures may consist of iron supplemen-
tation for vulnerable groups, such as school-

children and pregnant and lactating women, as
well as enrichment and fortification of foods
consumed by infants and preschoolers and by
all segments of the population. Long-term
programs such as sanitation, education, and
food production must be supplemented by more
immediate methods, and, undoubtedly, along
with the distribution of prophylactic iron to the
vulnerable groups, the fortification of foods with
iron is an urgent need in most problem areas.

Long-term programs

Dietary measures

The optimum dietary iron requirement may
be defined as the amount and kind of food iron
that will make it possible for absorption to cover
physiological losses and demands in all subjects
under al' phys .:^l-:l c tons, including
growth and pregnancy.

In areas where iron-deficiency anemia is
common, an increase in iron intake through
natural foods is desirable. This alone will not
overcome anemia, but it will help to maintain
normal hemoglobin levels once other measures
have corrected the established disease. It is
difficult to change the dietary habits of people,
but nutrition education programs carried out
in maternal and child health centers and schools
and among other groups over many years have
been shown to produce permanent improvement.
Increasing the availability of iron-rich foods by
expanding their production and marketing and
by reducing their price will help to induce the
people to consume them in greater quantity.
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Data already presented at this meeting have
shown that the absorbability of iron in different
foods varies considerably (3). In assessing the
nutritional sufficiency of dietary iron, it is neces-
sary to know not only the total amount of iron
in the diet but also the relative contribution of
iron from different foodstuffs and the possible
effect of one food on the absorption of iron
from another. Attention should also be drawn
to unsatisfactory cooking practices, which may
result in iron loss and/or decreased availability.

In many countries in which iron deficiency
is common the diets are also deficient in other
nutrients. Action programs should therefore
be directed toward an over-all improvement of
the quality of these diets, particularly with re-
spect to protein.

Environmental sanitation

Control or elimination of an underlying dis-
ease process such as hookworm, trichiuris infec-
tion, or schistosomiasis is highly desirable. In
this respect, emphasis should be placed on the
interruption of transmission of parasites by
improvement of environmental sanitation and
personal hygiene practices, as well as by effec-
tive treatment of the infected persons. These
measures should be intensified, particularly in
rural areas where there is a high prevalence of
hookworm infection. Past experience has shown,
however, that this is not an easy task; it takes
a long time and results cannot be expected to
be spectacular. In general, the effectiveness of
any sanitation program is intimately linked
to raising the standard of living of the popu-
lation.

Short-term measures

Iron supplementation for pregnant and
lactating women

There is a high incidence of iron deficiency
among pregnant and lactating women through-
out the world, and from consideration of iron
balance it is clear that the requirements of
pregnancy cannot be met by diet alone or made
available from stores. Iron intake during the
nonpregnant state should be adequate to allow

an accumulation of iron stores that can be drawn
upon in the last trimester of pregnancy and dur-
ing lactation. Pregnant women will derive great
benefit from a routine supplement of a ferrous
salt containing at least 60 mg of elemental iron,
given once daily during the second and third
trimesters of pregnancy and the first six months
of lactation (8). Such treatment will supply
iron for both the mother and the infant, thus
providing for the needs of the two groups that
in any community will have increased require-
ments for iron.

Iron supplementation for schoolchildren

Studies have shown that improvement in
hemoglobin levels can be obtained in children
heavily infected with parasites by the daily
administration of small amounts of iron for a
specified period of time. Once the regimen is
discontinued, however, their hemoglobin levels
return to pretreatment status within several
months.

In areas where surveys on schoolchildren
show a high prevalence of anemia and parasitic
infection, a combined program of deworming
and treatment, with distribution of 30 mg of
elemental iron per day in ferrous form through-
out the school year, may provide good results
as an emergency action (4). An evaluation of
the cost/effectiveness of this type of program
should always be carried out in a pilot area,
however, before it is implemented on a national
scale.

Enrichment and fortification of /oodstufús

In the opinion of the PAHO/WHO expert
groups (3), enrichment of food with iron is one
potentially effective method of preventing iron
deficiency. Iron enrichment of wheat flour as
well as food for infants is currently practiced in
some countries, but as yet little information is
available concerning the effectiveness of this
procedure.

Before a food fortification program is under-
taken, it is essential that the problem of anemia
be carefully investigated. The level of existing
iron intake should be assessed, and the foods
most suitable for enrichment should be selected,

79



taking into consideration their current use by the
population of the region or country in question.
The selection of a suitable iron compound as an
enriching agent will involve studies on the
absorbability of the enriched foods, the stability
of the enriched product, and the cost and eco-
nomics of production and marketing, as weil as
its acceptability. Pilot trails should be conducted
to determine its effectiveness before it is applied
on a national scale.

The choice of iron enrichment level will de-
pend on the quantity of the food ordinarily
consumed. The level should be adjusted so
as to afford at least partial protection for vul-
nerable groups without exposing the others to
the risk of excessive iron stores. While an en-
richment program is being carried out, the hema-
tological survey must be continued in order to
check on the program's effectiveness, as indi-
cated by the attainment and stabilization of
normal hemoglobin levels by the majority of the
population at risk.

This stepwise development is essential to
ensure a program that can be recommended
with confidence for adoption by governments.

In general, food-enrichment programs should
be directed toward all segments of the popula-
tion and tailored to the existing levels of de-
ficiency. Special attention should be given to
reaching economically deprived groups and chil-
dren, both by the fortification of infant for-
mulas and by the development of high-protein
foods for preschoolers.

The recent (1968) recommendation of the
U.S. National Research Council (16) and
INCAP (2) for iron intake is 15 mg a day
during the first year of life. This amount is
difficult to achieve with any diet that is not
fortified with iron, and many authorities in
the field have suggested routine prophylaxis of
some kind.

The most simple and economic method, as
well as the most effective, is the incorporation
of iron into formulas and/or special high-pro-
tein foods for infants and preschoolers, espe-
cially in underprivileged groups. Several studies
on the use of iron-fortified formulas have shown
satisfactory results, and good utilization of iron
has been demonstrated even in the earliest
months of life. In a recent study it was dem-
onstrated that the administration of 12 mg of
iron per quart of reconstituted formula, begin-
ning at birth or at three months of age, reduced
the incidence of anemia from 76 to 9 per cent

(1).

Conclusion

The prevention of iron-deficiency anemia re-
mains a continuing challenge to the public
health worker in the Western Hemisphere until
such time as simpler and more effective tech-
niques are developed to improve population iron
stores and to meet the special requirements of
vulnerable groups.
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GENERAL DISCUSSION
Moderator: We shall now have a discussion

of the papers we just heard.

Dr. Cohen: I would like to ask my clinical
friends here what is "clinically" wrong with
an adult male who has 12 grams of hemoglobin
and four million red cells.

Moderator: My impression is that little is
known about the influence of anemia on be-
havior, particularly in borderline anemias. In
fact, I remember a patient that walked into
the hospital with 1.5 grams of hemoglobin. We
asked him what was wrong with him and he
said he didn't feel particularly bad. I think a
great deal of old-fashioned human physiology
and psychology come into the picture, and
further research needs to be done in this area.

Dr. Cohen: I am concerned that we may
have created the appearance of a widespread
anemia by fixing on a level of hemoglobin and
red cell count that probably was established
initially by using the population of medical
students, physicians, nurses, and so forth as a
standard.

Returning to my previous question, I would

like to know if you can diagnose a man with
12 grams of hemoglobin and four million red

cells as having "anemia" without knowing this

information from the laboratory. Aside from

the fact that he may have lost a little color,
what is wrong with such a person, and are we
really talking about anemia as a significant clini-

cal factor when we are dealing with levels as
high as this?

Dr. Moore: It is certainly conceivable that

for a given individual such values would be
normal. The only way to make reasonably
certain would be to correct any suspected de-
ficiency or to treat successfully any disease dis-

covered, and then determine whether erythrocyte
values rise.

Your question asks what harm really results
to an individual who has a hemoglobin level of
12 grams when the normal level for that person
might be 15 grams per 100 ml. There is no

convincing evidence that his health or perform-
ance is impaired by a difference of that mag-
nitude.

Dr. Finch: I think we get into a problem
if we approach deficiency states through anemia.
On the one hand, you can raise the question
of what is adequate or optimum iron nutrition
and deal with that, but if you have to interpose
anemia, which is difficult to diagnose in any
one individual, you raise another question that
obscures the first. I would make a plea for
separating these two and considering that
anemia is only an indication of the intensity
of a deficiency state.

Dr. Cohen: All the information we have
from the surveys and the recommendations for
improvement of "insufficiency" are based on
the fact that a large group of individuals have
12 grams of hemoglobin as opposed to a ques-
tionable standard of 15 grams. I am not mini-
mizing the possibility that the observation might
be important, but I would like to know what
evidence there is to establish this.

Colonel Conrad: I would like to answer your
question by an experiment. If you take an
individual and make him methemoglobinemic
by giving him oxidant drugs and you produce
25 per cent methemoglobinemia, you have an

individual who is very close to 12 grams of
hemoglobin in terms of functional oxyhemo-

globin. He is symptomatic at this level. You
now take that same individual and give him

methylene blue; the methylene blue will convert
his hemoglobin over a period of several hours

back to oxyhemoglobin, but his symptoms dis-

appear almost immediately, indicating that some-
thing other than the conversion of methemo-
globin to oxyhemoglobin was responsible for his

symptoms. It may be cytochrome or catalase
that is more important in terms of the symptoms

which some of these people certainly claim they
have.

Dr. Cohen: I am sorry to persist in'this.

I am not sure that an erythrocyte with 25 per
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cent methemoglobin will function adequately.
The presence of this amount of methemoglobin
could have a very profound effect on the function
of hemoglobin. But I am worried that we are
fixed on a set of numbers. I insist that we must
establish whether the value of 15 grams of
L _ 1 1L_C.. . . lJ--: ~--eIoglobia iS eCIIIe vaIU UL nU. VdIIU UbIUIr

we go making the world "rustier" than it is by
giving iron to everybody. I am only raising the
question of whether or not this number really
has the meaning that has been read into it in
the traditional view of what constitutes anemia.

Moderator: Probably one of the answers for
the case with four million red cells would be
to give the man iron and see whether his hemo-
globin goes up, and whether he feels better.
In the long run, the old-fashioned clinic will
ask patients how they feel and what symptoms
they have.

Dr. Cook: On the positive side, if you in-
crease the number of subjects in the population
with a hemoglobin of 12, then you are going
to increase proportionately the number with a
hemoglobin of 6. I think in this sense your
example may be important as a reflection of the
severity of nutritional anemia in the population
as a whole. I also think it is unfair to choose
the male for your example, because the conse-
quences of iron-deficiency anemia may be much
less important than in the female.

Dr. Waterlow: I think Dr. Sánchez-Medal
gave in his tables 10 grams as the level below
which infants were considered to be anemic; it
seems to me that we really know extremely little
about what one might call the normal or ex-
pected levels in infants-even less than in adults.
Since this is one of the groups with which we
are particularly concerned, it is rather an im-
portant point.

I wanted to ask another question, too.
Dr. Gandra's tables showed that hemoglobin
levels tended to be elevated among people living
at high altitudes in Bolivia and Ecuador. Are
their diets better, or could one say that if they
need the iron they absorb it better-just as we
find that infants recovering from malnutrition

absorb 50 to 70 per cent of the iron in their
diet?

Dr. Gandra: What we know from studies
carried out in Peru is that when people go from
low to high altitudes the rate of iron absorption
increases. However, the amount of iron in the
food at high altitudes is not necessariiy different
from that in the diet at low altitudes. Of course,
this varies according to the data you are con-
sidering.

Dr. Waterlow: This is very interesting, be-
cause you could argue from this that if some-
body has a hemoglobin of 12, that is all he
needs; he would have absorbed more if the stress
or need had been present.

Dr. Sánchez-Medal: Dr. Waterlow, what
figure would you like to fix for speaking of
anemia in infants? I selected 10 grams because
it has been used most widely.

Dr. Waterlow: I don't know. I am asking
for information, really.

Moderator: Since most statistics on so-called
"normal" groups include a good number of
people with iron deficiency and low hemoglobin,
it is probable that the "cut-off" levels are rather
too low than too high.

Dr. Finch: I think this is true. The purpose
of defining anemia has been to get a level below
which the clinician might find disease. Any
point that is taken will have to include, from
a physiologic sense, certain people below the
line of separation who are quite normal and
others above the line who are really anemic.
We are looking at a system of oxygen transport
that has great reserve in regard to cardiac output,
hemoglobin level, and oxygen availabilty. It has
recently been shown that there is an inverse
correlation between 2 + 3 diphosphoglycerate
which can shift the oxygen dissociation curve
and the hemoglobin level. So I think we have
to presume that a number of factors are in-
teracting.

Dr. Gandra: What is normal and what is not
is a pretty difficult question to answer. I just
want to say that we have often worked with
schoolchildren having less than 10 or 9 grams of
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hemoglobin, and we have used different treat-
ment schemes. Sometimes the general average
of hemoglobin concentration did not reach 11
grams per 100 ml. Perhaps part of the answer
has to do with the relationship of hemoglobin
concentration to metabolic activity in these
children.

Moderator: Going back just for a minute to
the effect of anemia on the individual, particu-
larly his work performance, I think very few
studies have been done on this subject so far.
There is an old paper by Colonel Lane filled with
letters that he received from the heads of coolie
estates. These people wrote that they were very
thankful to him because since the worms had
been removed from the coolies they could carry
many more bags of tea in a day; the actual num-
ber of bags of tea was mentioned. This is about
the only study I know of, but I think it is
significant because it deals with actual work
performed in situ.

I am wondering why there is so little
motivation to do something about these ane-
mias. People don't really complain too much
when they have them. Perhaps this explains
why so little is done. Here in Dr. Chopra's
abstract something is written that amazes me.
It says, "Iron enrichment of certain foodstuffs
poses few if any technical problems; thus, the
means to prevent the nutritional deficiency
exist." I rather doubt whether the matter is
that easy. If this is true, why isn't food being
enriched and distributed with larger amounts
of iron? Is it because the problem does not
appear to be very important ?

Dr. Cohen: Does a nutritional deficiency
exist in someone who has a hemoglobin level
of 12 grams? If it doesn't, is the international
effort warranted to try to boost everybody up to
15 grams of hemoglobin?

Moderator: In our countries there is no
problem, because there are many people well
below that level.

Dr. Kevany: Just to answer your specific
question about whether or not the means exist,
the technical aspects of food processing are such

that there are no serious problems presented
to enriching cereals with iron anywhere in the
hemisphere. The major problem is that around
50 per cent of the people live in rural areas on
a subsistence type of economy, where the food
supply is at no stage processed outside of
the household itself or the local village mill.

Moderator: These are the very people who
need it most.

Dr. Kevany: Iron can be added to salt. There
is no technical problem that I am aware of,
provided you can get a stable iron compound
and reasonably high-quality salt. A lot of salt
has chemical impurities and a very high mois-
ture content, which makes it more difficult to
stabilize as an enrichment vehicle.

Dr. Zubirán: Undoubtedly the problems of
deficiency are very important, especially in
rural areas, but the deficiencies in protein are
much more important. In Mexico half our
population eats corn. This corn contains suffi-
cient quantities of iron. We would not need
to enrich it in any way. It would be fine
if only we could achieve the absorption of this
iron. In order to provide better nutrition to
the rural population in Mexico, we would have
to enrich their diet with ascorbic acid and
soybean, which we feel are the most appro-
priate elements.

I would like to ask Dr. Layrisse for his
opinion on the following question: In a popula-
tion that consumes 400 grams of corn per person
a day and which has much more than 10 mg of
iron in the diet, would the problem of iron
absorption be solved by adding or supplementing
this corn-and-black-bean fare with soybean?
Would we improve nutrition by this addition?

Dr. Layrisse: Is this a course, dry material,
or is it cooked?

Dr. Zubirán: It is dry.
Dr. Layrisse: We know now that inorganic

iron absorption is reduced about 80 per cent
when mixed with corn. For instance, if you
give, let us say, 1.0 mg of supplemented iron
with 100 grams of corn, you will get something
like 0.03 mg of absorption from inorganic
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iron. I think we have to know more about
the interaction between inorganic iron and
various foods before we start programs on
food iron fortification.

Moderator: Do the people in Asia eat much
soybean?

Colonel Conrad: The diet in Asia varies
considerably from one country to another. Soy-
bean is eaten in some countries in fairly large
amounts because it is imported or grown. In
seacoast countries, fish is eaten because it is
available. Inland, less fish is available, and I
believe there is a greater incidence of iron
deficiency.

Moderator: I think we have looked at the
iron problem rather thoroughly. One of the
things that impresses me in the whole matter
is the fact that iron, unlike many of the metab-
olites in food, is vulnerable and seems to be
always on a borderline of sorts. Even those
people who absorb enough iron have very
little in the way of reserve, so that the least

loss over what is normal can cause important
changes.

Another thing that is impressive-I think
Dr. Finch showed this-is the slowness of iron
metabolism and the fact that the effect of an
event that takes place today may show itself
man .months later. For example, in the case

of phlebotomy, the effect on iron absorption
still appears one year later. This explains also
-I failed to mention it when I discussed the
hookworm situation-why the impact of a
marked, short-lived infection may show itself
many months later, especially when iron ab-
sorption is very low.

I am still puzzled as to why something
more drastic or aggressive is not being done
about the iron situation. I think that at least
the school population could be treated routinely
with prophylactic quantities of iron.

One major area in which work should be
done is that related to the effects of anemia and
what it means from the socioeconomic point of
view.
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