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Preface

The International Nutritional Anemia Consulta-
tive Group (INACQ) is dedicated to reducing the
prevalence of nutritional anemia worldwide. In ful-
filling this mandate, INACG sponsors scientific re-
views and investigations by expert advisory task
force groups on 1ssues related to the etiology. treat-
ment. and prevention of nutritional anemias.

Several studies on the bioavailability of iron in dif -
ferent dietary settings with special focus on the in-
fluence of cereals and legumes have been initiated in
recent years. The need to examine pertinent data
from these investigations nd to assess their impact
on iron nutriture are acknewledged as being impor-
tant to the establishment of public policy.

At the invitation of the INACG Secretariat, a task

force of specialists from various fields met with rep-
resentatives of the federal govemment, academia and
industry to review recent research findings. This
monograph is the result of their collaborative efforts.
INACG is grateful for their generous contributions.
The members of the task force and the INACG
Secreiariat are solely responsible for the contents of
this monograph.

A list of those who participated in the series of
meelings follows.

C. O. Chichester, Ph.D.
Vice President
The Nutrition Foundation, Inc.

N
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I.

Introduction

Cereal products and legumes make up the bulk of sta-
ple diets in large parts of the world. In contrast, the

take of meat in these areas is usually very small.
..icat consumption is much greater in Western coun-
trics but there has recently been a trend 1n some parts
of the world to reduce the intake of red meat and to
increase that of unrefined carbohydrates. These die-
tary patterns have important imphestion. for iron
nutnition decause tron s in general. poorly absorbed
from cereals and legumes Conscqueritly. nutritional
ron deficiency reaches its greatest prevalence and
seventy in populations subsisting predominantly on
cercal and legume diets (Bethweli et al | 1972 144ll-
berg. 1981 a) Meat. on the other hand. has a two-fold
benef:aal effect onron nutntien firstly, the heme
iron 1n meat s highly bioavailasle. secondly. meat
also potentiates the absorption of the non-keme tron
that 1s the predominant form of :ron 1n other food-
stuffs which would otherwise be porr sources of iron
(Bothwell ¢t al . 1979) A similar stimulation of 1ron
absorption from a meal can be produced by foods
that :nciude enhancers of 1iron absorption. such as
ascorbic acd

Three mectirgs of a subcommitte of INACG were
convened (September 24 to 25 and November 21 to
23. 1981, in Washington. D.C. and March iSt0 17,
1982 in New York City) to analyze the information
that 1s acailable on the bioavailability of iron in dif -
ferent dictary settings, with special emphasis on the

influence of cereals and legumes. Whi!: data concern-
ing cereals are of great relevance in this rega~d, a
more immediate impetus for these meetings was the
recent finding that the iron in 2 major legume, the
soybean, is poorly absorbed and that soy products
may inhibit the atsorption of iron from other foods.
These observations are potentially important since
soy products azc being used increasingly as dietary
substitutes for animal protein. In particular. they are
used as meat extenders and as a source of protein in
weaning foods distributed to developing countries. A
major aim of this cubcommuttee was. therefore. to re-
view present knowledge in this area. and 1o examine
the pertinent expenmental data Many of the studies
that are included 1n this report are uapublished, but
our discussion of *ese data s based on a detailed re-
view of the manuscripts This report deals almost ex-
clusively with human studies because it has proven
difficult to make quantitative or qualitative extrapo-
lations from iron absorption experniments in animals
to man.

Since any analysis of this typeis predicated on the va-
lidity of the avanlable vata, it 13 kelpuul first to review
the bazic techmigue which has beer. used over the last
several years to assess the bicavailabibity of dietary
ron 1n man A, ainst such a backgrouad it should
then be possible to assess the sigmificance of data re-
lating to cereals and legumes. and to develop guide-
lines for policy actions if this be deemed necessary.



II.

The Measurement of Dietary Iron Absorption

Single Fonds
The first attempts to understand food iron absorption

were made by Moore and Dubach (1951), who used
single foodstuffs which had been biosynthetically
labelled with radioiron —vegetables by growing them
in hydroponic media containing **Fe, and meat by in-
jecting animals with radioiron intravenously several
months prior to slaughter. The principal finding in
this and subsequent studies of the same tyfp.e was that
food ron of animal ongin was generally better ab-
sorbed than vegetable iron (Laynisse and Martinez-
Torres, 1971: Martinez-Torres ond Layrisse. 1973).
While the information obtained with this approach
was useful. its hmitations became apparent wken two
of the foods labelled with diffcrent 1sotopes of 1iron
were administered simultancously. For example,
Layrnisse and his colleagues (1968) showed that when
veal was eaten with maize (corn). the absorption of
the veal non-heme iron was reduced by about half,
while that of the maize iror. was doubled. When it 15
remembered how vaned typical diets are 1n different
cultures. this strong interaction makes 1t clear that
only hmited information ¢in be expected from stu-
dies using single, biosynthetically labelled food
items, and that data on food iron absorption can real-
ly only be useful if there 1s some way of measuring
absorptior from the total diet.

Absorption from Meals by the Two-Pool Method
The recent devclopment of a txchnique for estimating
nwon absorption from complete meals has yielded
much deeper insights into the utilization of dietary
iron. This technique was based on the finding that
when a small quantity of iron 1n a soluble inorganic
iron salt was mixed with a food item of vegetable on-
gin Just before it was eaten. the «dded iron (extnnsic
iron) was absorbed to an extent which was virtually
identical to that of the intrinsic food iron. This was

established by labelling the extrinsic iron and the in-
trinsic food iron with two different isotopes (Both-
well et al., 1979; Hallberg, 1981a). While the percen-
tage of iron absorbed varied over a wide range with
different foods and in different subjects, the ratio of
absorption from the intrinsic and extrinsic labels re-
mained the same.

An additional necessary step was the demonstration
that the absorption of radioiron added to a meal con-
taiming several vegetable food items was an accurate
measure of the absorption of all the non-heme iron in
the meal (Cook et al., 1972; Hallberg and Bjom-
Rasmussen. 1972: Bjorn-Rasmussen ¢! al., 1973).
It indeed became apparent that when several food-
stuffs are consumed 1n the same meal, the aggregate
non-heme iron forms a common pool in the lumen of
the gastrointestinal tract and that it 1s this pool which
is labelled by the extninsic radioisotope.

While curennt evidence supports the concept of a
common intraluminal pool of non-heme food iron,
certain exceptions have been noted 1n which isotope
exchange i1s incomplete. The absorption of the animal
iron storage compounds, ferntin and hemosiderin, is
significantly lower than that of the vegetable iron in a
meal (Laynisse et al.. 1975. Martuinez-Torres et al.,
1976). The same is true of non-heme iron added to un-
milled. unpolished nce. gossibly due to impaired dif-
fusion of iron across the dense outer aleurone layer
{Bjom-Rasmussen et al., 1973). In addition. insol-
uble iron compounds. such as ferric pyrophosphate.
ferric orthophosphate and fernc hydroxide are poor-
ly absorbed (Cook ¢t al.. 1973; Derman et al., 1977),
while fernc oxide is not *bsorbed at all (Derman et
al., 1977).

The concept of a common intraluminal pool has been
found to be equally valid for the heme iron in food. If



a small amount of ¥Fe-hemoglobin is added tv a meal
ir which there are other heme-containing items such
as meat. the absorption of ¥Fe reflects the absorption
of the heme iron from the whole meal (Martinez-
Torres and Layrisse, 1971). By tagging both the non-
heme and the heme fractions it therefore became pos-
sible for the first time to measure the total absorption
of 1ron from a whole dict (Layrisss andé Martinez-
Torres. 1972, Hallberg and  Bjorn-Rasmussen,
19072, Bjorn-Rasmussen e al . 1974, layrisse et
al.. 1974). Tke finding that the cstimates of iron as-
surralation agreed closely with estimates of total body
iron loss provided addit:onal vahidation of these re-
sults by reflecting the expected balance between ab-
sorption and loss In hueman studies. most attention
has been paid to the absorption of non-heme iron
since 1t forms the major portior. of the dictary iron in-
take. and because its absorption 1s influenced much
morc thanis keme iron by the composition of the diet
and by the iron status of the individual.

Technical Considerations

Method of Admunistering the Tracer. In early studies
on food 1ron absorption from whole meals, great ef-
forts were made to distnibute the extrinsic tracer
through all the food items However. it has been
subsequently found that equaliy valid results can be
obtained by labelhag only orc bulky component of
the d:ct (Biorn-Rasmussen ¢t al . 1976). Further-
more. it has been shown that the absorption of non-
heme iron from freely chosen meals can be reliably
measured. provided that the exact intake of different
foods i1s determined and that the radioron s adminus-
tered in some butky componrent (Hallberg et al.,
1979}

Measurement of Radioactiiaty m Blood s Whole
Body Counting A uniguc feature of iron metabolisn
in relation to 1sotopic measurements is the fact that
most ¢f the absorbed radioactivity 1s normally incor
porated into airculating red cells with:n 10 to 14 doys
of oral administration .t 15 thescfore posable to estr-
matc the percentage of radioiron that was absorbed
from the radiwactivity present an red cells afrer 14
days. assuming an incorporation of absorbed radio-
activity of 80% 1n normal subjects and of 120% in
ron-dehicient subjects. For calculation purposes. an
assumed blood volume based on the height and
waight of the subject 1s used. The validity of these as-
sumptions has been confirmed by the close agreement
between measurements obtained by red cell radioiron
and by whole body counting (Larsen and Milman,
1975).

Two Isotopes of Iron. The availability of two iso-
topes of iron (33Fe and *Fe) has added further to the
flexibility of radioiron absorption measurements
since it has meant that more than one measurement
can be carried out on cach subject. For example, the
effect of charging a single item in a diet can be as-
sessed by carrying out absorption measurements with
cach of the isotopes on succeeding days. Indeed.
much of current knowledge concerming the effects of
enhancers and inhibitors of non-heme 1ron absorp-
tion has been obtained using this approach (Bothwell
etal. 1979, Hallbere 1981a).

Absorption from a Reference Dose The degree to
which non-heme iron 1n a diet 1s absorbed by an
individual depends not only on the bioavailability of
the 1ron but also on the iron status of the individual:
more iron 1s absorbed by iron-deficient subjects and
less by those who are 1iron-replete (Bothwell et al.,
1979). Without making allowances for vanat.ons in
iron status. 1t1s thercfore difficult to assess the signifa-
cance of diffcrences between the absorption of iron
from test meals. However. the probiem can be largely
overcome if allowance 1s madce for vaniations inaron
status by obtaining an indeperdent measure of cach
individuai s absorptive capacity. This has been ac-
comphished by determimag the absorg.tion from a
standard dose of inorganic radioiron given at physio-
logical levels under standardized tasting conditions.
The concept of @ reference dose of radioiron was in-
troduced by Laynisse and coworkers (1969:. Ananfor-
mal agreement has been reached among workers in
different countries to use 3 my, of 1ron as ferrous sul-
fate together with 30 my ascorbic ac:d for this refer-
ence dose. In a group of subjects with varying iron
status there 15 3 good correlation between the absorp-
tion from the reference doses and from the non-heme
iron 1n the meal. Thus, the ract:onship between the
two absorption measurements  (meals reference
doses) 13 an index of the bioavailability of the non-
heme iron in a meal (Bjorn-Rasmussen et al.,
1976). Howeveriniron-balance calculations, itisin-
portant to have a measurement of broavailability that
13 more concretr and absolute thaa the slope of such u
regression hine. and tha! can be related o a certain
iron status A mcamingful measure of the bioavail-
ability of non-heme iron in a meal would be the ab-
sorption 1n subsects who have borderline iron defi-
ciency. 1.¢ . subjects with abeentiron stores who have
not yet developed ancmia Such subjects are also of
interest because they correspond to popuiations who
are at rivk of iron deficiency and who would be tar-
gets of intervention programs. In practice, subjects
with borderline iron deficiency absorb about 40% of
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a reference dose. Magnusson and coworkers (1981)
have therefore proposed that the bioavailabihity of
non-heme iron in a meal should be expressed as the
absorption value that corresponds to a reference dose
absorption of *0% . To increase the accuracy of this
calculated value. 1t is desirable to include 1n each
study subjects who range widely in 1ron status.

Validity of the Extrinsic Teg Method to Measure
Non-Heme Iron Absorption The use of the extrinsic
tag method to measure the total absorption of non-
keme iron from composite meals has been validated
ina rumber of ways (tallbe:g. 19814) As mentioned
1In 3 previoss sechion. the absorption of the extrinsic
tracer has been feund to be the same as the iron pres-
entin biosynthetically labeiled foods 1n g vanety of
dictary settings The absorplion of the extrinsic and
1ntrins:¢ tracers has been found to be the same if the
doubly labelled feods are fed immediately after the
addition of the extninuc label Furthermore. absorp-
ton from the two tracers remains the same in the
pieserce of vanous amournts of snorgamiz iror and of
aworbic acid or of a potent iron chelator. desfernion-
amine Ident:cal plasma rad:oachiv:ty curves are ob-
taired an the hours tollow:ng the administration of
doubly labelied foods [inally. when two tiosyn-
thetically labelled foods, namely epgs and white
wheat flour cack labelled with a different 1sotope of
iron have been fed together. absorption of the two
tracers has been identical despite the tact that ther
broavailability when fed individually differs several-
fold.

While there 1s therefore good reason to accept the
concept cf a common non-heme iron pool in the diet
and of the extrinsic tag method as a way of measuring

absorption from this pool. there are certain qualifica-
tions that must be mentioned. First, iz has not always
been possible to estimate the size of the common non-
heme iron pool labelled by the extrinsic trace: since
the diet sometimes also contains contaminating iron
from dirt and dust that 13 of poor biocvailability and
that does not mix with the common non-heme iron
pool. However. recently an i titro technique has
been described wnich makes it possble to measure
the extent o which contaminating iron 13 labelled
by the extrinsic tracer (Hallberg and Bjom-
Rasmussen. 1981) Anotker precaction that must be
taken relates to the amount of iron administered with
the extrinsic tag. Thus should consist of only a tracer
dose of radioiron. since it is important to ensure that
the chemical properties of the non-heme 1ron pwolin
the meal being studied are not altered. The larger the
amount of inorganic iron added to a meal. the more it
will influence the nature of the dietary pool of non-
heme iron.

It should be noted that several of the iron compounds
used as tron fortificants (e.g . most forms of reduced
1ron and iron phosphates) do not enter the common
pool completely and are thus only partially labelled
by extrinsic tags. Such fortiticants are usually rela-
tively insoluble and their bioavailability 1s thus lim-
ited. The method of food preparation (e g.. baking of
bread) and the nature of the diet may also affect the
bioavailability of fortificaion iron In such ¢ircum-
stances. 1t s possible to measure the relative bivavail-
ability of the iron foruficant by labelling it with one
tracer of radioiron an-J the non-heme 1iron pool with
another tracer. In this way. both the size of the non-
heme iron pool and 1ts bioavailability, including that
of the iron fortificant. can be accurately determined.
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II1.

A Summary of Current Knowledge on the
Absorption of Dietary Iron

The three major factors influencing the absorption of
iron from the diet are the amount of 1ron ingested. the
composition of the meals and the behavior of the mu-
co: 4 of the upper small bowel. The role of each will be
discussed jeparately.

Diectary lron Content

The iron content of the dict is determined by its con-
stituent foods. Typical Western diets usually contain
about 6 mg iron per 1000 kcal. with surpnisingly httle
variation (U.S. Department of Health. Educanion and
Welfare, 1972: Hallberg and Bjorn-Rasmussen,
1981). In certain circumstances. extrirsic iron. an the
form of dirt or solubihized from the surface of con-
tainers or cooking vessels. may increase the amount
appreciably  In geaeral. iro1 1n the form of dirt 1s of
low bioawalab:hity (Derman et al . 1977 Haliberg ot
al.. 1977) and usually has hittle cffect on iron nutri-
tion, but iron denived from pans or skillets can add
significantly to the absorbable 1zon intake, especially
when the pH of the food being prepared in them is low
(Moore, 1965).

Bioavailability of Iron
Variations in the bioavailability of dietary iron have
been shown 1o be of greater relevance to iron nutni-
tion than the amount of iron ingestec. Radioisotopic
absorption studies have establish: © that there 1s a
stnking difference between the inte;naic bioavailab:l-
ity of the iron in grain products as opposed to the
bicavailability in fish and mcat [n one study. the
mean absorption of the iron in three major grain sta-
ples (wheat, rice. maize) ranged between 1 and 7%
{Layrisse et al . 1969 Laynisse and Martinez-Torres,
1971). In contrast, figures for fish and mcat vaned
between 12 and 20% . Much of the iron in the latter
foods isin the form of heme, which is highly bioavail-

able. This can be ascribed to the fact that heme iron is
not influenced by the many ligands in the diet which
may inhibit the absorption of non-heme iron (Wein-
traub et al.. 1968); furthermore. heme 1s directly
taken up into the mucosal cells by an absorption
mechanism different from that of norganic 1ron.
Heme is also unaffccted by the high. pH of the upper
small bowel, which renders some forms of inorganic
iron insoluble Because of these factors. when heme
iron is fed as meat. it contributes substantally toron
nutrition even though it usually forms only a small
proportion of the total intake of dietary iron For ex-
ample. in onc study heme iron made up only 6% of
the dietary 1ron. but accounted for 30% of the total
that was absorbed (Bjorn-Rasmussen ¢t al..
1974, while 1n another it represented 33% of the die-
tary 1iron and 74% of the absorbed iron (Layrnisse ef
al.. 1974).

The situation with regard to non-heme, foodironis a
good deal more complex. When caten alone. the iron
in a number of widely consumed staples. including
maize. wheat, nice and black beans. 18 poorly ab-
sorbed. with geometrnic mean absorptions’ varying
between 0 8 and 5 7% (Table it The only exception
so far identificd 1s wheat iron. whick 18 weil absorbed
once the bran has been removed (see page 14). How-
ever. wher these vanious staples form part of a mixed
d:et. the absorption of the iton contained within them
is markedly influenced by other dictary constituents.
As mentiored 1n a previous section, most of the non-

SWhere porabie a thirepert e rail St teaateipten saden
Nave been exprerie o3 geometra fatt et taan anthmet meary Thay
loganthmu trandermat.ea comperiater o 1he * gMy wewmed dv
thbyt.on of percestage atotpton mhes meaored a acrmal nds
widodls Whea it hay ~ot e poibic to cslculate geemett e
in pubinhed reports anith e means Fave beer vt and it atould
be noted that theve valuem are convatenty bpher than geomelrx
rreans except mbhea mean aberplicn appresche %
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TABLE 1.

ABSORPTION Of IRON FROM A NUMBER OF STAPLE FOODSTUFFS WHEN FED ALONE OR TOGETHER

Geometric Mean

Total Absorption (mg)
Corvected 1o a 40% Reference

Absorption % Absorption

Number of Final Iron Intrinsic Extrinsic Intnnsic Extninsic
Authors Vegetable Subjects Content (mg) Label Label Label Label
Bjorn- Maize
Rasmussen (chapatti) 10 4.6 1.5 1.4 - —
et al. (1972)
Cook et al., Maize (boiled and 81 2.0 33 3.7 0.07 0.08
(1972) baked)
Layrisse Maize (baked) 21 4.0 4.2 - 0.21 —
et al. (1969)
Sayers Maize (porridge) S 4.1 0.8 0.8 0.03 0.03
et al. (1974)
Derman Maize (porridge) 22 2.0 - as - 0.08
et al. (1977)
Byom- Wheat (white bread s 0.3 26.9 25.1 - —
Rasmussen rolls)

et al. (1972)




Bjomn-
Rasmussen
et. al. (1973)

Cook ¢t al.
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Rasmussen
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al. (1974)

Sayers et
al. (1974)

Cook ¢t al.
(1972)

Layrisse et
al. (1969)
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(brown bread)

Wheat (bread)

Wheat (bread)

Black beans
(boiled)

Black beans
(boiled)

13

18

18

10

1.1

2.0

1.0

5.5

7.8

3.0

3.4

2.7

2.6

5.7

38

08

1.5

2.6

2.7

3o

44

2.0

3.2

12

0.1

0.04

0.07

0.4

0.11

0.09

0.28

0.06




heme iron in a meal. whatever its origin. enters a
common pool during the process of digestion, and is
thus uniformly susceptible to the efiects of a number
of enhancers or inhibitors of iron wbsorption (Cook et
al.. 1972; Hallberg and Bjorn-Rasmussen. 1972). It
is now clear that the degree to whic 1 the iron in a ce-
real such as maize s absorbed is dependent on the rel-
ative proportions and affinities for iron of other con-
stituents of the meal.

Inlubitors of lron Absorption A number of com-
pounds have been claimed to interfere with iron ab-
sorption These include carbonates. oxalates. phos.
phates and phytates (Bothwell ¢t al., 1979). Many
d:ets contain large quantities of one or more of these
substances, and it has been suggested. on the basis of
i vitro studies, that they form large. insoluble com-
plexes with rron which are very poorly absorbed.
However. the degree to which such complexes inhibit
ron absorption 1s vanable For example. oxalates
have been shown net toinhibit iron absorption when
tested i eivo (Hallberg, unpubhished data: Gillooly,
Torzarce and Bothwell, unpublisked data) and inor-
samc phosphate does not affect dietary iron aborp-
tion when given alone. bu! docs so when given as the
claum salt tMonsen and Ceok. 19760 Presumably.
this s due 1o the adsorption of iron onto the com-
pound Data concerning the role of phytate on iron
absorption are confusing and are discu .sed tn the sec-
tion entitled. Effects of Cereals on Iron Absorption.

1t has been supgested that some factor or factors pres-
catin vegetable fiber may have aninhibiting effect on
non-heme iron absorption. and it has been shown
that the fiber of wheat and maize binds iron (Reinhold
ctal. 16811 However, absorption studics with speci-
fic constituents of dictary fiber. including pectin and
cellvlose. have yirlded negative results (Gillooly,
Torrarce and Bothwell. unpublished data: Cook, un-
publisked data. Hallberg and Rossander. unpublished
data).

Ore of the most potent inhibitors of non-heme iron
absorption is Indian tea (Disler 1 al., 1975a). When
Indiantea s consumed with a variety of meals there is
a marked reduction in iron absorption, which has
been shown to be due to the formation of insoluble
iron tannates (Disler et al., 1975b). This observation
18 hikely to have broad relevance to iron nutrition
since tea s drunk with meals 1n many parts of the
world. Similaely. polyphenols. of which tannates are
but ore exarmile, are widely distnibuted in foodstuffs,
and the poor absorption of the 1ron present in sor-
thum. horse beans finger millet. cow peas. spinach
and red wines appears to be attributable to their pres-

ence (Rao and Prabhavathi, 1982: Gillooly, Torrance
and Bothwell, unpublished data).

Egg yolk contains a phosphoprotein which strongly
binds 1ron (Halkett ¢t al.. 1958). In addition. when
iron is fed with egg albumen. it< abscrption is low but
is significantly increased when the albumen is heated,
presumably due to the inactivation of conalbumin
(Morck ¢t al . 1n pre<s). However, some perspective
on these observations 1s provided by the results of a
recent study in which the efiects of various compo-
nents of breakfasts were compared Eggs were found
to cause a decrease 1n the percentage absorption of
non-heme iron, but the actual amount of iron ab-
sorbed increased shghtly due to the higher iron con-
tent of the breakfasts that contained eggs (Rossander
etal., 1979} In contrast. mulk and cheese add very lit-
tle 1ron 10 a meal. and since they do not enhance the
absorption of iron from a mixed meal. 1ron absorp-
tion from meals contaiming, milk or cheese as the ma-
jor protein source 1s much less than that from meals
including equivalent portions of meat. fish or poultry
(Cook and Monscn. 1976).

Enhancers of Iron Absorption Two major enhancers
of iron absorption are meat and ascorbic acid. The
sigmficance of meat for iron nutnition is actually two-
fold, the effect on the non-heme ironin the meal being
over and above the well-absorbed heme iron which it
contains (Layrisse et al . 1973). How meat enhances
the absorption of non-heme iron 1s not known. but 1t
is possible that the cysteine present in meat protein
may play some role (Martinez-Torres et al.. 1981).

A sccond major enhancer of iron absorption 1s as-
corbic acid (Sayers et ul . 1973, Both-vell ¢t al.. 1979:
Hallberg. 1981b). The effect of ascorbic acid on non-
heme iron absorption has been tested 1n a number of
dietary setting< and 1n cvery case has been shown to
be profound. It plays a particclarly cntical role in
diets in which httle or no meat 1s present. such as are
consumed by the vast majonty of the world's popula-
tion. In considering the iron nutaitive value of such
diets 1t is cssential to have a knowledge of their as-
corbic acid contents. since the overall absorption of
iron may be significantly increased if fruit or vege-
tables containing ascorbic acid are present in the
meal. In this context, orarges. lemons. grapefrunt,
guavas and papayas are important fruit sources of as-
corbic acid. as are broccol. cauliflower, cabbage. po-
tatoes, beetroot and pumpkin. among the vegetables.

While current evidence underlines the importance of
ascorbic acid as a promoter of 1ron absorption, it is
not the only organic »cid in food that fulfills such a
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role. Numerous vegetables and other foodstuffs and
beverages contain appreciable quantities of organic
acids. including citric. malic. lactic. succinic, and tas-
taric acids. each of which has been shown to promote
the absorption of non-heme iron under certain cond-
tions (Derman ¢t al.. 1980. Hallberg. unpublished
data. Gillooly. Torrance and Bothwell. unpublished
data). However. the relative roles of these varnious
acids on 1ron autnthion remains to be detined.

Chemical Determmnants of Food Iron Bioavailability.
Explanations for the marked differences in bioavail-
ability of non-heme iron from vanous meals must he
in the chemical nature of .con 1n foods and 1n the
chemical transformations that occur with processing.
storage. cooking. interaction of foods 1n a meal, and
digestion  Among the known ckemical factors that
play important interrelated roles in iron bioavailabil-
ity are thermoedynamic and kinetic stability constants
(Clydesdale. unpublished data), reduction polential
and pH (Nojeim et al . 1981, No:air and Clydesdale,
1981). and the formation of low molecular weight h-
gands (Saltman. 1965) Solubility. based on pH and
particle size. has also been suggested as a means of
predicing iron bioavailability (Shah et al.. 1977) and
as a reason for the greater bioavailability of ferrous
iwon as compared to fernic iron.

The chemical state of iron 1n food undergoes changes
through reactions that involve a decrease 1n free en-
ergy. Forinstance. FelOH), may be produced spon-
tancously if a food 1s rendered alkaline. and with time
and ‘or processing. 1t may become insoluble, even
when the pH 1s subsequently decreased to the acidity
of the stomach. Thus. the solubility. as well as the
free energy of ron interactions. are controlled to
some extent by pH and carnot always be considered
revesuble 1n the stomach or by acidification of the
food This provides an cxplanation for the observa-
tion that Fe(OH), was not found to be interchange-
able 1n the non-heme ron pool of maize porndge
since it was absorbed only half as well as the intrinsic
ion present (Derman et al . 1977). It may also be one
of the factors explaining why other compounds. such
as metalhic wron. fernic orthophosphate. and ferric
pyrophosphate. do not fully exchange with the non-
heme iron pool and 17¢ thus less available for absorp-
tion.

Although some differences in iron bioavailability can
be explained in terms of pH or reduction potential.
the fac:hitation or inhibition of the bioavailability of
non-heme iron scen in other studies cannot be pre-
dicted from these factors. Ths is due in part to the
chemical ligands which form complexes with iron.

However, once formed, the characteristics of these
compounds will in turn depend on other factors. such
as pH. For example, ferric iron will corabi.e with as-
corbic acid to produce ferric ascorbate at a low or
neutral pH. a complex that will remain soluble even if
the pH is later increased (Conrad and Schade. 1968;
Gorman and Clydesdale. unpublished data). How-
ever. if the pH is raised prior to the addition of ascor-
bate, the complex will not form This means thatif an
alkaline food 1s fortified with iron it may not be able
to form a soluble ascorbate complex and may instead
precipitate as Fe(OH),. becoming unavailable for ab-
sorption_ Kopmra et al.. (1981) confirmed the fact that
ascorbic acid i most effective at solubihizing iron in
pinto beans at a low pH and that aitrnic acid 1s much
more effective at a higher pH. The degree to which
iron 1s bound to vanious fibers. including cellulose
and hgmin, was also found to be pH-dependent
(Carure and Clydesdale. 1981) The effectiveness of a
given hgand will probably depend upon these inher-
cnt constants. and should eventua'ly provide an ex-
planation for some of the results which sull remiin
puzzling. such as the apparent dissimilarity between
the effects of endogenous and exogenous phytic ac.d,
as well as the differences in various mineral oxalates
(Van Campen and Welch, 1980). Ascorbic acid. the
best known enhai..er of bioavailability, probably
owes 1ts action to appropniate thermodynamic and
kinetic stability constants as well as its favorable re-
duction potential and its action as an acid.

In additic.n to enhancers of iron absorptien in foods,
certain gastrointestinal secretions, notably hydro-
chloric acid. also promote the absorption of non-
heine 1ron by rendenng it iomzable (Bothwell et al.,
1979). Other gastrointestinal secretions are likely to
influence iron absorption by promoting digestion
with release of iron from the food. but there is little
evidence that they contain any component that acts
as a specific carrier for iron.

Mucosal Behavior

lron absorption 1s markedly influenced by the
amount of storage iron in the body. if the storage iron
is diminished. a high proportion of the available iron
is absorbed. and as the storage iron increases, less
iron is absorbed (Kuhn ¢t al.. 1968). Thus. body iron
content is regulated by the mucosal handling of iron
in a manner that favors the maintenance of body iron
homeostasis.

Quantitative Aspects of Iron Absorption
The daily intake of iron in industrialized countries
normally varies between 10 and 20 mg. In one report,
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the male intake averaged about 17 mg and the female
intake 11 mg (Finch and Monsen, 1972). Houvever,
the amounts actually absorbed consti:ute a relatively
small percentage of the total. In the adult iron-
replete male consuming a mixed Western-type diet.
the average amount of iron absorbed each day
matches the obligatory basal losses of about 1.0 mg.
In the female during ker reproductive years. menstru-
ation increases physiologic losses 1o an average of
about 1.4 mg daily (Haliberg ¢t al . 1966, and the
percentaze of iron absorbed 1s substantially greater
than in men When iron requicements rise. whether
for physiologic er pathologic reasors. iron absorp-
tion from the intestinal mucosa Ircreases in a corres-
ponding fashion. but the amount of dictary iron and
its bioavailability ultimately place a ceiling on the
amount that can be absarbed. With customary West-
crn-type diets, the maximum 1s between 3 and 4 mg
daily.

Analysis of diets in developing countrics indicates
that the iron content is not unusually low and may
even be high. with a significant proportion derived
irom contaminating sources, such as soil, dust and
water. As mentioned in 3 previous section, iron s
poorly absorbed from dicts in which the major stapies
are cereals and legumes. unless moderate amounts of
meat or ascorbic aaid are also present For example, it
has been calclated that when the daily dictary iron
content s 15 my and there s less thar 30 5 of meat or
less than 25 mg ascorbic acid present. then the total
amount absorbed by a subject with no iron stores
would be expected to be less than 1 mg (Monsen et al
1978) Since meat 13 expensive and virtually absent
from the usual dict in most developing countries., the
bioavailability of the dictary iron 1e iargely depen-
dent on the amount of ascorbic aaid and other organic
acids in the fruits and vegelables corsumed. and on
the extent to which they are retaired after cooking.

Technical Intervention to Increase Bioavailability
Food processing affects the chemical forms of iron in
food and thereby influences iron bioavailability (Lee
and Clydesdale. 1978. Lee and Clydesdale, 1981). In
order to monitor such chem:cal changes in iron. a
method for determiming iron profiles™ in food was
developed (Lee and Clydesdale. 1979) which included
elemental. total nonelemental. soluble. insoluble
ionic. soluble complexed. ferrous. and ferric iron.
Apphication of this method skowed dramatic changes
in iron profiles for various foods under different pro-
cessing conditions lron fortification sources (includ-
ing ferrous sulfate. ferric orthophosphate. ferric so-
dium EDTA. and elemental iron) became solubilized
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and were found in the ferrous form to varying degrees
depending on addition of ascorbate. duration of am-
bient storage. and spray o: freeze drying (Lee and
Clydesdale. 1980a). The same iron sources became
insoluble as a result of baking in a non-yeast leavened
product (Lee and Clydesdale, 1980b). Thermal pro-
cessing of spinich caused 93% of the endogenous iron
to be rendered insoluble. whereasiron added to spin-
ach varied in solubility depending upon the source
and the presence of ascorbate Ferric sodium EDTA
was found to be mimimally affected by thermal pro-
cessing (Lee and Clydesdale, 1981).

A techmque to bind iron to several proteins (e g..
wheat gluten. soy 1solate. and casein complexes) was
developed in an attempt to enhance the bicavailabil-
ity of iron (Nelson and Potter, 1979). When the pro-
tein-iron complexes were subjected to digestion in an
HCl-pepsin or an HCl-pepsin-pancreatin system
most of the iron was released. suggesting that the pro-
tein-bound iron might be freed for absorption in the
gastrointestinal tract.

There are several stages in the processing of cereal
grains where pH alterations might increase bioavail-
ability. Fiber binding of iron 1n wheat bran 1s affected
by pH (Camire and Clydesdale. 1981: Reinholl et al..
1982). and neutralization of soy products has Fien
shown to influence the availability of zinc This s an
area where technological intervention might be effec-
tuve Aswell as a simple decrease in pH. a pH adjust-
ment with later neutrahization might be conudered at
various points in the processng of soy products (sce
discussion on pp. 2311 1 Such alterations at strategic
ponts in heating mught decrease iron biading with
fibers. These i t1tro find:ngs underhace the potential
importarce of processing in intluenaing the chemical
charactenstics of food iron The major need now s to
ascertain the relevance of the i titro findings to hu-
man nutation by iron absorption studies 1n man.

Presence andzor Addition of Ligands The most fa-
miliar example of enhanced bioavailability due to
complex formation with a higand 1« that formed by
iron with ascorbic acid. The excellent facihitation of
iron absorplion by ascorb:c acid is probably due to a
combination of factors, including pH and favorable
reduction potential in ats ha'f reaction. 1n addition to
ity activity as a hgand (Clydesdale, unpublished
data). However. ascorbic acid 1s heat labile. ond its
irreversible oudation will chminate the properties
thatallow it to facilitate sron absorption. Fof this rea-
son and others. 1t would also be advantageous to
investigate other higands, such as the carboxylic acids
involved in the tricarboxylic acid cycle which might
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have the advantage of being heat stable. The key to
choosing appropriate higands is to have greater
knoviledge about both the thermodynamic and kinet-
1c stability constants of the complexes formed (Forth
and Rummel. 1973; Gorman and Clydesdale, unpub-
lished data) and the range of stability which provides
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the greatest facilitation of iron absorption. The for-
mation of such ligands within foods could be poten-
tiated by modifications in processing. or ligands
could be added at critical points in the manufactuning
process.



Iv.

Cereals

Level of Utilization

Cereal grains are the world's most important source
of calories. Major cereals are rice, maize (com) and
wheat which are consumed as such. processed into
flours, starch, oil and bran. or fed to livestock for
conversion into anim:l protein. World production
figures for 1979 for the three major cereals were as
follows:

Cereal Million Metnc Tons
Rice 369
Wheat 403
Maize 406

Maize and wheat are produced in nearly equal
amounts followed by rice, but the latter is the most
important because it supplies the major food for more
tha.i half the world's population.

Maize and wheat are primary ingredients of blended
foods. such as corn-soy-milk (CSM) and wheat-soy
blend (WSB). estimated to have an annual value of
$68 million in fiscal year 1979 and distributed world-
wide under Limited States Public Law 83-480 (P1.480).
Food for Peace Program * CSM. for example. con-
tains 59% maize meal. 17.5% soy flour, 15% nonfat
dry milk. $.5% soybean ail. plus vitamin and mineral
premixes. The mineral premix incl-des ferrous fuma-
rate as an iron supplement. while the vitamin premix

*The Food for Peace Program was aothorzed in (354 by the Urued
States Corgrens under Tut'e 11 of Pubin Law 8 480 The Agrxu!
tural Trade Development and Astatarce Act of 2934 w.th the ob.
mct:ve of combatit:ag Purger and maln thihen overweas by ditnbat.
ing 1urphus (ood commodit.er In wubrequent years empbay e
been placed on uiing the commoditiet :a formulated foods a1 nutn.
toral supplemenis for feeding wearting .afants. yourgchi' lren and
pregnrant and lactating mothers The Food for Peace Program 1 ad-
munstered by the Agercy "3 Iaternat.onsl Development with the
Urited States Department ¢« Agrxculiyre
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contains ascorbic acid. Thes blended cereal foods
are intended to be used as supplements at levels rang-
ing from 65-125 g/day. CSM contains 40 mg of ascor-
bic acid and 18 mg of iron/100 g. 3 molar ratio of as-
corbic acid to iron of about 0.7. At thy suggested
levels of daily intake it supplies 12-23 mg of iron in
the diet.

Other cereals include sorghum. which is grown in
semiarid regions of Asia und Africa where it is a ma-
jor food crop. Although the United States produces
mere than one-third of the sorghum in the world.
most of this production 1s used as animal feeds. In
Asia and Africa, food uses of .ozzhum inc'ude flat,
unleavened Sreads. nice substitutes. and rorridges
which may be fermented or unfermented. Additional-
ly. sorghum is used for becrs which are generally high
in solids and relatively nutritious (Derman et al.,
1980).

Processing
Some szlient features of cereal processing are sum-
mariz.d in this section because they influence the
concentration of iron and other nutrients, the bio-
availability of iron. and the opportunity for fortifica-
tion.

Rice. As it comes from the field. the grain still con-
tains the hulls or husks and is referred to as rough or
paddy rice. The major objectives of milling are to re-
move the hull and the bran layers (including the
germ) and to recover the maximum amount of whole
rice kernels. Rice processing consists of cleaning.
hulling (shelling). mulling. pohshing and sizing (sep-
aration of whole and broken rice). Figure 1 outlines
the various steps involved and shows the approxi-
mate distribution of the various fractions obtained
during standard milling of rice as conducted in the
United States (Luh. 1980). The first step consists of
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Rough rice

(I00%)
| hulling
f R
Hulls Brown rice
(20%) (80%)
millin
polishing
White rice By-products
(70%) (10%)
sizing

f

Broken rice Headrice Polish Bran
(22 %) (48 %) (3%) (7%)

¥

Sr%cond Screenings Brewers'

ads rice
(8%) (10%) (4%)
AGURE 1

Ovutline of rice procetsing and the distnbution of the fractions obtained.

TABLE 2.
COMPOSITION OF BROWN AND WHITE RICE AND RICE BRAN*
Component Brown Rice White Rice Bran
Protein (%) 7.1-13.1 5.6-133 12.1-17.2
Crude fat (%) 1.8- 40 0.2- 11 14.6-21.7
Crude fiber (%) 0.2- 2.6 0.1- 0.6 8.7-13.1
Ash (%) 1.0- 2.4 0.3- 0.7 9.0-12.2
Carbohydrates (%) 74.5-90.2 84.0-93.5 40.949.1
Iron (mg/kg) 7-54 2-27 130-530

*Dry basis
Source: Luh (1980)
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passing the rough rice between rubber rollers to re- shorts, (fine particles of bran, germ. flour and offal),

move the hulls by shearing forces and then screening. red dog (milling residue plus fine particles of bran,
The brown rice that results is m:lled by abrasion germand flour). and germ—are referred to collective-
(either by rubbing the kernels against a rough «urface ly as mill feeds and used primanly for animal feeds.
or against each other) to loosen the bran, which 1s Anaverage of 72% of the wheat 1s recovered as flour.
then separated by screemng. The next step is polish- Table 3 shows the changes 1n chemical composition
ing. which removes particles of loose bran The that ¢ ‘zur when wheat 15 miiled into flour. Flour is
milled rice 1s then sized to separate whole kernels lower in protein. ash and fat, but higher in starch than
thead nice) from broken ones. Whole kernels consts- wheat. Of special w:gmificance 1s the low iron content
tute less than onc-half of the oniginal rough rice. The of flour as compared to the startirg wheat. In con-
broken kernels are further fractionated according to trast, the bran. one of the by-products of milling. is
size. second heads are the largest ana brewers rice several-fold higher 1n 1iron content than the original
consists of the smallest pieces Table 2 shows the wheat.

charges :n proximate composition and ron content

that occuer wher brown nice s milled. Protein remains Because of the low iron content of white flour and its
rearly constant but far. fiber. ash and iron terd to widesprcad use in bread and other foods in the United
decrease when brown rice 1s processed into white rice States. it has been common practice since 1941 to en-
because these constituents are concentrated in the rich flour with iron. Present iron levels in ennched
outer layers of the kesnel White rice has only about flour are 28.6-36.3 mg/kg (13 0-16.5 mg 'pound) and
onc-hali the 1iron content of brown rice whereas bran they are scheduled to be increased to 44 mg kg (20
1s very highan rron mg/pound) on July 1. 1983 (Anonymous. 1982).
Witcat Processing of wheat consists of removing tae Maize In the Uniied States. processing of maize 1s
bran (14 5%) and the germ (2 5%) from the ~ido- conducted either by wet milling or dry mulling (In-
sperm (83%) of the kernel tAnonymous. 1965). The glett. 1970) The wet mulling industry. however, pro-
endosperm 1s recovered in fhinely divided form as duces only starch and denived products for food use.
white flour, which 1s wide , “15ed 1n bread and other The by-products. hull (bran). gluten and maize germ
baked goods. Modern milling of wheat conusts of a meal. go into animal feeds.

complex series of operations including cleanirg. em.

pening. ganding and sifting to yield flour and associ- The dry milling industry in the United States uses two
ated by -products (Figure 2) The by-products---bran, general systems—nondegerming or degerming. The

Wheat
(100%)

milling

]
T R MR

(72%) Bran  Shorts Reddog Germ
(28%)

AIGURE 2

Distnibution of the fractions obtained by the milling of wheat.
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TABLE 3.
COMPOSITION OF WHEAT, WHITE FLOUR AND BRAN

Component Whear* White Flour 8ra~
Moisture (%) 14.0 13.8 10.7
Protein (%) 11.1 10.4 121
Ash (%) 1.5 0.4 6.2
Fat (%) 1.8 0.9 4.2
Crude fiber (%) 2.1 - 10.9
Starch (%) $6.8 66.1 5.2
Iron (mg/kg) 22 4 81
*Data for hard red spring wheat. Farrel, et al. (1967); Waggle, ¢t al. (1967).
TABLE 4.

COMPOSITION OF MAIZE MEAL, GRITS AND FLOUR
Component Whole Bolted Degermed Gnits Flour
Moisture (%) 12.0 12.0 12.0 12.0 12.0
Protein (%) 9.2 9.0 7.9 8.7 7.8
Fat (%) 39 R} 1.2 0.8 2.6
Carbohydrate (%) 73.7 74.5 78.4 78.1 76.8
Fiber (%) 1.6 1.0 0.6 0.4 0.7
Ash (%) 1.2 1.1 0.5 0.4 0.8
lron (mg/kg) 24 18 11 10 -

Source: Inglett (1970)

nondegerming type of milling consists essentially of
gnnding the maize with little. if any. removal of germ
to yield whole maize meal. which has the composi-
tion of whole maiz. (Table 4). Because whole meal
contains all of the onginal fat. it has a reiatively short
skelf ife Whole meal 1s sometimes bolted (sifted) to
remove coarse particles of hull and some of the germ
which constitute 4:6% of the maize. Fat. fiber and
iron contents are lowered as a result of bolting (Table
1)

Most of the maize processed by the dry milling in-
dustry 1s degermed by the tempering-degerming sys-
tem. Objectives of the tempering-degerming process
are: (a) to remove alt germ and hull thereby leaving
the endosperm low 1n fiber and fat; (b) to recover a
maximum yicld of endosperm. and (¢) to recover
much of the germ clean and of large particle size. The
multi-step process consists of cleaning the maize:
tempenng by adding moisture; freeing the hull, germ
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and tip cap in a degermer, which is a cone shaped at-
trition mill; drying and cooking: fractionation by
multi-step milling, sifting. separating and purifying:
further drying if necessary. and recovery of crude oil
from germ fraction.

A wide vanety of pnimary products can be produced
in 3 tempenng-degerming mull. Expresied percen-
tages of the original maize are as follows: hominy
feed (35%); regular grits (23%). coarse gnts (15%),
cereal flaking gnits (12%). flour (§7%): coarse meal
(3%); dusted meal (3%); and o1l (1) Four percent is
lost due to shninkage. Other products are made by
blending. Brewer's grits, for example. are made by
mixing coarse and regular grits. Hom:ny feed 15 a by-
prod-ct including the hulls, maize germ meal remain-
ing after removal of the o1l, fines from the degerming.
and other streains of feed quality. Compositions of de-
germed meal. gnit - and flour are given in Table 4. Dry
milled maize products, such as grits and meal, are fre-



quently enriched by adding vitamins and iron: en-
riched maize grits and meals contain 29 mg iron/kg
(13 mg/pound).

Sorghum. Traditional milling in Africa and India is
accomplished by pounding with a mortar and pestle
or by gninding with a hand-operated stone mill. After
pounding or grinding. the outer bran 1s removed by
winnowing. Mechanical milling 1s practiced in vil-
lages and cities Dry nulling as practiced in the United
States yiclds four fractions. grits (67%). bran (12%);
germ (1170, and fines (10% ). The grits are low 1n ol
and hiber and about the same in protein content
(167 as the whole grain. The o1l 1s concentrated 1n
the germ and the fiber 1s found 1n high concentrations
in the bran (Hoseney ot al .. 198)).

Effects of Cereals on Iron Absorption
The bicavailability of dictary iron 1s determined by
several factors that enhance or inhibit non-heme iron
atsorption. as previously outlined Cereals are the
staple food 1n most dicts Beudes containing diiferent
forms of starch. cereals contain phvtates and vanious
fiber matenials Certain cereals contain other com-
ponents such as polyprenols. whick may influence
the absorption of non heme iron Consequently
cereals can be expected o have varyirg cffects on
non-heme iron absorption An appropriate way of
compar:ag the eltects of cereals on the absorpion of
non-he.ne iron would be 1o study composite meals of
identical  composition but  contamming different
cercals. Althsugh 10 such studies are published. an
attempt has been made to compare data from meals in
which (1) onecereal made up the bulk of the meal: (2)
no factor known to enhance or inhibit non-heme iron
absorpion was present 1n an appreciable amount:

and (3) the iron status of the subjects was fairly well
defined by the use of a reference dose of iron or by
investigating normal men exclusively.

Rice. Meals in which milled rice was the major con-
stituent were investigated in five studies comprising
221 subjects (Table 5). All results are adjusted to
correspond o a reference dose absorption of 40%.
Because of marked vanations in the iron content of
the meals. the results are only given in terms of pet-
centage of 1ron absotbed The meals contained no
meat or ascorbic aaad-rick food In addition to rice,
the meals aizo contained some vegetables and spices.
The mean absorption in this group of studies was
6.5% (weighted according to the number of subjects
in each study).

Wheat. Results of iron absorption from white wheat
flour with an extraction between 60 and 80% are
summarized in Table 6. Wheat v:as given as bread.
and the iron intak.c in these studics was usually much
lower than in the absorpion studies of rice and
maize. In some of the studies no reference doses were
given Nevertheless. these studies are included as all
the subjects were normal men. The 40% refercnce ab-
sorpion values were estimated by doubling the ob-
served mean values 1n these groups tsee Maize be-
low! The mean absorphion in the 86 subjects reported
10 seven studies was X 0

Maize Results from seven studies comprising 167
subjects are shownan Table 7 Most of the meals stud-
1ied contained oriy maize Intwo Ltudies, no reference
dow was given Theswe invetigations involved a
group of normal young men who were found to have
a reference dose absorption of about 20% in other
studies. Estimated 40% absorption values were thus

TABLE s.
NON-HEME IRON ABSORPTION FROM RICE MEALS*
Number lron
of Intake Mean Iron
Subjects {mg) Absorption (%)  Authors
6 7.6 1.2 Aung-Than Batu et al (1976)
89 1.9 8.1 Hallberg et al (1978)
60 5.1.72.6 3.7 Sayers et al (1974)
60 14.6 6.9 Rao (unpublished data)
6 14.6 11.6 Rao (unpublished data)

*Corrected to a 40% reference absorption.

*All meals are mixed meals composed of rice. vegetables and spices.
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TABLE 6.
NON-HEME IRON ABSORPTION FROM WHEAT MEALS®

Number Iron
of Intake Mean lron
Subjects {mg) Absorption (%)*  Authors
8 3.0 12 Disler ¢t al. (1975}
S 03 56 Bjorn-Rasmussen et al (1972)
S 1.0 25 Bjorn-Rasmussen ¢t al (1973)
28 0.7 32 Bjorn-Rasmussen ¢t al. (1974)
10 0.6 28 Hallberg et al (1977)
10 0.6 28 Hallberg et al (1977)
20 4.0 35 Rossander (unpublished
observations)
*60-80% extraction
*Corrected to a 40% reference absorption,
TABLE 7.
NON-HEME IRON ABSORPTION FROM MAIZE MEALS
Number Iron
of Intake Mean Iron
Subjects (mg) Absorption (o) Authors
17 4.0 6.0 Layrisse ¢t al (1969)
12 29 24 Layrisse ¢t al (1974)
15 1.6 4.2 Layrisse ¢t al (1973%)
48 2.0 4.4 Cook et al (1972)
22 2.0 3.0 Derman ¢t al 11977)
12 2.5 31 Lavrisse ¢t af (1973)
11 4.6 35 Hallbery, and
Bjorn-Rasmussen (1972)
30 S0 2.6 Bjorn-Rasmussen and

Hallberg (1974)

*Corrected to a 40% reference absorplion.

__

obtained by doubling the observed mean absorption
fisures. The weighted mecan absorption of all results
was 3 7%

Compar:son Among Rice Maize ard Wiicat The re-
sults summarnized above suggest that iron absorphien
1 highest from wheat. intermediate fron. rnice. and
lowedt from maze meals. However. any companson
of the cffects of these three cereals on non-heme 1ron
absorpt:on bawd on the studies summanized in Ta-
bles $-7 must be tentative since the cereal contribu-
tion. the 1iron content. and the composition of the
meals varied over a wide range.

17

There is a firmer basis for comparisons between
wheat and rice flour. and between starch derived
from wheat and rice or from wheat and maize 1n re-
cent unpublished observations of Hallbery; and Ros.
sander. Non-heme iron absorption from rolls made
with white wheat four wac compared with that from
rolls made of rice flour. Each ol the two hands of rolls
was labelled with a different radionotope of 1izon and
served o normal male subjectsan random order As
shown in Table 8. there was a sigrificantly Bagher ab.
sorption from the wheat rolls in spite of the fact that
the content of iron was nearly the same as in the rice
rolls. In a simiarly designed studv. rolls made of
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TABLE 8.
NON-HEME IRON ABSORPTION FROM ROLLS MADE FROM DIFFERENT KINDS OF FLOUR OR STARCH

Mean Absomption
Number Iron Phytate-Phosphorus Iron Ratio in
of Content Content Absomption Relation 1o
Subjects (mg) (mg) (%) Wheat*

Wheat rolls o 18 Y 11.8 0.24
Rice rolls 1.4 M 3.0
Wheat starch rolls 8 2.1 0 M9 037
Rice starch rolls 1.6 0 12.8
Wheat starch rolls 8 1.5 0 16.9 0.59
Maize starch rolls 1.9 0 10.0

“Not corrected for reference absorption. Comparison of absorption values among the three groups can therefore not be made.
*Sce Figure 3
Source: Hallberg and Rossander (unpublished data)




wheat starch and rice starch were compared. As
shown in Table 8. a much higher iron absorption was
alw obtained from the rolls made of wheat starch.

The difference in iron absorplion between wheat and
rice was greater when rolls were made of flour than
when they were made of starch denived from wheat or
nce A possible baus for the more protound differ-
ence iniron absorphion from the twe hands of flour 1s
the greater content of phytate in the rice flour

lron in maize meals s less well absorbed thanaronin
meals having wheat or rice as their main source of ¢n-
ctgy  The average absorption was only 13% of the
absorpt:on from wheat when pooled results were
compared (Figure 31 A comparison of rolls ». . de of
wheat starch and maize stasck showed a statistuicaliy
sgnificant lower absorption from the mawe rolls
However. the ratio of maize starch to wheat starch
absorption was 0 59 compared with the rat:o of 0 13
for maize compared to wheat mcals A posuble cx-
pranaticn for the relatively good absorption from
rolls made of maze stazchais that they do not have the
high content of phytates present in the maize porndge
meals (Table 7). These results alsoandicate that maize
starch has a less inhibitory effect on non-heme iron
absorption than rice starch

Sergizum lron absorption from meals consisting
lazyely or solely of sorghum has been studied by sev-
cral workers (Radhaknishnar ard Sivaprasad. 1980.
Derman o2 al. 1980, Morck. Lvnch and Cook. un:
pubhisked data. Gilloely. Torrance and Bothwell. un-
pubiisked datar The results of these stud:es indicate
that the iron 1 sorghum sorghum vilgaze) s of low

bioavailability For example 1in one investsgation the
absorption of 1ron tzem theee porndge meals was
compared. one certained red sespbum. the other
white sorghum and the third maze meai Geometrac
mean absorplions. corrected to Loreterence iror ab

sOrphionof 3T wered o't 2 8T ardd S0 respece

nvely tMozsen . Lynck and Coo. hished datan

Some improvement iniron absorption fzom sorghum
was noted 1n anotker senie of expenments e whick
th srghum wasfermented. this was shown to be due
to several factors ncluding the low pH o the lower
solids content. and the formation of lactic acid and al-
cokol (Derman et al . 19801 The outer coat of red
sorghum contains both tannins and phytates. while
that of white sorghum only contains phytates. In one
study. removal of the outer coat of red sorghumled to
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an increase in iron absorption (6.0% as compared
with 2 4%). while the biocavailability of iron in white
sorgnhum was modes:ly greater than in red sorghum
(Gillooly. Torrance and Bothwell, unpublished
data).

Bran Aninhibitory effect of bran oniron absorption
was first recognized by Widdowson and McCance
(1942). using classical iron balance methods. Recent-
ly. the effect of bran has been more quantitatively
evaluated by the double radiosotope method
(Bjorn-Rasmussen. 19743 The amount of bran
added to bread was found to inhibit non-heme iron
absorption 1n 2 dose-dependent fashion. Recently,
Simpson etal (1981 investigated the mechanisms for
the inhibiting ¢ Sfect of wheat bran Bran was found to
maintatn s 1 hbiton of iron absorption after its
phytate had be r destroyed by endogenous phytase.
This finding, ar . other reszzlts an the same study inds-
cated that the inhibiion was not caused by the phy-
tate present in bran bu! rather by a water soluble,
phosphate-rich fraction [n another series of studices,
the effects of waea? bran and oat bran on non-heme
1iron absorplion were compared in subiects who were
served a breakfast meal (Hallberg and Rossander,
unpublished datar These two kinds of bran were
compared because
markedly (Table 9}

inhibitory cffect on non-heme iron absorption was

their content of phytate differs
In sp:te of this difference. their

the same The restlts of the above two studies are in
accord with the finding by Lipschitz and coworkers
(1979) that monofernic phytate. the major form of
1iron in bran, was as well absorbed by dogs from a
mined mcal as was ferrous suifate However, results
in man that arc apparently conflicting were obtained
in arother laboratory (Hallberg: and Rossander. un-
publisked data) Washing of bran with water d:d not
reduceats inhinting effect Washing of bran with di-
lute hydrochlonc aad. however. removed the phy-
tates and reversed the inhibitior of 1ron absorg.hion
A replacement of phytate in the hydrochlonc acid-
wathed bran led to a reappearance o the inhibiting
cifect of bran on non-heme 1ron absorption (Figure
4 Although thesw reseltv aindicated an inhibition of
iron absorption by sodium phytate. it remains uncer-
tain whether phyvtate was the factor responsible for
the inlabiing, effect of bran onron absorption It s
cevident that further stud:es are needed to fully under-
stand *ke mechanisms of the inhibitory cffects of bran
and phytate on non-heme iron absorption in man.
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Relative absorption of non-heme iron from meals composed mainly of white wheat, rice or maize (data from Tables 5-7).
from rolls prepared from wheat flour and rice lour. and (bottom part of figure) from rolls made of starch prepared from
wheat, rice or maize (data in Table 8). (Hallberg and Rossander. unpublished data)
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TABLE 9.
EFFECTS OF WHEAT BRAN AND OAT BRAN ON NON-HEME IRON ABSORPTION FROM A BREAKFAST MEAL*

Number Iron Phytate-Phosphorus
of Intake Intake Mean
Subjects (mg) (mg) Iron Absorption (%)
Breakfast with
wheat bran 4.1 74.0 3.2
10
Breakfast with
oat bran . 39 30 32
Breakfast
without bran 3.9 0 4.5
9
Breakfast
with wheat bran 39 74.0 2.6

*Meal consisted of coffee, rolls, butter, marmalade, and sour-milk.
*Corrected to 40% reference absorption.

‘Statistically significant differences (p <0.05)

Source: Hallberg and Rossander ‘.npublished data)
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V.

Soy Products and Other Legumes

Level of Utilization

The average consumption of <.y food in the United
States is thought to approxi ...+ five pounds per
year. The largest growth in consumption is occurring
in the traditional. low technology consumer soy
foods. especially tofu (or bean curd) and tempeh (fer-
mented soybean patty). but among the other more
highly processed soy products, there 1s a trend
toward grea .r use of those that are most highly re-
fined.

Apart from Astan populations, those that consume
soy products in greatest quantity are vegetarians, the
military. consumers of school lunches, infants taking
soy-based formula (an estimated 20% of infant for-
mula sales) and recipients of foods under PL 480. An-
nual use of defatted soy flour in the PL. 480 programs
Jlone 1s 300 million Ibs. Ininfants who consume soy-
based infant formulas, soy protein may be virtually
the only source of protein.

Processing
Soybeans are different in composition from cereal
grains in that more than half of the bean consists of
protein and fat (40 and 20%. respectively). The re-
mainder is composed of carbohydrates. ash, and
minor ingredients (Wolf and Covran. 1971). In con-
trast. cairbohydrate 1s the major constituent of cereal
grains. As a result of the high economic value ¢f the
major soybean constituents, the processing proce-
dures that have been developed for soybeans are
quite different from the classical milling procedures
that have been used for cereal grains for centuries.
Modificaticr: ot the processing of soybeans and
grains should be considered as onc of the possible
means of increasing iron bioavailability, and one that
warrants research in the future.

The protein products that are currently derived from
soybeans are classified in the three following groups
on the basis of their protein content (Wolf and
Cowan, 1971):

Product Protein Content %
Flours and grits 40-50
Concentrates 70
Isolates 90—95

The refining procedures utilized in obtaining these
products are shown in Figure S. Both flours and
concentrates may be further modified by an extrusion
process. which involves the application of pressure
and heat to produce textured vegetable protein. It
should be remembered that the processing of all vege-
table proteins. including soy, is not simply an isola-
tion and punfication procedure The steps involved
must produce a product with physical. chemical, and
functional properties that are compatible with its in-

tended food usage.

All soy protein products listed above have a common
history up to the point of hexane extraction and
subsequent removel of the solvent (desolventizing)
(Figure S). Soybeans are broken and the hulls loos-
ened by cracking rolls, after which the hulls are re-
moved by screening and aspitation. The cracked
beans next move into a conditioner to adjust their
moisture content to 10-11 percent and temperalure to
about 160°F. These tempered beans then go through
smooth rollers to produce soy flakes which are ex-
tracted with hexane tc remove the »il. followed by re-
moval of solvents and cooking i1n the presence of
moisture (toasting) in a desolventizer-toaster. The
toasting step is necessary to inactivate a trvpsin in-
hibitor and perhaps other factors present in raw soy-
beans that inhibit animal growth. Products intended



for human consumption undergo special processes
for hexane removal (Wolf and Cowan. 1971).

Protein concentrates may be prepared by one of three
methods as follows:

(1) Aqueous alcohol leach: defatted flakes are
leached with 60-80% aqueous akohol that dis-
solves the sugars. leaving the proteins and polysac-

charides, which are insoluble. After drying. the
concentrate has a pH near ne-rrality.

(2) Acid leach: the defatted flakes are subjected to
an acid leach (pH = 4.5) where the proteins are at
their isoelectric point and are therefore insoluble, as
are the polysaccharides. The wet concentrate is neu-
tralized before drying to make the proteins soluble
when added to aqueous food systems.
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Schematic diagram of the changes in the compoutior. of soy beans a3 a result of processing. (Courtesy of L. Schutte)
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(3) Moist leat, water leach: flakes or flours are
steamed to heat-denature and insolubilize the pro-
teins. A water wash then removes the soluble sugars
and on drying a concentrate results.

The prote s content of the three end-products is simi-
lar. but the acid-leached products show greater pro-
tein solubility. It might be valuable to evaluate the ef -
fects of cach of these processes on mineral binding
and on the chemical forms of the endogenous iron. as
has been done with wheat bran. fractions of dietary
fiber. and maize {Camirec and Clydesdale, 1981; Rein-
hold et al . 1981)

Isolates are prepared by extracting undenatured, de-
fatted flakes with dilute alkal at about pH 8.5 and
centnfuging to remove the spent flakes (polysaccha-
rides plus residual protein). The clanified extract is
then acidified to pH 4.5 to adjust the proteins to therr
1soclectric point where they precipitate. This protein
curd 1s then centnifuged to remove the whey (soluble
sugars. ash and minor proteins). After washing, the
curd may be spray dnied to yield the 1soelectric form
of the proteins, but more commonly, the proteins are
resolubilized by neutralizing with alkali. after which
they are spray dried to produce a more food-disper-
sible product.

Soy products may take different forms in food. Meat
extenders are generally made with textured soy flour
after bydration to 18% protein (a little over 2 parts
water 1 part tlour). When hydrated soy products are
uscd 1s meat extenders they generally replace from
15-3C. of the meat 1n the United States, and up to
50 1n some parts of the werid Meat analogs (e 5 .
products resembling bacon) are gererally prepared
from soy cencentrates which are combined with
water. birders (wheat gleten. cgg white sohids) and
flavors. and then cooked by extrusion. a high pres-
sure-moderate temperature process. The extrudate is
fried in o1l to yield the analog which may be fortificd.

Dariry analogs used as infant formulas are generally
made from soy 1solates and are beated to modify therr
physical properties ard to d:stroy anu-nutnitional
factors Nulricnts, sweeteners. vegetable fats. emulsi-
fiers. and stabilizers are added to the formula which s
then heat sterihized and packaged.

Tl e 1iron content of soy preparations is generally
hizh. Analyses of 37 different samples from five dif-
ferent suppliers of soy products (Schriker, Miller, and
Van Campen, unpublished data) showed a mean
value of 8.6 mg iron/100 g (range 7.4 to 10.9) in 18
preparations of soy flour. The values were 11.9

mg/100g (10.5 to 15.2) and 15.0 mg/100g (11.6 to
19.8) for four soy concentrates and 18 soy isolates, re-

spectively.

The mean bioavailability of iron from intrinsically
labelled soybeans differs over a more than eight-fold
ranee in the studies vuthined in Tab'e 10, and this var-
iability ha never been satisfactorily explained. Fac-
tors such as differences between batches and in the
stage of maturily at harvesting. differences in meth-
ods of preparation and in the iron content of the test
meals, and differences in the 1ron status of the test
subjects may have played a part. One valuable point
that did emerge and that has relevance for later stud-
1es was established in two of the carly stuaies. When
an extrinsic tracer was fed together with the soy-
beans. its absorption was the same as the intrinsic
iron present in the beans (Bjorn-Rasmussen et al.,
1973: Sayers et al., 1973). This finding helps to vali-
date the results of subsequent studies 1n which only
ex*rinsic labels were used.

Effects of Soy Products and Other Legumes
on lron Absorption

Of the legumes which have been tasted for iron bio-
availability, most attention ha: been directed at soy,
since it has been extensively used as a substitute for
amimal protein. Because of this, virtually all the dis-
cussion that follows will be concerned with the effects
of soy products on iror. absorption By comparison,
there 1s only hmited information on the bioavailabil-
ity of the iron present in the many other legumes
which are widely consuined throughout the world.
Howeve,. theinformation thatis available is of a uni-
form pactern - iron in legume< 1s of low bicavailabil-
ity The first legume to be inveshigated was the black
bean When intninsically labelled black beans were
fed as a single foodstuff. geometric mean absorptions
of 1.5% aad 2 6% were obtained 1n two separate
studics (Table 1) Similar findings wete noted with
lentils —there was 3 geometric mean absorption of
only 12% 1n a group of subjects who absorbed
16 3% of a reicrence dose of iron. While the reason
for these low absorption figures has not been system-
ancally stedied. it may well relate 1o the high poly-
phenol sorntent of most legumes (Rao and P’rabha-
vathi. 1982). It 1s. however. almost certainly not the
only factor, since iron 1n soybeans 1s also poorly ab-
sorbed (see following section). despite the fact that it
has a low polypkenol content.

Soy Preducts In one group of studies (Cook et al..
1981: Morck et al.. in press) iron absorption from
semi-synthetic diets with protein equivalert quanti-
ties of egg albumen, casein or isolated soy protein
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TABLE 10.

IRON ABSORPTION FROM IN VIVO LABELLED SOYA BEANS PREPARED AT THE UNIVERSITY OF WASHINGTON

Geometnc
Fe Mean
No. of Content Absorption
Authors Subjects Prezaration (mg) %
Layrisse 17 Ground whole beans 4.0 11.0
et al. boiled and baked for
(1969) 1 hour at 300°* F
Sayers 10 Ground whole beans 4.6 12.3
et al. baked at 400° F for
(1973) 45 minutes
Bjom-Rasmussen 15 Ground whole beans 2.5 1.5
et al. (1973) boiled and baked
for 25 minutes at
410° F
Ashworth and March 10 Ground whole beans 0.8 2.6
(1973) (children) boiled for 15
minutes
16 Ground whole beans 0.8 6.7
(children) boiled and baked for

1 hour at 300° F
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TABILE 11,
COMPARISON OF IRON ABSORPTION FROM ANIMAL AND VEGETABLE SOURCES*

Geometric Mean Total Iron
Number of Iron Content (mg) Absorption Absorption
Subjects Native Added® Source of Protein (%) (mg)
04 3.7 Albumen 2.5 0.10
15 03 38 Casein 2.7 0.11
4.0 0.1 Isolated soy 0. 0.02
protein

29.4 g prolein fr.m various sources.
® Added as ferric chloride
Source: Cook ¢t al (1981)

* Each meal contained 68 g carbohydrate derived from dextrimaltose, 35 g fat from comn oil and

was measured (Table 11). The geometric mean ab-
sorptions from the three meals were 2.5% (egg albu-
men), 2.7% (casein) and 0 5% (isolated soy protein).
It should be noted that because of the very low iron
contents of egg albumen and casein in relation to 1so-
lated soy protein. the total iron contents of the dicts
were equalized with exogenous iron. The cooking of
cgg albumen was associated with a significant n-
crease 10 absorpt:on to 6 2% a finding that may be
cxplained by keat inactivation of conalbumin, the
iron-binding, protein in epy; white.

Threc sets of studies were done to determine the effect
of cooking or of ascorbic acid addihion on the inhibi-
tory cifect of soy products oniron absorption (Morck
ctal inpress) The hirst set of expenments involved
the feeding of vanious soy preparations as part of an
otherwise standard senmu-synthetic diet. There was a
small though significant differerce between iron ab-
sorption from uncooked and baked 1s0lated soy pro-
tain (0 647 and 1 28%, respectively!. and between
bailled and baked soybeans (1 06 and 1.60%, re-
spectively). The absorption from isolated soy protein
was significantiy less than from a similar quantity of
cgg albumen (0 56% as compared with 5.05%).

In an extension of the previous experiment, the semi-
synthetic diet was again fed. but this ime albumen
was compared with three major forms of soy prod-
ucts, namely full fat soy flour, textured soy protein
and isolated soy protien (Table 12). When egg albu-
men in the semi-synthetic meal was replaced with full
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fat soy flour, textured soy tlour, and isolated soy pro-
tein, absorption fell from $.5% t01.0, 1.9, and 0.4 %,
respectively, indicating an inhibitory effect by a wide
range of soy products.

Cereal-Soy Blends This group of products is widely
used 1n developing countries and provides additional
iron to populations at high risk of iron deficiency.
such as pregnant wonien, infac's and children. The
major productsin this category include corn-soy-milk
{CSM) and wheat-soy blend (WSB) which are provid-
ed under the [’1.480 programm (see footnote page 12).
In iron-replete males. mean percentage absorption
from CSM and WSB ranged irom 0 6 1o 1 4¢¢. By re-
lating these results to 40 absorption from a refer-
ence dosc of Inorganic iton. it was estimated that in-
fants with borderline iron deficiency would absorb
between 1.1 and 2 8% of iron contained in the blend-
ed foods (Table 13!, or thr equivalent of 0 2t0 0.5 my
per 100 g of blended food. Both CSM and WSB are
fortified with 15 mg of iron as ferrous fumarate per
100 g of product. yield:ng a total content of 18 and 21
mgofiron per 100 8. respect:vely (Table 14). Theiron
in a 100 g serving 1s equivalent to the U.S Recom:
mended Daily Allowance (RDA) for pregnant and
lactating women. ard a 75 g senving would corre-
spond to the RDA for infants after six months of age
and for young children. However. ironin ferrous fu-
marate which 1s highly bioavailable when used thera-
peutically between meals becomes poorly available
when added to CSM or WSB. Studies of iron bio-
availability from these products indicate that they are



TABLE 2.
COMPARISON OF THE AVAILABILITY OF IRON FROM ALBUMEN-CONTAINING MEALS
AND MEALS CONTAINING VARIOUS SOY PROTEIN 7 DORMS*

Geometric Mean Total Iron
Number of lron Content (mg) Iron Absorption Absorption
Subjects Native Added Sources of Protemn (%) (mg)
0.1 3.9 Albumen 5.5 0.22
34 0.6 Full fat soy flous 1.0 0.04
10 . ) .
33 0.7 Textured soy protein 1.9 0.08
2.0 2.0 Isolated soy protein 04 0.02

* Each meal contained 68 g carbohydrate derived from dextrimaltose. 35 g fat from com oil and 14.7 g protein from various sources.
Source: cook. et al. (1981)

TABLE 13.
IRON AVAILABILITY FROM INFANT FOOD SUPPLEMENTS*

Geometnic Mean Absorption

Total Absorption of

% [ron Absorption Non-Heme Iron (mg)
Number of Corrected to a 40% Corrected to a 40%
Subjects Preparution Reference Absorption Reference Absorption
13 Corn-soy-milk 211 0.19
Wheat-soy blend 1.1 0.10
Wheat protein 1.1 0.10
concentrate-soy
14 Com-soy-milk 1.7 0.1$
Corn-soy blend 28 0.28
Wheat-soy drink 20 0.18

* All meals contained 50-59 g dry product, 20 g sucrose. 1 g salt, 170-225 ml water, 9 mg iron as ferrous fumarate and 20 mg ascorbic
acid.
Source: Morck et al. (1981)




TABLE 14.
IRON AND ASCORBIC ACID CONTENT OF CEREAL AND SOY BLENDS
AND SOY-FORTIFIFED PRODUCTS

Ascorbic
Added Iron Total lro Acid
Product {mg/100 g) {mg/100 g) {mg/100 g)
Wheat-soy blend 15 2] 40
Com-soy-milk (CSM) 15 18 40
Instant CSM 15 18 40
Whev-soy drink mix (WSDM) 15 18 47
Soy-foruified bulgur 0 S 0
Soy-fortified flour 12% 2.9-3.6 S 0
Soy-fortihied cornmeal 2.9-5.7 S 0
Soy-fortified sorghum gnits 0 2 0
Soy-fortificd rolled oats 0 5 0
Bulgur 0 4 0
All purpose flour 2.9-3.6 3 0

*Lstimates taken from technical bulleting and information provided by manufacturers.

unlikely to meet the total iron needs as was originally
intended. These findings point to a need for improved
fortification strategies

The independent cffect of each of the three compo-
nents of CSM on iron avalability was studied by re-
moving onc comporent at a hime from the mixture
{Coun ¢t al . unpublished data). Geometric mean ab-
sorption from the complete supplement was 0.6%.
There was no sipificant increase when cither corn
was withdrawn (0 6% or when milk was withdrawn
(0 5%) On the other hand absorption rose to 1 2%
when soy was withdrawn These data show that oy
decreases the percentage of iron absorbed from CSM
and WSB Since the amount uf iren added as ferrous
fumarate s much greater than the amount that 1s con-
tained in the soy. ore caninfer that soy decreases the
absolute amount as well as the percentage of iron ab-

sorbed.

Ferrous fumarate. which 1s used to fortify cereal-soy
blends. 1s less soluble than dessicated ferrous sul-
phate. especially 1n an adid environment. As pH in-
crevses toward neutrality . the solubility of ferrous fu-
marate approackes that of ferrous sulphate Since
there 1s no information on the efficacy of ferrous fu-
marate relative to other iron fortificants in cereal-soy
blends. 1t would be advisable to directly meacure
bioavailability ot fortificants under conditions that
simulate the storage and use of cercal-soy blends.

Ascorbic acid enhances the absorption of iron even in
the presence of soy (Morck, in press: Bothwell, Der-
man and Torrance. unpublished data). CSM and
WSB contain 40 mg of ascorbic acid per 100 g of prod-
uct yielding a molar ratio of ascorbic acid.iron of 0.7
(40 mg ascorbate 18 mgiron) Figure 6 indicates that
ascorbic acid would be more cffective in enhancing
iron absorption Jf the molar ratio wer> increased
from 0 7 10 between 1.0and i 5. Thisis equivalent to
increasing ascorbic acid to between 60 and 85 mg per
100 g of cercal-soy blend (or from about 2 mg ascor-
bic acid/mg 1ron to between 3 and S mg ascorbic
acdimg iron)

Animporiant consideration is the oxidation of ascor-
bic acid under many conditions of processing and
storage. Unuil rerantly. cereal-soy blended fouds un-
der Title 11, PL 480. contained uncoated ascorbic
acid. which was vulnerable to inactivation. How-
ever, as of September 1981 (USDA announcement
CSSM-1; CSM and WSB products are to be formulat-
ed using a more stable cthyl cellulose-coated ascorbic
aaid (Bookwalter ¢t al . 1980). Use of coated ascorbic
acid should enhance the absorption of iron from
cereal-soy blended foods with very little increase in
cost. Cost higures for iron and ascorbic acid fortifica-
tion are shown in Table 15.

Soy-Fortified Products. Some food commodities dis-
tributed under PL 480 (¢.g.. corn meal. wheat flour,
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bulgur. sorghum grits, rolled oats) are fortified with
12 or 15% defatted soy flour or grits. Estimates for
the iron content of these products are listed in Table
14. Only three of the products are fortified with iron.
No ascorbic acid is added to these soy-fortified foods.

Soy-Based Infant Formulas In contrast to the evi-
dence of poor availability of iron from cereal-soy
biends, the limited data on iron absorption from soy-
Fased infant formulas are relatively reassuring. Rios
et al. (1975) studied the absorption of iron from soy-
based and cow milk-based formulas and from an in-
fant cereal. The subjects were non-anemic. healthy
infants between four and seven months of age. With-
in this age range, neonatal iron stores are normally

diminishing. but iron deficiency anemia is rare until
later infancy. This population is also of particular in-
terest because it is one in which soy-based formulas
are sometimes used as the sole or major source of cal-
ories and protein. In a group of 13 infants, the mean
percent iron absorption from a soy-based infant for-
mula was 5.4%, a value that was at least equivalent
to or actually higher than the values of 3.9% (N r
14) and 3.4% (N - 15) obtained with two iron-forti-
fied (12 mg ferrous sulfate/hiter) cow milk-based for-
mulas. Cow milk formulas fortified with iron at this
level have been shown to be effective in preventing
iron deficiency during the first year of life. The intrin-
sic iron content of the soy formul. was 5 mg/liter and
contained an additional 12 mg o’ iron as ferrous sul-



TABLE 15.
COST OF FORTIFYING CSM WITH ASCORBIC ACID IN DOLLARS

Ascorbic Acid Total Increased
Cost/Ton Cost/Ton Cost/Ton
of CSM of CSM %
Present level of fortification
at 0.7 moles of ascorbic acid/mole iron
Unstabilized ascorbic acid S Im $211.60 -
Stabilized ascorbic acid 3.9 21 <0.1
Proposed levels of forufication
with stabilized ascorbic acid
1.0 moles ascorbic acid’mole iron 5.85 213.66 09
1.5 moles ascorbic acid/mole iron 8.27 216.08 2.0

“Based on cost of $10.40-kg unstabilized ascorbic acid and $10.70/kg stabilized ascorbic acid.

fate to yield a total of 17 mg of 1iron, substantially
more than the cow milk-based formulas. These val-
ues for iron content and percent absorption would
lead one to infer that the soy formula would be ade-
quate as the major source of iron for infants under
one year of age

The apparent discrepancy between adequate bio-
availability of iron from the soy-based infant formula
as compared to the poor iron bicavailability from the
cercal-soy blends 1s intriguing. and suggests that the
method of food processing might play an important
role The infant formula 1< processed 1n liquid form,
has a low pH. 1s fortificd with ascorbic acid. and is
markcted in an airampermeable container that pre-
serves its ascorbic acid content

Soy Products as Mcat Extenders Recently, the use of
soy products as meat extendcers® has increased. For
example, all ground beef (bulk and patties) purchased
by the U.S. military since 1979 is extended 20% . on a
weight basis. by blending 80 parts of ground beef
with 20 parts of hydrated granular soy protein
concentrate. There are no reg*:iations that require the
fortification of the soy concentrate to achieve
nutrient equivalency with the portion of meat that is
replaced. Military personnel who eat most of their

* The term meat extender can be amb:guous. In common usage and in
thes report 1t refers to the partial substitution of certan woy products
for meat.
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meals in the dining hall consume an average of ap-
proximately 100 g/day of the soy extended beef with
maximal values approaching 225 g/day. Currently,
approximately 15% of the United States military is
composed of women of childbearing age. Federally-
sponsored school lunch programs in the United States
allow local authorities the option of substituting up to
30% of ground beef with hydrated soy products.

In one study. the absorption of non-heme iron was
measured in three meals (Cook ¢t al.. in press). The
basic meal consisted of a 100 g broiled beef patty on a
bun, French fries. and a milk shake. Textured soy
protein (30 g) was cither added to the meal or substi-
tuted for 30 g of the 1005 broiled beef. The percentage
of non-heme 1iron absorption dropped from 3.2%
with the basic meal to 1.2 and 1 5%, respectively.
when soy was present. However. when total iron ab-
sorption (1.c.. heme and non-heme iron) was calcu-
lated. the differences were not as great, being 0.44 mg
(basic meal). 0.41 mg (soy addition) and 0.36 mg (soy
substitution). respectively (Figure 7). This can be
axribed to the relatively high non-heme iron content
of the soy products.

In a series of experiments from another laboratory,
Hallberg and Rossander (in press) investigated the ef -
fects of decreasing the meat content of hamburgers
even further than the 30% substitution described
above. One of two soy products (textured soy flour
or defatted soy flour) was substituted in a protein
equivalent amount for half of the meat protein in a



hamburger meal. In the first experiment, the meat
content was reduced froin 82 to 41 g. but no soy was
added. There was a drop in the absorption of the non-
heme tren in the meal from 11.2 10 8.4%. which is
cquivalent to reduction in non-heme iron absorption
from 0.34 mg to 0.20 mg (Figure 8). When textured
soy flour and defatted soy flou- were added. there
was further reduction in the percentage of non-heme
on absorpticn to 7 2. and 5.6% . respectively. How-
ever. because of the high iroa content of the soy pro-
ten. the actual amounts of non-heme iron absorbed
were greater than when a 41 g meat hamburger was

consumed alone (0.27 mg and 0.22 mg. respectively).
Dephytinization of the soy product did not increase
the amount of non-heme iron absorption. Total iron
absorption was. however. substantially improved by
the addition of a small amount of blood (1.05 mg
heme iron) to the hamburger. with total iron absorp-
tion from the meal nsing 1o 0.51 mg (Figure 9).

Studies from a third laboratory were reported by
Stekel (unpublished data). In the first experiments.
the basic meal consisted of 100 g beef fed with bread.
Fifty grams of hydrated 1solated soy protein were
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cither added or substituted for half of the beef (Figure
10;. Percentage absorptions (corrected to a 40% ref-
crence dose) were 12.4% (basic meal), 9.2% (soy ad-
ded) and 9.3% (soy substituted). respectively. while
calculated figures for total iron absorption were 0.63
mg. 0 54 mg and 0.42 mg. respectively. Since the ba-
sal meal had less iron than those containing soy. the
non-here iron content was adjusted with ferrous sul-
fate <o that it contained the same amount of iron (3.1
mg). | this had not been done. total absorptions from
the meals would presumably Rave been very similar.
In 4 second expeniment the abrorption of iron from
intninsically dabelled meat and from extninsically
labelled 1solated soy protein was measured when con-
sumed alone ard together (Table 16). There was a
strbang differerce in the percentage absorptions,
wirn 25% for meat and 2 1% forisolated soy protein.
When haif the meat was replaced by soy protein there
was a sight reduction to 19.6% 1n the absorption
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from meat and a rise 10 6.6% from the non-heme iron
in soy and meat. While certain assumptions are re-
quired to calculate the total absorption from these
three meals, figures of 0.38 mg (meat), 0.05 mg (soy)
and 0.22 mg (meat and soy). respectively, seem rea-
sonable approximations

Yhen these different studies from three laboratornies
are zonsidered together 1t 1s apparent that the use of
soy products as meat extenders 1n mixed meals s as-
socited with an overall reduction in total iron ab-
sorgtion. When 30% of the meat s replaced by a soy
prodact. 18% less iron 1s absorted from the meal.
When 50% of the meat 1s replaced by a soy product,
the amourt of iron absorbed from the meal 1s de-
creased by between 30 ard 42% (Table 17).

Hallberg and Rossander (unpublished data) per-
formed a group of cxperiments using a basal meal
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(maize. rice and black beans) of low 1iron bicavail-
ability (Figure 11} When 75 g meal (16 g protein) was
added. the percentage absorption of non-heme iron.
expressed in terms of o 407 absorption from a refer-
ence dose. rose from 3.2% to 8 4% the calculated
figures for absorbed iron brirg 0 18 mg and 0 63 mg,.
respectively. When 15 g fat-free soy flour was fed in.
stead of meat. the percentage absorption (4 8% ) was
actually higher than that obtained with the meat-free
basal meal (3 2%). and because of the high iron con-
tent of the soy. the actual amount of iron absorbed
was much greater (0 51 mg as compared witk 0.18
mg). Indeed. when ferrous sulfate was added to the
basal meal 1n an amount equivalent to that present in
the coy flour. th= total absorption of ron was only
slightly greater than when soy was present (9 64 mg
and 0.51 mg. respectively). In this instance. a soy
product substantially augmented the amount of iron
absorbed when it was added to a vegetarian meal of
low iron bicavailability.

Effects of Ascorbic Acid on the Absorption of lron
from Soy Morck and coworkers (in press) found that
the addition of 100 mg ascorbic acid enhanced the ab-
sorption of iron from either 1solated soy protein or
cgg, albumen. but the absorption from 1solated soy
protein was still much lower than from albumen
(Tablc 18) In terms of the actual amounts of iron ab-
sorbed. ascorbic acid 2aused an increase from 0.03
mg to 0 18 mg 1ron from the soy-containing meal.
and of 0 28 mg to 0.57 mg from the albumen-contain-
ing rneal. Related findings of Hallberg and Rossander
(Figure 11) showed that the addition of cauliflower.
conlaining 65 mg ascorbic acid. to another meal of
low bioavailability (maize. rice and black beans) in-
creased iron absorption from 0.18 to 0.58 1..8.

Further evidence for the role of ascorbic acid in poten-
tiating the 2bsorption of non-heme iron was obtained
in a series of experiments using six cereal-based infant
foods. four of which contained soy protein and two of
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which did not (Bothwell et al., unpublished data)
(Figure 6). The bioavailability of iron from all of the
products was low, with geometric mean absorptions
varying between 0.4 and 4.1%. The addition of as-
corbic acid was associated with a significant increase
iniron absorption from all of the infant foods. the ef-
fect being dose-related. The mean increase was more
than three-fold with an ascorbic acid: iron molar ra-
tio of 1.5:1 (about 5 mg ascorbic acid per mg of iron)
(Derman et al.. 1980). There were no apparent differ-
ences between the products which contained soy pro-
tein and those that did not.

In view of the substantial enhancement of iron ab-
sorption from cereal and soy products by ascorbic

35

acid. it is noteworthy that certain encapsulated prep-
arations of ascorbic acid are far more stable than or-
dinary ascorbic acid during storage. When ethyl-
cellulose-coated ascorbic acid 1s used in fortifying
com-soy-milk. it is much more resistant than ordi-
nary ascorbic acid to moisture and high temperature
during storage (Bookwalter ¢t al.. 1980). For ex-
ample. about 50% of the ascorbate was still present
after 56 days of storage at 49°C and 10% moisture,
whereas less than 10% of the uncoated ascorbate re-
mained. Coated ascorbate is widely used by the food
industry and can be a practical means of enhancing
iton absorption from blended foods. At present. the
ethyl<ellulose-coated ascorbic acid costs only 3%
more than uncoated ascorbic acid.
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TABLE 16.

IRON ABSORPTION FROM MEAT AND SOY PROTEIN ISOLATE WHEN FED SEPARATELY AND TOGETHER

Geometric Mean Absorption

Number of Iron Content % Calculated Total
Subjects Preparation (mg) Absorption Iron Absorption (mg)
100 g Meat 218 25.0 0.38
(1 mg heme iron)
29 22 g Isolated +2.6 2.1 0.0S
soy protein
50 g 33Fe Meat
& 11 g ¥Fe +2.05 19.6 (3Fe) 0.22
isolated soy (0.5 mg heme iron) 6.6 (*Fe)
protein
Source: Stekel et al. (unpublished data)
TABLE 17.
EFFECTS OFf SOY PROTEIN ON IRON ABSORPTION WHEN USED AS A MEAT EXTENDER
Total Iron Reduction
Absorption in lron
Replacement (mg) Absorption
Authors < — Soy + Soy (%)
Cook et al. 30 (Fig. 7) 0.44 0.36 18
(in press)
Hallberg and 50 (Fig. 9) 0.47 0.28 40
Rossander (in press) 50 (Fig. 9) 0.47 0.33 30
Stekel et al. S0 (Fig. 10) 0.63 0.2 k)
(unpublished data) S0 (Fig. 10) 0.38 0.22 Q




TABLE 18.

COMPARISON OF THE EFFECTS OF ASCORBIC ACID (AA) ON IRON ABSORPTION FROM ALBUMEN AND

Sources of Protein

SOY PROTEIN WHEN FED AS PART OF A SEMI-SYNTHETIC DIET.

Iron Content [n.g)

Native

Added

Geometric Mean
Iron Absorption
(mg)

Albumen

Isolated soy protein

0.2

21

5.4

35

2 23 3

0.28

0.57

0.03

0.18

Source: Morck ¢t al. (in press)




VI

Conclusions

1. Bioavailubility of Iron in Cereals and Legumes. In
general, iron is poorly absorbed from cereals and leg-
umes. An exception is wheat that has been refined to
60-80% extraction. but even in this instance, the ad-
vantage of a high percentage of iron absorption is nff-
set by a low iron content. In the case of soy products,
increased refinement and proces::ng have not been ef -
fective 1n significantly augmenting iron bioavailabil-

ny.

Factors that depress iron absorption from cereals in-
clude some phytates and certain compo:ients of fiber.
Tannates decrease the absorption of iron from a
number of legumes. but are not responsible for the
low percentage of iron absorbe from soy products.
However. there must be additionul factors respon-
sible for the poor availability of iron from cereals and
legumes that remain undefined and that require
further study.

At present, the most reliable means of increasing the
percentage of iron absorbed from cereal and legume
meals is the inclusion of meat and/or ascorbic acid
with those meals. In addition, the amount of iron ab-
sorbed is increased by fortifying a dietary staple, such
as flour, with iron. Conditions of growth. matunity at
harvest, and storage conditions may well be of im-
portance. and there is in vitro evidence that there are
chemical changes that occur during processing which
may influence bioavailability (Lee and Clydesdale.
1980a. 1980b. and 1981).

2. Parnmial Substitution of Meat by Soy Products.
When soy is added to a meat<containing meal (¢.g.. to
make a bigger hamburger) the percentage of non-
heme iron absorbed is usually decreased, but the ac-
tual amount of iron absorbed is increased as a result
of the substantial iron content of the added soy prod-
uct. In contrast, when soy is used as a meat extender
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or meat substitute (e.g.. to replace a portion of the
meat in a hamburger) there is a deciease in the total
amount of iron absosbed from the meal, the decrease
being in proportion to the degree of substitution. For
example, the substitution of S0% of the meat in a
mixed meal reduces the total amount of iron absorbed
by about 35%, whereas 3 30% substitution decreases
it by only 20% . Part of the reduction in iron absorp-
tion is due to a decrease in the heme iron content of
the meal j-art to a decrease in the enhancing effect of
meat on the absorption of non-heme 1ron, and part
due to an inhibitory effect of soy.

The degree to which soy products might be expected
to affect iron nultrition adversely when used as meat
substitutes will depend on the iron status of the popu-
lation, the amount of soy in the diet, and the bicavail-
ability and amounts of other dietary iron. In a popu-
lation, such as that in the United States. subsisting on
diets containing adequate amounts of meat, fish,
poultry and ascorbic acid. the substitution of up to
30% of the meat with soy products should pose few
problems relative to iron nuteition. This is particular-
ly so in those segments of the population in which
nutritional iron deficiency 1s uncommon (e.g., adult
males and postmenopausal women).

Conclusions in respect to infants, children, and
women during the reproductive years must be quali-
fied to some extent. Iron nutrition is more marginal in
these groups, but iron deficiency anemia in developed
countries is becoming relatively rare (except in in-
fants) and is usually very mild when it does occur.
These considerations make the use of up to 30% soy
substitution for several meals per week justifiable if
there are adequate amounts of meat, fish, poultry and
ascorbic acid in the diet. In specific terms, the present
levels of substitution of soy for meat being used by
the United States Armed Services and school lunch



programs seem reasonable if the diet contains en-
hancers of iron bioavailability in adequate amounts.

In other parts of the world. the advisability of soy
substitution for meat will depend on the quantities of
meat consumed. In areas where the basic meat con-
sumption is relatively low. a significant substitution
of this meat with soy protein would be expected to
have a deleter:ous effect on the :ron nutrition of the
most vulnerable groups. namely infants. growing
children. and women of reproductive age.

3. Cercal-Soy Blended Foods Data showing low
bioavailability of iron from cercal-soy blends. such
as corn-soy-milk, 15 of concern because these com-
modities are extensively used to help alicviute malnu-
tntion in developing countries and among poorly
nounished populations. These products are directed
toinfants. young children. and pregnant and lactat-
ing women. who arc likely to be at greatest rnisk wiath
respect toron deficiency. The blended fnzds are in-
tended as dictary supplements. but they soinctimes
form a major part of the diet. The blended cereal-soy
products are fortified with both ferrous fumarate and

ascorbic acid. Iron in ferrous fumarate 1s well ab-
sorbed when used therapeutically between meals. but
is poorly absorbed from the blended foods. Ascorbic
acid is added to enhance the absorption of iron from
blended foods. but it is likely that a substantial pro-
portion of the uncoated ascorbic acid is lost with stor-
age, leading to decreased iron bioavailability. Use of
stabilized ascorbic acid may. at least in part, over-
come this problem and ments further investigation,
both in terms of its stability and 1ts effect on iron ab-
sorption. However, stabilized ascorbic acid is suffi-
ciently promising to justify its immediate freld use.

4. Addition of Soy Products to Protein-Poor Diets.
When soy prcducts are added to the diet to improve
protein nutntion in developing countries where diets
are of low 1ron bicavalability or in vegetarian diets.
there is no indication that iron absorption will be im-
pared. Actually. a modest increase in total iron ab-
sorption can be expected. ducto the extra iron present
in the soy products. However. if soy products are
substituted for the small amount of meat in the diet.
the risk of iron deficiency will be increased.



VII.
Recommendations

1. Bioavailability of Iron from Diets in which Cere-
als and Legumes Predominate. lron absorption from
such diets should be enhanced by inclusion of acorb-
ic acid-containing foods and/or at least small quanti-
tics of meat. Because legumes are nichaniron. their in-
clusionin the dict can be encouraged because they are
likely to increase the total amount of 1ron absorbed
from meals

2 Meat Extenders Soy protein may substitute for up
to 30% of the mea. protein without adverse effect on
iron nutrion of population groups (adult males,
postmenopausal females) at low nisk of nutritional
iron deficiency. Soy protein may substitute for up to
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30% of the meat protein in sev eral meals per week for
populations at nisk of nutritic nal iron deficiency (in-
fants. children, adolescents. and females of child-
bearing age). provided that the diets contain ade-
quate amounts of meat, fist. poultry and ascorbic
acid.

3. Cereal-Soy Blended Foods. These foods should be
fortified with an adequate amount of stabilized as-
corbic acid in order to more effectively enhance the
bioavailability of fortification iron. In addition,

other means of making these foods better sources of
bioavailable iron should be sought.
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