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Preface
 

The International Nutritional Anemia Consulta-
tive Group (INACG) is dedicated to reducing the 
prevalence of nutritioral anemia worldwide. In ful-
filling this mandate. INACG sponsors scientific re-
views and investigations by expert advisory task 
force groups on issues 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 znd to assess their impact 
on iron nutriture are acknewiedged as being impor-
tant to the estabhlishment 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 government, acaemia and 
industry to review recent research findings. This 
monograph isthe result of 'heir collaborative efforts. 
INACG is prateful for their generous contributions. 
The members of the task force and the INACG 
Secre'ariat are solely responsible for the contents of 
this monograph. 

A list of those who participated in the series of 
meetings follows. 
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Vice President
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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 thes areas is usually very small 
.. teat consumption is much greater in Western coun-
tries but th~ere has recently been a trend in some parts 
of the world to reduce the intake of red meat and to 
increase that of unrefined carbohydrates. Thew. die-
tary patterns have important implic.tion. for iron 
nutriton "ecaus- iron is. in gencral. poorly absorbed 
from cereal%and legume% Consequently. nutritional 
iron dcficiency reache- its greatest prevalence and 
scv'rity in population, subsisting predominantly on 
cereal an I le.ume dict. (lithwl; cl al . 197">: 1iall-
berg. 198' a) Meat. on the other hand. has a two-fold 
b,-nrchcial efect on iron nu!ritjn firstly. the hcme 
iron in mra' is highly bioavaila le. scondly. meat 
also potentiates the absorption of the non-heme iron 
that is he predominant form of ;ron in other food-
stuffs which would o'herwi- be poor sources of iron 
(Bothwell ct ,1 . 197Q) A similar stimulation of iron 
aborp*.ion from a meal can be produced by foods 
.hat n ludc enhancer, of iron absorption. such as 
a( ori: at. .d 

] hrec me-tirps of a subcommilte of INACG were 
conv.ed Scptrmbcr 24 to 25 and November 21 to 
23. 1981. ;n WashinFton. D.C. and March 15 to 17, 
10Q2. in New York City) to analyze the information 
that isa.ailable on the bioavailabiliy of iron in dif-
ferent dietary 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 a major legume, the 
soybean, is poorly absorbed and that soy products 
may inhibit the absorption of iron from other foods. 
These observations are potentially important since 
soy products ae being used imreisingly as dietary 
substitutes for animal protein. In particular. they are 

.used a, meat extenders and as a source of protein in 
weaning fooJ distributcd to developing countries. A 
major aim of this -.ubcommitter was. therefore, to re­
view pesent knowledge in this area. and to examine 
the pertinent exprimein'al data Many of the studies 
that are included in thi. report are unpublished, but 
our discussion of !'ie.e data is based on a detailed re­
view of the manuscripts This report deals almost ex­
clusively with human studies because it his proven 
difficult to make quantitative or qualitative cxtrapo­
lations from iron abs)rption exprriments in .)nimals 
to man. 

Since any analysis oi this ty)p. ispredicated on the va­

lidity of the available data. it is helpiul first to review 
the basic technique which has bex-r. used over the last 
several year% to asseis the bioavailability of dietary 
iron in man Aainst such a background it should 
then be possible to assess the- significance of data re­
lating to cereals and legumrs. and to develop guide­
lines for policy action. if this be deemed necessary. 



H.
 
The Measurement of Dietary Iron Absorption
 

Sinnle 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 sevtral 
months prior to slaughter. The principal finding in 
this and subsequent studi, of the same type was that 
food iron of animal origin was generally better ab. 
sorbed than vegetable iron (Layriw.and Martinez-
Torrms. 1971; Martinez-Torres -nd l.ayrisse. 1973). 
Vhile the information obtained with this approach 
was usful., its limitations became apparent when two 
,.f the foods labelled with different isotopes of iron 
were administered simultaneously. For example. 
t.ayrise 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 is 
,emembered how varied typical diets are in different 
cultures, this strong interaction makes it clear that 
only limited information czn be expected from stu-
dies using single, biosynthetically labelled food 
items, dnd that data on food iron absorption can real-
ly only be useful if there is some way of measuring 
absorptior, from the total diet. 

Absorption from Meals by the Two-Pool Method 
The recent development of a t.,chnique for estimating 
a.on 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 in a soluble inorganic 
iron salt was mixed with a food item of vegetable on-
gin just before it was eaten, the added iron (extnnsic 
iron) was absorbed to an extent which was virtually 
identical to that of the intrinsic food iron. This was 

establtshed by labelling the extrinsic iron and the in­
trinsic food iron with two different isotopes (Both­
well et at., 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
taining 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 et al.. 1973). 
It indeed became apparent that when several food­
stuffs are consumed in the same meal, the aggregate 
non-heme iron forms a common pool in the lumen of 
the gastrointestinal tra't and that it is this pool which 
is labelled by the extrinsic radioisotope. 

While current evidence supports the concept of a 
common intraluminal pool of non-heme food iron. 
certain exceptions have been noted in which isotope 
exchange is incomplete. The absorption of theanimal 
iron storage compounds. ferritin and hemosiderin, is 
significantly lower than that of the vegetable iron in a 
meal (Layrasse et al.. 1075; Martinez-Torrs et al.. 
1976). The same is true of non-heme iron added to un­
milled, unpolished rice. possibly due to impaired dif­
fusion of iron across the dense outer aleurone layer 
(Bjorn-Rasmussen et al.. 1973). In addition. insol­
uble iron compounds. such as ferric pyrophosphate. 
ferric orthophosphate atid ferric hydroxide are poor­
ly absorbed (Cook et al.. 1973; Derman et al.. 1977). 
while ferric oxide is not !-bsorbed at all (Derman et 
al.. 1977). 

The concept of a common intraluminal pool has been 
found to beequally valid for the heme iron in food. if 
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a small amount of "Fe-hemoglobin is added to a meal 
i" 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 -he heme fractions it therefore became pos-
sible for the first time to mreasure the total absorption 
of iron from a whole diet (Ljyriss: and Martinez-
"1lorres. 1972. fallberg and Blorn-Rasmussen. 
1072. Blorn.Rarmnusscn er al . 1974. l.ayrisse et 
al.. !074). The finding that the estima!es of iron as-
similation agrc-d closely with c-.timates of total body 
iron loss provided addit:onal %ilidation of these re­
sults by reflec!:ng the cxpcct.-d balane between ab-
srption and loss In human studies. most attenzhon 
has been paid to the absorplion of non-heme iron 
since it forms the malor portior. of the dietary iron in-
take. and because its absorption is influenced much 
more than is heme iron by the composition of the diet 
and by the iron status of the individual. 

Technical Considerations 
Method of Administering the Tracer. In early studies 
on food ir-n absorption from whole meals, great ef-
fort were made to distribute the extrinsic tracer 
through all the food items However. il has been 
subsrqucntly found that cqual;y valid results can bec 
obtaimd by libeling only one-bulky component of 
the d:ct (B;orn.Rasmusen Ct al . 1976). Further-
more. it has bx-r- shown that the absorption of non-
heme iron from freely chosen meals can t reliably 
measured, provided -ha- the exact intjke of different 
foods isdetermined and tha! !he radioiron isadminis-
ter'd in some bu.ky component (Hallberg et al.. 
1979) 

,%ias:reyie':t of Radioacti:'ty -i Wood -.-s Whole 
Body Co: i'ifu'g A unique fcature of iron metabolisrn 
in relation to isotopic measurements is the fact that 
most of the absorbed rad:oacti-ity is normally incor 
porated into circulating red cells with;n 10 to 14 dais 
of oral administration .t is therefore pov;xible to est. 
matet the percentage of radioiron that was ab)rbed 
from the radioactivity prcown- in red cells af'er 14 
days. assuming an incorporation of absorbed radio-
activity of 8Olv in normal sub;ects and of 1)0"v in 
iron-deficiert subiects. For calculation purposes. an 
assumed blood volume based on the height and 
weight of the sub;ec: is used. The validity of tese as-
sump-ions 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 ("Fe and 3*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 each subect. For example, the 
effect of charging a single item in a diet can be as­
sessed by carrying out absorption measurements with 
each of the isotopes on succeeding days. Indeed. 
much of current knowledge concerning the effects of 
enhancers and inhibitors of non-hemc iron absorp­
tion has been obtained using this approach (Bothwell 
et al.. 1970. }Hallbera 1981a). 

Absorption from a Reference Dose The degree to 
which non-heme iron in a diet is absorbed by an 
individual depends not only on the bioavailabdity of 
the iron but also on the iron status of the individual: 
more iron is absorbed by irondeficient subjects and 
less by those who are iron-replete (Bothwell et al.. 
1979). Without making allowances for variat ons in 
iron status. it is therefore difficult to ass-ss the signifi­
cance of differences between the absorption of iron 
from test meals. Iowever. the prob.em can be largely 
overcome if allowance is made for variations in iron 
.-tatus by obtaining an independent measure of each 
individua s absorpt.vc capacity. This has been ac­
cornplished by dccrmining the absorl.tion from a 
standard dose of inorganic radioiron given at physio­
logical levc!s under standardized fasting conditions. 
The concept of rfcreo c dos of radioiron was in­
troduccd by Layrsse and coworkers (1969!. An infor­
ral agreement has bc-c reached among workers in 
different countries to use 3 mg of iron is ferrous sul­
fate togcthcr wih .30 mg asorbic ac:d for -his refer­
ence dose. In a group of sublrcts with varying iron 
status there is a gooj corrclation between ihe absorp­
tion from the reference dow and from the non-heme 
iron in the meal. Thus. -the r,i.torihip between the 
two absorpion measu:¢mcrrs (meals reference 
doses) is an index of the hioavaidability of the non­
heme iroii in a meal (Blorn-Rsmusscn et al., 
1976). However in iron-balance .alculations. it is in. 
portant to have a measurement of b:oavailabili!y that 
is more concretr and absolute than tFr slope of such a 
regression line. and that can be relacd to a certain 
iron status A meaningful mrasure of the bioavail­
ability of nonheme iron in a meal would be the ab­
sorption in sub:ects who have borderline iron defi­
ciency. i.e . sub;cts wih absent irot, storcs who have 
not yet developed anemia such subtects are also of 
interest because they correspond to popuitions who 
are at rik 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 bioa.'ailability of 
non-heme iron in a meal should be expressed as the 
absorption value that corresponds to a reference dose 
absorption of -O'v. To increase the accuracy of this 
calculated value, it is desirable to include in each 
study subjects who range widely in iron status. 

absorption from this pool. there are certain qualifica­
tions that must be mentioned. First. i. has not always 
been possible to estimate the size of the common non­
herne iron pool labelled by the extrinsic tract: since 
the diet sometimes also contains contaminating iron 
from dirt and dust that isof poor bio-vailability and 
that does not mix with the common non-herne iron 

Validity of the Fatristc Tag Ml'thod to Mlasure 
,'ton.H,-m,. Iron AIbsorprjro' The use of the extrinsic 
tag rr.'hoJ to measure the total aisorption of non-
hrme iron from composite meals has been validated 
in anumber of way,.(Hallbeg. 1981a) As mentioned 
in a previous section, the absorption of the extrinsic 
tric er has been feund to 1e the same as the iron pres. 
rnt in biosynthet,:cally labdled foods in a variety of 
di!aryitti:ngs The .ai.orption of the extrinsic and 
inrin,:c tracers has been found to h. the same if the 
dou y labelled (('ods are fed immediately afer the 
addition of the extrinic !abel Furthermorr. abs)rp-
lion from the t%o 'r. ers remains the same in the 
pin.,Mr.ce of vario, .irnounts of ;norgani iron and of 
j%<orbic ai d or of apo.tent ;ron chelator. desferriox. 
a..ine Iden:c.i pl.smi rad;oactiv:!v curves are oh. 
tamne, in the hours tol!os:n, the. adiinistrahrion of 
doubly la ;d foods F:n.i:ly. when two t'ioyn, 
tcijcally laelled foods. nameirly er.s and white 
whrat flour each laib.lld with a different isotope of 
iron have been ,ed toycZher. ab)rption of -he two 
tracers has been tepiteidentical the tact that their 
'ioavailabilit, when fed individually differs several-

fold, 

W'hile there is therefore good reason to accept the 
concept ef acommon non-heme iron pool in the diet 
and of the extrinsic tag metlhod as away of measuring 

pool. However. reently an in vitro technilue has 
been described wnich makes it po%sle to measure 
the extent -o which contaminating iron is labefled 
by the extrinsic tracer iHallberg and Blorn-
Rasmussen. 1981) Another precauion that must be 
taken relates to the amount of iron adminiserev with 
the extrinsic tag. This should consist of only a tracer 
dose of radioiron. since it is important to ensure that 
the chemical properties of the non-hemc iron pol in 
the meal being studied are not altered. The larger the 
amount of inorganic iron aJded to a rmeal. 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 iron fortificants (e.g . most forms of 'educed 
iron 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 hioavaidability is 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 fortification iron In such (ircum­
stances, it ispossible to measure the relative bioavail­
ability of the iron fortifin(ant by labelling it with one 
tracer of radioiron an-J the non-heme iron pool with 
another tracer. In this way. both the size of the non­
hene iron pool and ,is bioavaidability. including that 
of the iron fortificant. can be accurately determined. 
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III.
 
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 amovnt of iron ingested. the 
composition of the meals and the behavior of the mu-
co-aoftheuppersmallbowel. Theroleofeachwillbe 
discusse% ieparately. 

Dietary Iron Content 
The iron content of the diet is determined by its con-
stituent foods Typical Western diets usually contain 
about 6 mg iron per 1000 kcal. with surpi isingly little 
variation (U.S. Department of Hea!th. Education and 
Welfare. 1972: liallber, and iljorn.Rasmusen. 
1981). In certain circumstance,. extrin.ic iron. in the 
farm of dirt or solubilized from the surlace of con-
tainers or cooking vcsels. may increase the amount 
appreciably In general. iroi in the form of dirt isof 
low bioivilabdlity (Derman ir-al.. 1977; Hallberg et 
al.. 1977) and usually ha, little effect on iron nutri­
tion. but iron derived from pans or skillets can add 
significantly to the al-sorbable iron intake, especially 
when the p1 of the food bing prepared in them is low 
(Moore. 1965). 

Bloavallability of Iron 
Variations in the bioavailability of dietary iron have 
been shown to be of greater relevance to iron nutri-
tion than the amount of iron ingeste.. Radioisotopic 
absorption studies have establish, . that there is a 
striking difference between the inir;nic bioavailabd-
ity of the iron in grain products as opposed to the 
bioavailabiliy in fish and meat In one study, the 

mean absorption of the iron in three major grain sta-
pIes (whea-, rice. maizil r.nycd between I and 7% 
(Layrisse et a! . 1909 *Layrisse and Martinez.Torres, . 
1971). In contrast. figure., r fish and meat varied 

between 12 and 20%. Much of the iron in the latter 

foods is in the form of heme, which is highly bioavail-

able. This can be ascribed to the fact that h.'ne 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 is directly 
taken up into the mucosal cells by an absorption 
mechanism different from that of inorganic iron. 
Herne is also unaffected by thu hif,.. p-I of the upper 
small bowel. wl.ich renders, some forms of inorganic 
iron insoluble Becau,- of th-e facors, when heme 
iron is fed as meat. it contributs substan-ially to iron 
nutrition even thouh it usually forms only a small 
proportion of the total intake of d:etary iron For ex­
ample. in one sudy home iron made up only 6% of 
the dietary iron. but accounted for 30% of the total 
that was absorbed (Blorn.Rasmussen ci al.. 
1974i. while in anothe. it represented 33% of the die­
tary iron and 74% of the absorbed iron (Layrisse et 
al.. 1974). 

The situation with regard to non-heme. food iron is a 
good deal more complex. When eaten alone, the iron 
in a number of widely consumed staples. including 
maize, wheat, rice and black beans. is poorly ab­
sorbed, with geometric mean aborptior.s varying 
between 0 8 and 5 7% (Table ' The oily exception 
so far identified o wheat iron. which isieI; absorbed 
once the bran ha, been removeJ (str pag;c 14). How­
ever. wher. these various staplrs form part of a mixed 
d;et. theab-orplion of the iron (ontained within them 
is markedly iniluenced by other dietary constituents. 
As mentiored in a prrvious sw4ion. most of the non. 
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ABSORPTION OF IRON FROM 

Authors 

Bi~Ot-
Rasmussen 

et al. (1972) 

Cook et al.. 

(1972) 

Layrisse 

et al. (1969) 

Sayers 

et al. (1974) 

Denman 


et al. (1977) 

Bj6rn-

Rasmussen 
et al. (1972) 

Vegetable 

Maize 
(chapatti) 

Maize (boiled and 

baked) 

Maize (baked) 

Maize (porridge) 

Maize (porridge) 

Wheat (white bread 

rols) 

TABLE 1.
 
A NUMBER OF STAPLE FOODSTUFFS WHEN FED ALONE OR TOCETHER
 

Geometric Mean 
Absorption % 

Number of Final Iron Intrinsic Extrinsic 
Subjects Content (mg) Label Label 

10 4.6 1.5 1.4 

81 2.0 3.3 3.7 

21 4.0 4.2 ­

5 4.1 0.8 0.8 

22 2.0 - 3.8 

5 0.3 26.9 25.1 

Total Absorption (mg)
 
Corrected to a 40% Reference
 

Absorption
 
Intrinsic Extrinsic
 

Label Label
 

- -

0.07 0.08 

0.21 

0.03 0.03 

- 0.06 

-



Biota- Wheat 5 1.1 2.7 2.7 
Ramuusn (brown bread) 
et. al. (1973) 

Cook tt al. Wheat (bread) 13 2.0 2.6 3.0 0.1 0.11 

(1972) 

Layrims Wheat (bread) 18 - 5.7 - - -

et al.(1969) 

BjOm- Rice 18 1.0 3.8 4.4 -

Rasmumen 
et al. (1973) 

Sayers et Ric & potato 6 5.5 0.8 2.0 0.04 0.09 
al. (1974) soup 

Sayers ef Rklentil 10 7.8 - 3.2 - 0.28 

al. (1974) soup 

Cook e al. Black beans 8 3.0 1.5 1.2 0.07 0.06 
(1972) (boiled) 

Layrisme et Black beam 15 3.4 2.6 - 0.24 -

al. (1969) (boiled) 



hene iron in a meal, whatever its origin, enters a 
common pool during the process of digestion, and is 
thus uniformly susceptible to the effects of a number 
of enhancers or inhibitors of iron ,bsorption (Cook et 
al.. 1972; Hallberg and Blorn-Rasmussen. 1972). It 
i. now clear that the degree to whic i the iron in a ce. 
real such as maize isabsorbed is dependent on the rel-
ative proportions and affinities for iron of other con-
situents of the meal. 

Inhlibitors of Iron Absorption A number of com-
pound-- have been claimed to interfere with iron ab-
sorption These include carbonates. oxalates. phos-
phates and phytates (Bothwell e't al.. 1979). Many 
d:cs contain large quantities of one or more of these 
substances, and it has been suggested, on the basis of 
iri :itro studies, that they form large, insoluble com-
plcxes with iron which are very poorly absorbed. 
However. the degrer to which such complexes inhibit 
iron abs)rpnion is variabe For example, oxalates 
have been shown not to inhibit iron absorption when 
*cst-d :,i v-iv-o (Hiallberg. unpublished dita *Gillooly. 
Torrarce and Bothwell. unpublished data) and inor-
ganic phosphate does not affe(t dietary iron absorp. 
tion when given alone. bu. does s) vcn given as the 

un sal i.Mons'n and ok. 1076: Presumably. 
thi'. i%d:e io the adsorption of iron onto the com-
pound Data concerning the ro:e of phytate on iron 
absorption are confusing ant ire di,,,cu .sed in the sec-
'ion entitled. Effects of Cer-ajs on Iron Abuorption. 

I has been suggescd that some factor or factors pres. 
en, in vegetable fiber may have an inhibi-ing effect on 
non.he.e iron absorption, and it has been shown 
that the fiber of wheat and maize binds iron (Reinhold 
t al.. 1981 . However, absorption sudies with speci-

fic (onstituents of dietary fiber. including pectin and 
cel!ulos, have yil.ded negative results (Gillooly. 
Torrance and Bothwell. unpublished data' Cook. un-
publshed data. Hallberg and tossander. unpublished 
data). 

Ore of the most potent inhibitors of non-heme iron 
absorption is Indian tea ([isler et al.. 1975a). When 
Irdian tea is consumed with avariety of meals there is 
a marked reduction in iron absorption. which has 
been shown to be due to the formation of insoluble 
iron tannatcs (Disler et al.. 1975b). This observation 
is likely to have broad relevance t,) iron nutrition 
s;nce tea is drunk with meals in many parts of the 
wor!d. Similarly. polyphenols. of which tannates are 
but ore exan,.le. are widely distributed in foxdstuffs. 
and the pxot absorption of the iron present in sor-
ghurn. 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 iron (Halkett et al., 195.8). In addition, when 
iron is fed with egg albumen. its absorption is low but 
is significantly increased when the albumen is heated. 
presumably due to the inactivation of conalbumin 
(Morck et al . in pre-s). However. some perspective 
on thesw observations is provided by the results of a 
recent study in which :he effects of various compo­
nents of breakfasts were compared Eggs were found 
to cause a decrease in the percentage absorption of 
non-heie iron, but the actual amount of iron ab­
sorbed increased slightly due to the higher iron con­
tent of the breakfasts that containd ergs (Rossander 
a al.. 1979). In contrast, milk and (hese add very lit­
te iron to a meal. and since they do not enhance the 
absorption of iron from a mixed meal, iron absorp­
tion from meals containiny milk or chetse as the ma. 
jor pro!ein source is much less than that from meals 
including equiva!nt portions of meat. fish or poultry 
(Cook and Monsen. 1976). 

Enhancers of Iron AIsorptson Two major enhancers 
of iron absorption are meat and ascorbic acid. The 
significance of meat for iron nutrition is actually two­
fold. theeffect on the non-heme iron in the meal being 
over and above the well-absorbed heme iron which it 
contains (Layriss et al . 1973). How meat enhances 
the absorption of non-heme iron isnot known, but it 
is possible that the cysteine present in meat protein 
may play some role (Nartinez.Torres et al.. 1981). 

A second major enhancer of iron absorption is as­
corbic acid (Sayers e al . 1'73. Both-veIl et al.. 1979 
Hallberg. 1981b). The effcct of ascorbic acid on non­
heme iron absorption has been tested in a number of 
dietary settings and in every case has been shown to 
be profound. It plays a particularly critical role in 
diets in which little or no meat is present, such as are 
consumed by the vast matori'y of the worlds popula­
tion. In considering the iron nutritive value of such 
diets it is essential 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, oranges, lemons, grapefruit. 
guavas and papayas are important fruit sources of as­
corbic acid. as are broccoli, cauliflower, cabbage. po­
taoes. beetroot and pumpkin, among the vegetables. 

While current evidence underlines the importance of 
ascorbic acid as a promoter of iron absorption, it is 
not the only organic -cid in food that fulfills such a 

8
 

http:exan,.le


role. Numerous vegetables and other foodstuffs and 
beverages contain apprtciable quantities of organic 
acids, including citric. malic. lactic. succinic. and tar-
taric acids. each of which has been shown to promote 
the alnorption of non-heme iron under certain condi-

tions (Dr:man cr at.. 1080. Hallberg. unpublished 
data. c illooly. Torrance and lothwell. unpublished 
data). However. the relative roles of thes various 
acid%on iron nutrition remains to be detined. 

Chemical [eCerminaiof Ivod Ion Bioavailability.t. 

Explanation%for 'he marked differences in bioavail-
ability of non-hene iron from various meals must lie 
in the chem;cal nature of .ron in fiods and in the 
chemical tranformations that ocu'r with procesing. 
storage. cooking. interaction of foods in a meal. and 
digecston Among the known chemical factors that 
play important interrelated roles in iron bioavailabil-
ity are hermoclynamic and kinetic stability constans 
(Clydesdale. unpublh-.hed data). reduction potential 
and pHi (No;eim cr al . 1081. No:eirn and Clydesdale. 
1981). and the formation of low molecular weight h-

gands (Saltman. 1965) Solubility. bawd on pfH and 
particle size. has also been suggested as a means of 
prcdi(ting iron bioavailability (Shah er al. 1977) and 
as a reason for the greater bioavailability of ferrous 
iron as compared to ferric iron. 

"The chemical state of iron in food undergoes changes 
through reactions that involve a decrease in free en-
ergy. For ins-ance. Fe(O ) may be produced spon­
.anrously if a food isrendered alkaline. ,nd with time 

and or prcssing. io may become insoluble, even 
when -he pH issubsequently decreased to the acidity 
of the stomach. Thus. the solubility. as well as the 
free energy of iron interactions, are controlled to 

some extent by pH and carnot always be considered 
reversible in the stomach or by acidi ication of the 

food This provides. an cxplanation for the observa-

tion that 17e(H), wa. not found to be interchange-
able in the non.heme iron pt)l of maize porridge 
since it was absorbed only half as well as the intrinsic 
iron prest-nt (Derman et al . 19/7). It may also be one 
of the factors.explaining why other compounds. such 
as metallic iron. ferric orthophosphate. and ferric 
pyrophosphate. do not fully exchange with the non-
heme iron pool and ire thus less available for absorp-
tion. 

Although some differences in iron bioavailability can 

be explained in terms of pH or reduction potential. 

the fachlitation or inhibition of the bioavailability of 

non-heme iron seen in other studies cannot be pre-
dicted from these factors. Th's is due in part to the 

chemical ligands which form complexes with iron. 

However, once formed, the characteristics of these 
compounds will in tumr depend on other factors, such 
as pH. For example. ferric iron will cor.-ibi-,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 that if an 
alkaline food is fortified with iron it may not be able 

to form a soluble asorbate complex and may instead 

precipitate as Fe(Olf). becoming unavailable for ab­
sorption. Kolirr i et al.. (1981) confirmed the fact that 
ascorbic acid i most effective at solubilizing iron in 
pinto beans at a low pH and that citric acid is much 
more effective at a higher pHf. The degree to which 
iron is bound to various fibers, including cellulose 
and lignin. was also found to be pHt-dependent 
(Camire and Clydesdale. 1981) The effectiveness of a 

given ligand will probably depend upon these inher­
ent constants, and should eventualy provide an ex­
planation for some of the results which still rem kin 

puzzling, such as the apparent dissimilarity betwten 
the effects of endogenous and exogenous phytic ac.d. 
as well as the differences in various mineral oxalats 
(Van Campen and Welch. 1980). Ascorbic acid. the 
best known enha,..er of bioavailability. probably 
owes its action to appropriate thermodynamic and 
kinetic stability constants as well as its favorable re­
duction potential and its action as an acid-

In additicn to enhancers of iron absorption in foods. 
certain fastrointestinal secretions, notably hydro­
chloric acid. also promote the absorption of non­

heine iron by rendering it ionizable (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 
Iron absorption is markedly influenced by the 
amount of storage iron in the body. if the storage iron 
isdiminished, a high proportion of the available iron 
is absorbed, and as the storage iron increases, less 
iron is absorbed (Kuhn er al.. 1968). Thus. body iron 
content is regulated by the mucos.sl handling of iron 
in amanner that favors the maintenance of body 'ron 
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). However, 
the amounts actually absorbed const.:ute a relatively 
small percentage of the total. In the adult iron-
replte male consuming a mixed Western-type diet. 
the average amount of iron absorbed each day 
matches the obligatory basal Iosmes of about 1.0 mg. 
In the female during her rcprcductive y'ears. menstru-
ation increases physiologic los,,s !o an average of 
about 1.4 rng daily (al:berg e-t a!. '9Qow. and the 
percenta:,e of iron absorbed i. substantially greater 
than in men When iron requi-ements rise. whe.'her 
for physiologic cr pathologic reasons. iron absorp­
tion from the intrtinal mucoa mcrea.es in a corres-
ponding fashion, but -he amount of dielary iron and 
its bioavailability ultimate!y place a ceiling on the 
amount th.t can Ue absorbed. With customary West-
ern-type diets, the maximum is between 3 and 4 mg
daily. 

Analysis of diets in developing countries indicates 
that the iron content is not unusually !ow and may 
even be high. with a significant proportion derived 
irom contaminating sources, such as soil, dust and 
water. As mentioned in a previous section. iron is 
poorly absorbed from diets in which the major stap;me 
are cereals and legumes. un.c--s moderate amounts of 
meat or ascorbic acid are aso presret For example. it 
has been calc.:lated that when the daily dietary iron 
content 1s%S myand there isIl-s than 30 Vof mrat or 
less -han 25 my ascorbic acid press-nt. then the total 
amount absorbcd by a subje with no iron stores 
would b etp-teird to be It-. than 1mg (Monsen er al.. 
1978) Since mrat is ex;''nivc and virtually absent 
from the usual dirt in most devrloping countries. the 
bioavailability of the dir-ary :ron is ;argiely depen-
dent on the amoun, of as,€orbi( ac id and other organic 
acids in the fruits and v g ablrs consumed, and on 
the extent to which they are rctair.c 4 after cooking. 

Technical Intervention to Increase Bioavailability 
Food processing affects the chemical forms of iron in 
food and thereby influences iron bioavailability (Mee 
and Clydesdale. 1078. Lee and Clydesdale. 1981). In 
order to monitor such chem:cal changes in iron. a 
method for determining iron prohles in food was 
developed (lee and .lydeidahe. 1479) which included 
elemental, total nonelemcntal. soluble. insoluble 
ionic. soluble complexrd. ferrous, and ferric iron. 
Application of ths mrethod howed dramarc changes 
in iron profiles for various foods. under different pro-
cessing conditions Iron fortiication sources (includ-
ing ferrous sulfate. ferric orthopliosphate. ferric so-
dium EDTA. and elemental iron) became solubilized 

and were found in the ferrous form to varyinj degrees 
depending on addition of ascorbate. duration of am­
bient storage, and spray or freeze drying (Lee and 
Clydesdale. 1980a). The same iron sources became 
insoluble as aresult of baking in a non-yeast leavened 
product (Lee and Clyde-dale. 1980b). Thermal pro­
cessing of spin-ch caused 93% of the endogenous iron 
to be rendered insoluble. whereas iron added to spin­
ach varied in solubility depending upon the source 
and the presence of ascorbate Ferric sodium EDTA 
was found to be minimally affected by thermal pro­
cessing (Lee and Clydesdale. 1981). 

A technique to bind iron to wveral proteins (e.g.. 
wheat gluten, soy isolate, and casein complexes) was 
ceveloped in an attempt to enhance the bioavalabil­
ity of iron (Nelson and Potter. 1979). When the pro­
tein-iron complexes were subjected to digestion in an 
HCI-pepsin or an HCI-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 in wheat bran is affected 
by pH (Camire and Clydesdale. 1981: Reinholk et al.. 
198:). and neutraliza'ion of soy products has , en 
shown to influence the availability of zinc This is an 
area where tchnological intervrntion might be effec­
tive As well as a simp!e decreae in pff. a pli adlus.t­
ment with later neutralization might be considered at 
vlrious points in the pr(cessing of soy products (we 
discussion on pp. 231ff Such altirration, at straegic 
points in heating n:g-ht d(rcrea- iron b:ndcing with 
fibers. Thes. m . tr'o find:ng underline the potential 
importan.ce of processm:ng in influrning !he chemical 
characteristics of food iron IThe major nt-d now isto 
ascertain the relevance of the ii ' irro findings to hu­
man nutrition by iron absorption studics in man. 

Presence and/or Additioni of Ligais The most fa­
miliar exampk o! enhanced bioavailability due to 
complex formation with a ligand is that formed by 
iron with ascorbic acid The excellent facilitation of 
iron absorption by ascorb:c acid is probably due to a 
combination of factor.. including pli and favorable 
reduction potential in ot ha!f reaction. in addit:on to 
its activity as a ligand 'Clyiesdcale. unpublished 
data). However. a.orbic acid is heat labile. Lnd its 
irreversible oxidation will eliminate the properties 
that allow it to facil:tate iron absorption. Fol this rea­
son and others. it would also In advantageous to 
investigate other ligands. such as the carboxylic acids 
involved in the tricarboxylic acid cycle which might 
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have the advanta.e of being heat stable. The key to the gtatest facilitation of iron absorption. The for­

choo.ing appropriate ligands is to have greater mation of such ligands within foods could be poten­

knov;lidgir about both the thermodynamic and kinet- tiated by modifications in processing, or ligands 

ic stability constants of the complexes formed (Forth could be added at critical points in the manufacturing 

and Rummel. 1973: Gorman and Clydesdale. unpub- process. 
lihbcd data) and the range of stability which provides 
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IV.
 
Cereals 

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

Cereal Million Metric 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 
S8 million in fiscal year 1979 and distributed world-
wide under Unitcd States Public I..w 83-480 ([11480). 
Food for Nace Program " CSM. for example, con-
tams 59% maize meal. 17.5% soy flour. 15% nonfat 
dry milk. 5.5% soybean oil plus vitamin and mi-eral 

rate as an iron supplement, while the vitamin premix 

a ..,o:tr
S:aii'e Coe"xr , ujr,4q. T,z't 1t d P..b':4 a.. 81 41) "l'. AJ.Lf' 

*T1., Food lot Peacet ,rtrr.s , ;U.4by il,EUr'iiod 
,S,,IjT a uk Te!rop11-:.,.N'd 4., 01 4 ?., , . 
PKi;Vt 0corn'A. Jl ..'.-. by roi.,,...
u' '.,pl-i, Iood con--od,,.es In vu-.eq.r:. )rj . '6% 
bftf p'!acd on s;. 04 cotn-o;,i.q;-, lon--i'jiM loodss ,,i.,n 

contains ascorbic acid. Theu 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. a molar ratio of as­
corbic acid to iron of about 0.7. At th 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 ,nJ 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 prodution is used as animal feeds. In 
Asia and Africa. food uses of ,o:-hum inc!ude flat. 
unleavened Sreads. rice substitutes, and rorridges 
which may be fermented or unfermented. Additional­
ly, sorghum is used for betrs which are generally high 
in solids and relatively nutritious (Derman et al.. 
1980). 

Processiing 
Some slient features of cereal processing are sum­
mariz.n 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 orpaddy rice. The major objectives of milling are to re­

move the hull and the bran layers (including thegerm) and to recover the maximum amount of whole 
rice kernels. Rice processing consists of cleaning. 
hulling (shelling). milling, polishing and sizing (sep­
aration of whole and broken rice). Figure I outlines 
the various steps involved and shows the approxi-

Sffmate distribution of the various fractions obtained 
ptiwrt l " I ii, -o.ei,, The. Food tot Peac PrI'ogamrn id.mrn'oj.ed by ie Agtncy "t Ietrti..-al [rt4opme! wn!h the during standard milling of rice as conducted in theU.,, Sta,, t)pwfwmr , Axiuiwi United States (Luh, 1980). The first step consists of 
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Rough rice 
(100%) 

hulling 

Hulls Brown rice 
(20%) (80%) 

I milling
polishing 

White rice By-products
(70%) (10%) 

I sizing 

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

Second Screenings Brewers' 
heads rice 
(8%) (10%) (4%) 

FIGURE i 

Outline of rict procing aid the drunbutlio of the fractions obatmd. 

TABLE 2. 
COMPOSTON OF BROWN AND WHITE RICE AND RICE BRAN* 

Component Brown Rice White Rice Bran 

Protein (%) 7.1-13.1 5.6-13.3 12.1-17.2 
Crude fat (%) 1.- 4.0 0.2- 1.1 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 40.9-49.1 
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-
move the hulls by shearing forces and then screening. 
The brown rice that results is m lled by abrasion 
(either by rubbing the kernels against a rough curface 
or against each other) to loosen the bran. which is 
then separated by screening. The next s-ep is polish-
ing. which removes particles of loose bran The 
milled rice is then .,ized to separate whole kernels 
(hrad rice) from broken ones. Whole kernels cor.sti-
tute less than one-half of the original rough rice. The 
broken kernels are further fractionated according to 
sic. econd heads are the ,argcst an.j brewers rice 
consists of the smallcs, pieces Table 2 shows the 
(hanrge :n proximate composition and iron content 
thia oc ur whe. brown rice ismilled. Protein remains 
ncar:y conslant. but fa. fiber. ash and iron lend to 
decrcas, when brown rice is processwd in-o white rice 
br(.a.e thse (.corstituents are Con.etrated in the 
ou.rr layer, oi 1l-c ke:nel W-h;!c r:cr ha%only ax)ut 
One1hal. thc i-on ctnt of brown rice whereas bran 
is very high in iron 

Viieat Proccssing of wheat ronsists of removing 1'Ae 
bran (14 5"%) and !he germ (2 5%) from the ;ido. 
spc-rrr. (83%) Af the karnel (Anonymous. 1965). The 
endosperm is recoveed in finely div:dd form as 
white flour. which is wide , -sed in bread and other 
baked g(x>ds. Modern milling ot wheat con.ists of a 
complex series of opcraions including clean:ng. 'm. 
poring. grinding and silting to yield flour and associ-
atd by-products (Figure 2) The by.producs.-bran. 

Wheat 
(100%) 

milling 

Flourf 
(72%) Bran 

shorts. (fine particles of bran, germ. flour and offal), 
red dog (milling residue plus fine particles of bran, 
germ and flour). and germ-are reerred tocollective­
ly as mill feeds and used primarily for animal feeds. 
An average of 72%1 of the wheat is ricovered as flour. 
Table 3 shows the changes in chemical composition 
that c ':ur when wheat is milled into flour. Flour is 
lower in protein, ash and fat. but higher in starch than 
wheat. Of special ":gnificance is the low iron content 
of flour as compared to the startir.g wheat. In con­
trast. the bran. one of the by-products of milling, is 
several-fold higher in iron content than the original 
wheat. 

Because of the low iron content of white flour and its 
widespread use in bread and other foods in the United 
States. it has been common practice since 1941 to en. 
rich flour with iron. Present iron levels in enriched 
flour are 28.6-36.3 mg!kg (13 0.10.5 mg'pound) and 
they are scheduled to be increased to 44 mg'kg (20 
mg/pound) on July 1. 1983 (Anonymous. 1982). 

Maize In the Uni;ed States. proessing of maize is 
conducted either by wet milling or dry milling (In­
glett. 1970) The wet milling industry, however, pro­
duces only starch and derived products for food use. 
The by-products. hull (bran). gluten and maize germ 
meal. go into animal fetd,. 

The dry milling industry in the United States uses two 
general systems-nondegerming or degerming. Tb.­

44 
Shorts Red dog Germ 

(28%) 
FICURE 2 

Distribution of the fractions obtained by the milling of wheat. 
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TABLE 3. 

COMPOSITION OF WHEAT, WHITE FLOUR AND BRAN 

Component Wheat' White Flour Bra-

Moisture (%) 14.0 13.5 10.7 
Protein (%) 11.1 10.4 12.1 
Ash (%) 1.5 0.4 6.2 
Fat (%) 1.8 0.9 4.2 
Crude fiber (%) 2.1 - 10.9 
Starch (V 56.8 66.1 5.2 
Iron (mg/kg) 22 4 81 

'Data for hard red spring wheat. Farrel. et al. (1967); Waggle. et al. (1967). 

TABLE 4.
 
COMPOSITION OF MAIZE MEAL, GRITS AND FLOUR
 

Component Whole Bolted Degermed Grits Flour 

Moisture (%) 12.0 12.0 12.0 12.0 12.0 
Protein (%) 9.2 9.0 7.9 8.7 7.8 
Fat (%) 3.9 3.4 1.2 0.8 2.6 
Carbohydrate (%) 73.7 74.5 78.4 78.1 76.8 
Fiber (V 1.6 1.0 0.6 0.4 0.7 
Ash (%) 1.2 1.1 0.5 0.4 0.8 
Iron (mg/kg) 24 18 11 10 -

Source: Ingkett (1970) 

nondegerming tyde of milling consists essentially of 
grinding the maize with little, if any. removal of germ 
to yirld whole maize meal. which has the compost-
tion of whole maiz, (Table 4). Because whole meal 
conains all of the original fat. it has a rdiatively short 
shelf life Whole meal is sometimes bolted (sifted) to 
remove coarse particles of hull and some of the germ 
which constitute 4.6-v of the maize. Fat. fiber and 
iron contents are lowered as a result of bolting (Table 
4). 

Most of the maize processed by the dry milling in-
dustry is degermed by the tempering-degerming sys-
tem. Obtecti-es of the tempering-degerming process 
are: (a) to remove all germ and hull th:reby leaving 
the endosperm low in fiber and fat: (b) to recover a 
maximum yield of endosperm, and (c) to recover 
much of the germ clean and of large particle size. The 
multi-step process consists of cleaning the maize: 
tempering by adding moisture; freeing the hull, germ 

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 variety of primary products can be produced 
in a temperingdegcrming mill. Expresied percen­
tages of the original maize arc as follows: hominy 
feed (35%): regular grits (23%1. coarse grits (15%). 
cereal flaking grits (12%). flour (4%)* coarse meal 
(3%); dusted meal (3%); and oil ( ) Four percent is 
lost due to shrinkage. (..her products are made by 
blending. Brewer's grits, for example. are rade by 
mixing coarse and regular grits. Ilom:ny fced is aby­
prod-ict including the hulls, maize germ meal remain­
ing after removal of the oil, fines from the degerming. 
and other streaisof feed quality. Compositlionsof de­
germed meal, grit .and flour are given in Table 4. Dry 
milled maize products. such as grits and meal, are fre­
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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 bygrindingwithahand-operatedstonemill. After 
pounding or grinding, the outer bran is removed by 
winnowin.. Mechanical milling is practiced in vil-
lages and cities Dry mill:ng as practiced in the United 
States yields four fractions. grits (o7%). bran (12%); 
germ (II ). and fines (10%) The grits are low in ol 
.ind fiber and about the same in protein coiter' 
(10- 1as the whole grain. The oil is concentrated in 
the germ and the fiber is found in high concentrations 
in the bran (Hoseney et al . 1981). 

Effects of Cereals on Iron Absorption 
The bioavailability of dietary iron is determined by 
several factors that enhance or inhibit non-heme iron 
absorption. is previously outlined Cereals are the 
staple food in mos.t dirt [f-.eide, conaininF diffrrent 
forms of s'arch. cerral. contain rhytater and various 
fiber matei.als Certain (creals (ontain other tom. 
ponents such a-. polypih-.nol. which may influence 
the absorption of non hrne iron Con'equrnfly 
cereals tan ie expected lo have varyinr.g frc!s on 
non-hene iron absorption An appr.opria!c wav of 
compar:ng thc r~tc !sof creals oin the .ibsorprion cif 
non-he.ne iron vwoud t 'o study co.lpositr meals of 
identical composition bu! (ontaining different 
cereals. Ai' ugh no such studies are publihcd, an 
attempt has been made to comparr da!a from meals in 
which (1)onecereal madeupthebul of themeal: (2) 
no factor known to enhance or inhibit non-heme iron 
absorption was present in 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 m-n exclusively. 

Rice. Meals in which milled ric- was the major con­
stituent were investigated in five studies comprising 
221 sub:ects (Table 5). All results are adjusted to 
correspond to a reference dose absorption of 40%. 
Because of marked variations in the iron content of 
the meals, the results are only given in terms of per­
centage of iron abso:bvd The meals contained no 
meat or ascorbic a':id-rich fooo In addition to rice. 
the meal, ai.o contained somre 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 %-asgiven as bread. 
and the iron intake in these studies was usually much 
lower than in the absrption studies of rice and 
maize. In some of the studiv- no reference doses were 
given Neverth] .s. -hes- %tudit-,are included as all 
the subject- were normal men. The 40'e reference ab. 
sorption values %erertoimalrd by doubling the ob. 
served mean value% in thew groups is-e Maze be­
lowi The mean absorption in ther 8sub;ets reported 
in %evenstudic wa.i 34,'­

,Mai:; Rcesults trom s-ven 'Ld:e;s (ompris;ng 107 
,ubltect are shown in Table 7 Njos! of the meals stud­
ied contained or.;y rr.a;zc In 'wo -.,udies. no reference 
dow. was givcn Ther-- investigations involved a 
groupof normal young men who werefound to ha.-e 
a reference dose absorption of about 20% in other 
studies. Estimated 40% absorption values were thus 

TABLE 5.
 
NON-HEME IRON ABSORPTION FROM RICE MEALS*
 

Number Iron 
of Intake 

Subjects (mg) 

6 7.6 
89 1.9 
60 5.1-7.6 
60 14.6 

6 14.6 

Mean Iron
 
Absorption (%)e 


1.2 
8.1 
3.7 
6.9 

11.6 

Authors 

Aung-Than Batu et al (1976)
 
Hallberg et a/ (1978)
 
Sayers et al (1974)
 
Rao (unpublihed data)
 
Rao (unpublished data)
 

"All meals are mixed meals composed of rice. vegetables and spices 
'Corrected to a 40% reference absorption. 
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TABLE 6.
 
NON-HEME IRON ABSORPTION FROM WHEAT MEALSO
 

Number Iron
 
of Intake Mean Irol
 

Subjects (mg) Absorption (%)' Authors
 

8 	 3.0 12 Disler rt at. (1975) 
5 	 0.3 56 Bjorn.Rasmus,-n t al (1972) 
5 	 1.0 25 Biorn-Rasmusscn c al (1973) 

28 0.7 32 	 BjOrn.Rasmutcn ct al. (1974) 
10 0.6 28 	 Hallberg et al (1977) 
10 0.6 28 	 Hallberg et al (1977) 
20 	 4.0 35 Rossander (unpubhshed 

observat ions) 

160-80% extraction
 
"Corrected to a 40% reference absorption.
 

TABLE 7.
 
NON-HEME IRON ABSORPTION FROM MAIZE MEALS
 

Number Iron 
of Intake Mean Iron 

Subjects (nig) Absorption (%)* Authors 

17 	 4.0 6.0 Layrisst etal (1969) 
12 2.9 2.4 	 Layrisse et al (1974) 
15 1.6 4.2 	 Layrisse el al (1Q74) 
48 2.0 4.4 	 Cook er a (1072) 
22 2.0 3.0 	 Derman ct al 177) 
12 2.5 3.1 	 Lavr,,..e a d (1Q73) 
11 	 4.6 3.5 Hallberg and 

Blorn-Rasmuswn (1972)
30 	 5.0 2.6 Bjorn-Rasmus.cn and 

Hallberrg (1974) 

'Corrected to a 40% reference absorption. 

obtained by doubling the observed mean absorption There is a firmer basis for comparisons between 
figures The weighted mean absorption of all results wheat and rice flour, and between starch derived 
was 3 7'. from wheat and r:ce or from wheat and maize i re. 

cent unpublished oberrvati.ons of tHallberg and Ros. 
Cca'a,:-,cn A,:ong Rice .Mla:eail Wheat The re- sander. Non heme iron absorpion from .olk madr 
suit, tur'marized above suggest that iron abuorption with white wheat Hour wa. con'parecd '.%ith that from 
is highrt from wheat. imermrdi.'te fro:. rice. and rolls made of rice flour. Ia h cit the wo kindtot roll% 
lowest from maize meals However. any comparison was labelled with a different radmlcicoicpt) of ir'n ar.d 
of the effect%of the-sc three cereal' on non-hene iron served to normal ma!- subjr( t'. in rjnd,:n o.rder A' 
ab,.orpt:on bawd on the studies summarized in Ta. shown in Table 8. there wa. a '.gr.ificanly higher alb. 
blc, 5.7 must be tentative since the cereal contribu- sorption from the wheat rol% in spite of the fact tIha 
tion. -he iron content, and the composition of the the content of iron was nearly the -. me as in the ri~e 
meals varied over a wide range. 	 rolls. In a similarly designed studv, roll%made of 
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TABLE 8.
NON-HEME IRON ABSORPTION FROM ROLLS MADE FROM DIFFERENT KINDS OF FLOUR OR STARCH 

Mean AbsorptionNumber Iron Phytate.I'ho-phons Iron Ratio in 
of Content Content Absorption Relation to 

Subjects (mg) (Mx) (% Whea 

Wheat rolls 6 1.8 0 11.8 0.24 

Rice rolls 1.4 34 3.0 

Wheat starch rolls 2.1 0 34.9 0.37 

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 corrcted for reference absorption. Comparison of absorption values among the three groups can therefore not be rnade.
' Figure 3
 
Source: liallbery and Rtssander (unpublished data)
 



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

The difference in iron absorption between wheat and 
rice was greater when roll%werr made of flour than 
whcn they were made of starch derived from wheat or 
rite A possible basijs for the more prowound differ-
ence in iron abs.orption from the twv-" kind-, of flour is 
the greater content of phytatc in -he rice f0our 

Iron in rraize meal is less well .+.ork'd than iron in 
meals, ha,.-ing wheat or rite as their main %ourceof en-
ergy TIhe average absorption was only 13"%of the 
ahsorpt:on from wheat wlhrn poo!ed results were 
compared (:igure .3 A (onpar:son of rolls -... de of 
w,.heat starj(h and naize sta.-rc showed a stat stcally 
signilicant lower absorption from the maize rolls 
Howcver. the ratio of maize .Irc fh to wtheat starch 

ab,.orption was 0 50 compared with the rat:o of 0 13 
for maize compared to whea: n-eals A possib! cex. 
p'Jnation (or the rWatively good absorption from 
rolls made t.nai st.rch is that they do not have the 
h:gh concnt of phytates pre-snt in the maize porridge 
re.als (1 ab.x 71. Thes results also indicate that maize 
starch has a tess inhibitory clfct on non.heme iron 
absorption than rice starch 

S:rg;::,-'r Iron absorption from meals consisting 

la.'rgy or solely of sorghum has been studied by sev-
eral workers (Wadhakrishnanand Sivaprasad. 1980. 
Derman et al.. 1080 . orck. Lynch and Cook. un. 
p.:bhshrd da 'a. GiJo.y. lorrance and Bothwell. un. 
pub;ished data 1 The resu.jlts of thee stud:es, indicate 
that the iron in .orghum :sorghum vUlgarel is of low 
bomv.udab;lity For es ampi'. in one invcst.:Faion the 
ab.orpi,:on o. iron !:-cr -rce porridge tcals was 
compared. onec .r.!.n-d rrd sc..-u.'.. the other 
is-hite sorehur and .ie thrd r:. . i- :ica; e;-on-etric 

mean aI,,orpt:on%. (orretcd t. .rc:;:cr'.c irorn a! 

sorption of 4>:.. ss-r . o" 2 6 1 .ir'j -14". . 'rsPt-
!ivcl, Morc k. [.yn. aArd ( oo; .:-.ilhti d datal 
Some improvement in iron atsor;'ton rom sorghum 

was, note"! in another eric, ofi xcrimrns. in which 

ti .rghum was ncermented. this wa, show% to be due 
to several factor. including the low pli. the .ower 
sohds content. and the formation o! lactic acid and al. 
cohol (Derman et " of redal .180) The outer coat 
sorghum contains both tannins and phytates. while 
that of white sorghum only contains phytate-s. In one 
study. removal of the outer coat of red sorghum led to 

an increase in iron absorption (6.0c as compared 
with 2.4%). while the bioavailability of iron in white 
sorghum was mtxkd:ly greater than in red sorghum 
(Cillooly. Turrance and Bothwell. unpublishte 
data). 

Brart An inhibitory effct of bran on iron 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 radioiotope method 
(Blorn-Rasmussen. 1974) The amount of bran 
added to bread wa found to inhibi- non-heme iron 
absorption in a dosw.depcndrcnt fashion. Recently. 
Simpun et al (1981! invetigatd the tmechanisms for 
the inhibitingi fec! of wheat bran Bran was found to 
maintain is ii hibit:on of iron absorp-ion after its 
phytatc had lt n d-stroyed by endogenous phytase. 
This finding ar t. other rrsul:t In thc same s.udy mdi­
cated that the inhibition was no- caused by the phy­
tate prese.nt in bran but rather by a water soluble. 
phosphateri(h frac:ion In another s'r:es of studies. 
the eflcws of wfiat, bran and oat bran on nonheme 
iron absorption we"e compared in .s;lb:cctS who were 
srved a breakfast mcal f l.ilberg and Rossander. 
unpublished data ihcse two ki.nd, of bran were 
compared bcauw their content of phylatc differs 
markedly (Table 91 In sp:te of this diffrrence. their 
inhibitory effect on non-heme iron absorption was 
the same The rcsu.:lts o? the above two studies, are in 
actord with the finding by [.i,.chitz and coworkrrs 
'1Q79 that monofcrric phytac. the mtior form of 
iron in bran. w.is as wcll absorled by cdogs from a 
mixed meal as was ferrous sulfatc flowever. result% 
in man that are apparently confl:.ting were obtained 
in another latx)ratory (ftallb-.rg and Rossander. un­
publhsvd data) Washing of bran with water d:d not 

rrdiu(ce its inhibiting liet Washin. of bran wi:h Ji­
lute hydrtcxhloric acid. ho ever, removed the phy. 
tatcs and reversed the. inhibition of iron absori.ton 

A replacement of ph) tate in the hydrochloric acid­
waihrd bran led to a reappearance oi,the inhibiting 
effc, of bran on non hernc iron absorption (Figure 
4) Although thee resuls incia!t-d an inhibition of 
iron absorption by sodium phytatc. 0i Irmainsuncer­
lain '.shc!her phytar %.asthe factor rc-sonsiblc for 
the in!;ibiting cffe.t cf bran on iron absorp'ion It :5 

eviJent that further stu(:es are needed Io fully under­
stand he mehanisms, of the inh;bitory effects of bran 
and phytate on non-heme iron absorption in man. 
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1.0. Meals 

0.5-

O - Floujr 

0 c= 0"5-

C 0 

1.0. Starch 

0.5-

White
wheat Rice Maize 

FIGURE 3 

Relative absorption of non-heme iron from meals composeJ mainly of white wheat, rce or maize (data from Tables 5-7).from rolls pttpared from wheat flour and rice flour. and (bottom part of figure) from rolls made of starch prepared from
wheat, nce or maize (data in Table 8). (Hallberg and Rossanrdt. unpublished data) 
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TABLE 9. 
EFFECTS OF WHEf.AT BRAN AND OAT BRAN ON NON-HEME IRON ABSORFTION FROM A BREAKFAST MEAL' 

Number Iron Phytate-Phosphorus 
of Intake Intake Mear 

Subjects (mg) (mg) Iron Absorption (% 

Breakfast with 
wheat bran 4.1 74.0 3.2 

10 
Breakfast with 
oat bran 3.9 3.0 3.2 

Breakfast 
without bran 3.9 0 4.8' 

9 
Breakfast 
with wheat bran 3.9 74.0 2.8c 

'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 '.onpublished data) 



Whiite V~hoi 

w ietl #branl 

40­

30.
 

20­

n 20Jnzn na19 [n-9
 
Non-hee ] rotre 065 .35 45 
 075 08
 
n(n) jodded 315 - - 315 2.9
 

Totol 38 35 
 45 39 3-7
 
Phye-P (mg) 0 235 230 0 
 230
 

FIGURE 4
 

Iron absorption from wheat bread when given alone or with bran whkh hM been treated In various ways. (Hallberg and 
Roander. unpublished data) 
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V.
 
Soy Products and Other Legumes
 

Level of Utltlzatlon 
The average consumption of -.'y food in the United 
States is thought to approx. fi.ve pounds per 
year. The largest growth in con.uniption 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 is a trend 
toward grea .r use of those that are most highly re-
f:ncd. 

Apart from Asian populations. those that consume 
soy products in greatest quantity are vegetarians, the 
military, consumers of school lunches, infants taking 
soy-baswd formula (an estimated 20% of infant for-
mula sals) and recipients of foods under PL 480. An-
nual use of deratted soy flour in the P[. 480 programs 
alone is 300 million lbs. In infants 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, amh. and 
minor ingredients (Wolf and Cow'an. 1971). In con- 
trast. cirbohydrate is the major constituent of cereal 
grains. As a result of the high economic value cf the 
major soybean constituents, the processing proce- 
durr" that have been developed for soybeans are 

different from the classical milling,procedures 
that have been used for cereal prains for centuries. 
Modificatier ot the processing of soybeans and 
grains should be considered as one of the possible 
means of increasing iron bioavailability, and one that 
warrants research in the future. 

clt':tc 


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 
Flours and grits 
Concentrates 
Isolates 

Prott'n Content% 
40-50 

70 
90-95 

The refining procedures utilized in obtaining these 
products are shown in Figure 5. 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 purification 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 acommon 
history up to the point of hexane extraction and 
subsequent remov-l of the solvent (desolventizing) 
(Figure 5). 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 temperature to 
about 160*F. These tempered beans then go through 
smooth rollers to produce soy flakes which are ex­

tracted with hexane t. remove theil. followed by re"­
moval of sovents and cooking in 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 
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for human consumption undergo special processes chariides, which are insoluble After drying,for hexane r-nmoval (Wolf and Cowan. 1971). 
the 

concentrate has a pH near ne-"rality. 

Protein concentratesmaybepreparedbyoneof three (2) Acid leach: the defatted flakes are subjected tomethods as follows: an aod leach (pH . 4.5) where the proteins are at 
their isoelectnc point .nd are therefore insoluble. as(1) Aqueous alcohol deattedleach: flakes are are the polysaccharides. The wet concentrate isneu.leached with 60-80% aqueous alcohol that dis- tralized before drying to make the proteins soluble

solves the sugars, leaving the proteins and polysac- when added to aqueous food systems. 

(<Z>~ dehulling L]fot 
E carbohydrate 

protein
Soy bean Full fa? flakes 

toasting94 
extraction -

Soy coke I O0 and lecithin 
(onmol feed) 

n Defotted flakes 
grinding I extraction 

extraction 

SOY flour rc 
~preci pitation 

texturing Concentrate 

texturing 

Textured
 
vegetable protein Isolate 

Refined textured 

vegetable protein 

FIGURE S 

Schemati diagram of the changes in the compoutior. of soy beans is aresult of processing (Courtesy of L.Schutie) 
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(3) Moist heat. 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 prot..' content of the three end-products is simi-
lar. but the acid-leached products show greater pro-
tern volubility. It might be valuable to evaluate the ef-
fects of each 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 Camire and Clydesdale. 1981; Rein-
hold et al. 1981) 

Isolates are prepared by extracting undenatured. de-
fatted flakes with dilute alkali at about pH 8.5 and 
centrifuging to remove the spent flakes (polysaccha- 
rides plus residual protein). The clarified extract is 
then acidified to pH 4.5 to adjust the proteins to their 
ioelectric point where they precipitate. This protein 
curd is-hen centrifuged to remove the whey (soluble 
sugars, ash and minor proteins). After washing, the 
curd may be spray dried to yield the isoelcctric 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 
extendurs are generally made with textured soy flour 
after hydration to 18% protein (a little over 2 parts 
water I part flour). When hydrated soy products are 
used is meat extenders they generally replace from 
15-3C-,- of the meat in the United States. and up to 
cr,0r in ,ome part%of the wc-r;d %leat analogs (e g . 
products resembling baon) arc generally prepared 
irom soy cc:ncrntrat-s w.hich .ie comb;.rd with 
water. birders (wheat gl.-ten. egg while solid.) and 
flavor,, and then cooked by extrusion. a high pres. 
sure-moderate !emF<eraturc process 1he cxtrudae is 
fried in oil to yield the analog whi, 'i may be iortified. 

Dairy analog', used as infant formulas are gcnerally 
made from soy isolates and are .ra!e to modify their 
physical propertims and to d.--sroy anti-nutritional 
factors Nutrients. sweeitrnes, vegetable fats. emulsi- 
fiers. and stabilizers are added to -he formula which is 
then heat sterilized and packaged. 

T! e iron content of soy preparations is generally 
higth. Analyses of L7 different samples from five dif­
ferea:t 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/100s (10.5 to 15.2) and 15.0 mg/100S (11.6 to 
19.8) for four soy concentrates and 16 soy isolates, re­
spectively. 

The mean bloavailability of iron from intrinsically 
labelled soybeans differs over a more than tight-fold 
rante in the studies outlined in Tab"e 10. and this var­
iability has never been satisfactorily explained. Fac­
tors such as differences between batches and in the 
stage of maturity at harvesting, differences in meth­
ods of preparation and in the iron content of the test 
meals, and differences in the iron status of the test 
subjects may have played a part. One valuable point 
that did emerge and that has relevance for later stud­
ies was es'ablished in two of the early studies. When 
an extrinsic tracer wa, fed together with the soy­
beans, its absorpion was the same as the intrinsic 
iron present in the beans (Bjorn-R asmussen et at.. 
1973: Sayers ii al.. 1973). This finding helps to vali­
date the results of subsequent studies in which only 
ex'rinsic labels were used. 

Effects of Soy Products and Other Lelumes
 
on Iron Absorption
 

Of the legumes which hav. been tusted for iron bio­
availability, most attention h.:. been directed at soy.
 
since it has been extensively used as a substitute for
 
animal protein. Because of this. virtually all the dis­
cussion that follows will be concerned with the effects
 
of soy products on iroi. absorption By comparison.
 
there is .,nly limited information on the bioavailabil­
ity of the iron present in the many other legumes
 
which art widely consumed throughout the world.
 
Howeve.. the information that is availableis of a uni­
form pattern - iron in legume-. is of low bioavailabil­
ity. The first legume to be investigated was the black
 
bean Wh-n intrinsically labelled black beans were
 
fed as a single fomdstuff, geometric mean absorptions
 
of 1.5- a.d 2 6% were obtained in two separate
 
studie. Table 1) Similar f:ndings were noted with
 
lentIls-there s,'as a geometric mean absorption of
 
only I 2'" in a group of sublects who absorbed 
lo 3 % of a reference do.< of iron. While the reason 
for thesw low absorption figures has not been system­
atically sludied. it may well relate to the high poly­
phenol ,orten- of most legumes (Rao and Prabha­
vathi. 1982). It is. however, almost certainly not the 
only factor. since iron i:n s)ybeans is also poorly ab­
sorbed (see follow,-ing sc(tion). despite the fact that it 
has a low polyphenol content. 

So Prcducts In one group of studies (Cook rt al.. 
1981: Morck et al.. in press) iron absorption from 
semi-synthetic diets with protein equivalev' quanti­
ties oi egg albumen. casein or isolated soy protein 
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TABLE 10. 
IRON ABSORPTION FROM N? VIVO LABEI.ED SOYA BEANS PREPARED AT THE UNIVERSITY OF WASHINGTON 

Geometric 
Fe Mean 

No. of Content Absorption 
Authors Subjects Pre,.ration ("1g) % 

Layrisse 17 Ground whole beans 4.0 11.0 
eta]. 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 

Bj6m-Rasmumaen 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 0.5 2.6 
(1973) (child n) boiled for 15 

minutes 

16 Ground whole beans 0.5 6.7 
(children) boiled and baked for 

1 hour at 300" F 
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TAB.E 11.
 
COMPARISON OF IRON ABSORPTION FROM ANIMAL AND VEGETABLE SOURCES4 

Geometric Mean Total Iron 
Number of Iron Content (mg) Absorption Absorption 

Stbjects Native Added' Source of Protein (%) (mg) 

0.4 3.7 Albumen 2.5 0.10 

15 0.3 3.8 Casein 2.7 0.11 

0.02 
protein 

Each meal contained 68 g carbohydrate derived from dextrimaltose. 35 g fat from corn oil and 

4.0 0.1 Isolated soy 0.5 

29.4 g protein fr- m various sources. 
bAdded as ferric chloride 

Source: Cook el al (1981) 

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 iso­
lated -.oy protein, the total iron contents of the diets 
were equalized with exogenous iron The cooking of 
e" albumen iated wihwa% as,.sc a significant in-
crease in absorpt:on to 6 2%. a finding that may be 
exp!ained by heat inactivation of conalbumin. the 
ironbinding protein in egg white. 

Threc sets of studies wcrc done to determine the effect 
of (ooking or of a,corbic ac;d addition on the inhibi-
tory e fect of soy product%on iron absorption (Morck 
et at . in preW.s The hrst swt of experiments involved 
the feeding of various soy pr-parations as part of an 
otherwise standard srmisyn.het;c diet. There was a 
small though significant difference between iron ab-
sorption from unco-oked and baked iso:ated soy pro-
tein (0 641% and 1 28%. rcspectivrlyi, and between 
boiled and baked soybeans I 06'%and 1.60%. re-
spectively). The absorption from isolated soy protein 
was significant;y Is-,sthan fr,,m asimilar quantity of 
egg albumen (0 56% as compared with 5.05%). 

In an extension of the previous experiment, the semi-
synthetic diet was again fed. but this time albumen 
was compared with three major forms of soy prod-
ucts. namely full fat soy flour, textured soy protein 
an-J isolated soy protien (Table 12). When egg albu-
men in the semi-synthetic meal was replaced with full 

fat soy flour, textured soy llour, and isolated soy pro­
tein. absorption fell from 5.S% to 1.0. 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 in developing countries and provides additional 
iron to ;opulations at high risk of iron deficiency. 
such as pregnant women. infar.'s and children. The 
majorproductsinthiscategoryincludecorn.soy-milk 
(CSNI) and wheat-soy bend (WSB)which are provid­
ed under the P1.480 prograir. (see foo'note )age 12). 
In iron-replete males, mean percentage ab-srption 
from CSM and WS,'ran..led from 0 6 to 1 4'%. By re­
lating these results to 40% absorption from a refer­
ence dose of inorganic iron. it wa. estimated that in­
fants wi'h borderline iron deficiency would absorb 
between 1.1 and 2 8% of iron contained in the blend­
ed foods (Table 131. or the equivalent of 0 2 to 0.5mg 
per 100 g of blended f)d.Both CS.M and 1VSB are 
fortified with 15 mg of iron as ferrous fumarate per 
100 gof product. yield:ng a total content of 18 and 21 
mg of iron per 100g. respccttvely (Table 14). The iron 
in a 100 g serving is equivalent to the US Recoin. 
mended Daily Allowance (RDA) for pregnant and 
lactating women, ard a 75 g serving would corre­
spond to the RDA for infants after six months of age 
and for young children. Howe-ver. iron in ferrous fu­
marate which is 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 
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TABLE !2.
 
COMPARISON OF TIE AVAILABILITY OF IRON FROM ALBUMEN-CONTAINING MEALS
 

AND MEALS CONTAINING VARIOUS SOY PROTEIN 'ORMS
 

Geometric Mean Total Iron 
Number of Iront Content Inig) Iron Abworption Absorption 

Subjects Native Added Sourci" )f Proten (10) (mg ) 

0.1 3.9 Albumen 	 5.5 0.22 
3.4 0.6 Full Fat soy flout 1.0 	 0.04 

10 3 . 0.7 Textured soy protein 1.9 	 0.06 
2.0 2.0 Isolated soy protein 0.4 	 0.02 

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

TABLE 13.
 
IRON AVAILABILITY FROM INFANT FOOD SUPPLEMENTSA
 

Geometric Mean Absorption 

Total Absorption of 
% Iron Absorption Non-Heme Iron (mg) 

Number of Corrected to a 40% Corrected to a 40% 
Subjects Preparation Reference Absorption Reference Absorption 

13 	 Corn-soy-mlk 2.1 0.19 
Wheat-soy blend 1.1 0.10 
Wheat protein 1.1 0.10 
concentrale-soy 

14 	 Corn-soy-milk 1.7 0.15
 
Corn-soy blend 2.8 0.25
 
Wheat-soy drink 2.0 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 frumarate and 20 mg ascorbic 
acid. 
Source: Morck et al. (1981) 



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

AND SOY-FORTIFIED PRODUCTS
 

Ascorbic 
Added Iron Total Irora Acid 

Product (rig/IOO ,) (m,/100g) (m/1g00g) 

Wheat-so. blend 
Corn-soy-milk (CSM) 
Instant CS.M 
Whey-soy drink mix (,VSI)M) 
Soy-fortified bulgur 
Soy-forlified flour 12% 
Soy-fortified cornmeal 
Soy-fortfirid sorghum grits 
Soy-fortificd rolled oats 
Bulgur 
All purpose, flour 

15 21 40 
15 18 40 
15 18 40 
is 18 47 
0 5 0 

2.9-3.6 5 0 
2.9-5.7 5 0 

0 2 0 
0 5 0 
0 4 0 

2.9-3.6 3 0 

Esitmate% taken from txhnical bulletins and information provided by manufacturers. 

unlikely to meet the total iron needs as was originally 
intended. Thew findings point to aneed for improved 
fortification strategies 

The independent effect of each of the thr.-e compo-
nents of CSM on iron availability was studied by re-
moving one compor-nt at a time from the mixture 
(Coa.k et al . unpubl.shed data). Geometric mean ab. 
sorption from the complete supplement was 0.6%. 
There was no s.iificant increase when either corn 
wa withdrawn t0 &% tor vhen milk was withdrawn 
(0 S'.) On the other hand absorption rose to 1 2% 
when soy was withdrawn The-sc data show that .oy 
decreases the pcr.cntage of iron absorbed from (SM 
and WSbi Since the amount of ir.n added as ferrous 
fumarate is much greater than the amount that iscon. 
tamed in the soy. one can infer that soy decreases the 
absolute amount as well as the percentage of iron ab-
sorbed. 

Ferrous fumarate. which is used to fortify cereal-soy 
blends, is less soluble than dessicated ferrous sul-
phate. especially in an aid environment. As pH in-
crevus toward neutrality, the solubility of ferrous fu-
marate aplroaches that of ferrous sulphate Since 
there is no information on the eff.cacy of ferrous fu-
marate relative to other iron fortificants in cereal-soy 
blends. it would .eadvisable to directly measure 
bioavailability or fortilicants under conditions that 
simulate the storage and use of cereal-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 40mg of ascorbic acid per 100 gof prod­
uct yielding a molar ratio of ascorbic acid-iron of 0.7 
(40mg ascorbate 18 mg iron) Figure 6 indicates that 
ascorbic acid wou!d be more effective in enhancing 
iron absorption if the molar ratio were- increased 
from 0 7 to between 1.0 and .SThis is equivalent to 
increasing ascorbic acid to between 60 and 85 mg per 
100 g of cereal-soy blend (or from about 2 mg ascor­
bic acid/mg iron to between 3 and 5 mg ascorbic 
acid, mg iron) 

An important consideration is the oxidation of ascor­
bic acid under many conditions of processing and 
storage. Until ro'intly. cereal-soy blended foods un­
der Title It. PI. 480. contained uncoated ascorbic 
acid. which was vulnerable to inactivation. How­
ever. as of September 1981 (USDA announcement 
CSSM-1 ICSM and WSB products are to be formulat­
ed using amore stable ethyl cellulose-coated ascorbic 
acid (Bookwalter et al . 1980). Use of coated ascorbic 
acid should enhance the atsorption of iron from 
cereal-soy blended food%with very little increase in 
cost. Cost figures for iron and ascorbic acid fortifica­
tion are shown in Table 1S. 

Soy-Fortified Products. Some food commodities dis­
tributed under PL 480 (e.g.. corn meal. wheat flour. 
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FIGURE 6 

Elfects of various quantities of ascorbic acid on the absorption of iron from a numbei of infant foods (suppkments and 
weaning foods). Soy protein (14 to 30%) was present in all foods represented by the closed circles, but was absent from 
those shown as open circks (Detririn et a! . 1980. Bothwell et at. unpublished data) 

bulgur. sorghum grits. rolkd 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-fortif ed 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-
)-a'-d infant formulas are relatively reassuring. Rios 
t 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 S.4%. a value that was at least equivalent 
to or actually higher than the values of 3.9% (N " 
14) and 3.4% (N - IS) obtained with two iron-forti­
fied (12 mg ferrous sulfate/liter) cow milk-based for­
mulas. Cow milk formulas fortified with iron at this 
level have been shown to be effctive in preventing 
iron deficiency during the first year of life. The intrin­
sic iron content of the soy formulh was 5 mg/liter and 
contained an additional 12 mg o' iron as ferrous sul­
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TABLE 15.
 
COST OF FORTIFYING CSM WITH ASCORBIC ACID IN DOLLARS,
 

Ascorbic Acid Total Increased 
Cost/Ton Cost/Ton Cost/Ton 
of CSM of CS,', % 

Present level of fortification 
at 0.7 	moles of ascorbic acid/mole iron 

Unstabilized ascorbic acid S 3.79 S211.60 -
Stabilized ascorbic acid 3.90 211.71 <0.1 

Propose levels of fortification 

with stabilized ascorbic acid 
1.0 moles ascorbic acidimole iron 5.85 213.66 0.9 
1.5 moles ascorbic acid/mole iron 8.27 216.08 2.0 

'Based 	 on cost of $1040, kg unsiabilized ascorbic acid and S10.70/kg stabilized ascorbic acid. 

fate to yield a total of 17 mg of iron. 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 
ore year of age 

The apparent discrepancy between adequate bio-
availability of iron from the soy-based infant formula 
as ,ompared to the poor iron bioavailability from the 
cereal-soy blends is intriguing, and suggests that the 
method of food processing might play an important 
role The infant formula is processed in liquid form. 
has a low pHi. is fortified with ascorbic acid. and is 
marketed in an air.ir.perrmeab!e container that pre-
serves its aisorb:c acid contrnt 

Soy Products as Meat Fitend-rs Recently. the use of 
soy products as meat extenders" 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 re.&aions 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 

*iff w cat 
Wo"
thtoim, to'hePIW a ,..alonof ,.l,.,.,soy 

for
m.at 


meals in the dining hall consume an average of ap­
proximately 100 g/day of the soy extended bee 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 
.10% of ground beef with hydrated soy products. 

In one study. the absorption of non-heme iron was 
measured in three meals (Cook et 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 either added to the meal or substi­
tuted for 30gof the 100gbroiled beef.- The percentage 
of non-heme iron absorption dropped from 3.2% 
with the basic meal to !.2 and 1 5%. respectively. 

when soy was present. However. when total iron ab­
sorption (i.e.. 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 0.36mg (soy 
substitution). respectively tFigure 7). This can be 
ascribed 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 decnbed 

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 
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hamburger meal. In the first experiment, the meat consumed alone (0.27 mg and 0.22 mg. respectively). 
content was reduced froin 82 to 41 g. but no soy was Dephytinization of the soy product did no- increja.
added. There wasa drop in the absorption of the non- the amount of non-heme iron absorption. Total iron 
heme irc.n in the meal from 11-2 to 8.4%. which is absorption was. however, substantially improved by
equivalent to reduction in non-heme iron absorption the addition of a small amount of blood (1.05 mg
from 0.34 r g to 0.20 mg (Figure 8). When textured heme iron) to the hamburger, with total iron absorp­
soy flour and defaitted soy flou- were added, there tion from the meal rising to 0.51 mg (Figure 9). 
was further reduction in t 'epcrcertage of non-heme 
iron .aburpticn to 7 2and 5.v, respectively. How- Studies from a third laborator-y were reported by 
crr. beciuse of the high iron content of the s)y pro- Stekel (unpublished data). In the first experiments.
t-in. the actual amounts of non-heme iron absorbed the basic meal consisted of 100 gbeef fed with bread. 
wr, greater than when a 41 g meat hamburger was Fifty grams of hydrated isolated soy protein were 

05- DNon-hemeiron 

0 Heme iron 

0-4­

~0-3­

jO ­
n=11 
 n=il n=il 

100g Beef 100g Beef 70g Beef 
+ + 

30g Textured 30g Textured 
Soy Protein Soy Protein 

FIGURE 7 

Elferts of textured soy protein on the itorp,on of iron from nmat'ona-inin mrals Each rmal conmiiied of broiled beir­
patty on a bun. 55 XFrench fr;q".and ISOml v.anilla milk shLkeconta:mngO I mg t*FrCl Soy %a-.ritheradded to thebr­
or replaced part of it It wi astumedihai 250. of 
 if-e hen- iron in meit was absorbld (Cooket.a . in pres.) 
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E 
CL 

•0.1­

0 

Z n=69 n=11 n=10 n=9 n=9 n=10 

Meat (%) 100 50 50 50 50 50 
Soy (%) - - 500 508 50" 50 

* Textured soy protein 
*Defatted and dephytinzed soy 
* Defotted soy protein 

FlGlE 8 

Fifrcis of different forms of soy pro4ein un the .absorption of nonhr.me iron from a hamburger meal. The basic meal 
conmiied of 82 g meat. 6 g sring beans and 150 gmashed potatoes. (Hallberg and Rosander. American Journal of 
(I:n.cjl Nt.triion. in press) 

either added or substituted for half of the beef (Figure 
10,. l'ercentage absorptions (corrected to a 40% ref-
erence 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 m. and 0 42 rng. respectively. Since the ba-
sal me.al had less iron than thoe containing soy, the 
nonhrh..c iron content was .adjused w:th ferrous sul-
fate so tha- it contained -he ame amount of iron (3.1 
mg). If this had not btn done. !ojlabsorptions from 
the m.il, wo ld presumably Fave been very similar. 
In .a econd experiment the absorption of iron from 
inrinsically ;abelled meat .and from extrinsically 
labelled isolated %oyprotc:n w.as,measured when con. 
sumed alone ar.d toethe'r (iable :). There was a 
strikirn differcrce in the per -ntage aborplions. 
wi- 2$5" ior meat and 2 1% for is)lated soy protein. 
When haf the meat was replaced by soy protein there 
was.a sai.iht reduction to 19.6% in the absorption 

from meat and a rise to 6.6% from the non-heme iron 
in soy and meat. While certain assumptions art re­
quired to calculate the total absorption from these 
thret meals, figures of 0.38 mg (meat). 0.05 mg (soy) 
and 0.22 mg (meat and soy). rtspectively, seem rea­
sonable approximations 

IWen these different studies from three laboratories 
are ,onsidered together i is apparent that the use (f 
soy products as meat extenders in mixed meals is as­
socited with an overall reduction in total iron ab­
sorl-tion. When 30".' of the meat is replaced by asoy 
prod.ict. 18c liss ron i ahsuored from the meal. 
When 50% of the meat is replaced by a soy proluct. 
the amount of iron absorbed from the meal is de­
creased by between 30 and 42% (Table 17). 

Hallberg and Rossander (unpublished data) per­
formed a gioup of experiments using a basal meal 
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iNon -hemne iron 

Heme iron 

n=69 n:l0 nalO n=9 nrlO 

100 50 50 50 50 
- - 50 50 50 

3.0 2.35 39 3-9 4.3 
05 025 025 0-25 1.3(+105mg 

heme iron) 
FlGURE 9 

The effects of toy protein on total iron absorption from ahamburge meal. The basic meal constued of 82 Xminced m at 
60gXtring beans and 150 g mashed potatoe. It was assumed that 25% of the heme iron in meat was absorbed. (Hahbtrg 
and Rossander. in rre-paration) 

(maize. rice and black beans) of low iron bioavail-
ability (Figure 11) When 75 g meat (16 g protein) was 
added. -he percentage absorption of non-heine iron. 
expre-sed in terns, of a 4C"- abs)rpt:on from a refer, 
ence dosc. ros from 3.Z% to 8 4"%. the calculait 
figures for ab 'orbKd iron ring.0 18 mg and 0 63.m 
respectively. When 15 g fag-.tee soy flour was fed in. 
stead of meat. the percentage absorpt:on (4 8") was 
actually higher than tha! obtained wi!h -he meat-f cr-
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 a% compared witlh 018 
mg). Indeed. when ferrous sulfatc was added to the 
basal meal in an amount equivaen' to that present in 
the .oy flour. th- total absorption of iron was only 
slightly greater than when soy was present (0 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 bioavailability. 

Effects of Ascorbic Acid on the Absorption of Iro 
from Soy Morck and c'workers (in press) found tlha 
the addition of 100 mg ascorbic acid enhanced the ab. 
sorption of iron from either isolated soy protein or 
eg albumen, but the absorption from isolated soy 
protein was still much lower than from albumen 
(Table 18) In terms of the actual amounts of iron a. 
sored. ascorbic acid ,auscd an increas from 0.03 
mg to 0 18 my iron from the woy-ontaining meal. 
andof 0 28 mg to 0.57 mg from thealburnen.contain. 
ing meal. Related findings of llallbcrg and Rossander 
(Figure 11) showed that the addition of cauliflower. 
containing 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 i..g. 

Further evidence for the role of ascorbic acid in poten­
tiating the absorption 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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Total absorprion of iron from mneals containing various amsounts of beef and soy proern. The f"rs two meals also 
contained bread (100 gwheat flour). while the third inea! "jdhilf the armount of bread. Since the basal mieal had less iron 
than those containing soy. the non-heme iron content was adjusted w:-h frrous sulfate so that it contained the samne 
amount of iron It was assumried that 25% of the herne iron in the meat was absorbed (Stekel. i at.. unpublished data) 

which did not (Bothwell et al., unpublished data) 

(Figure 6). Thie 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 
in iron absorption from all of the iinfant foods, the ef-
fect being dose-related. The mean increase was more 
than three-fold with an ascorbic acid: iron molar ra-
tio of 1.5:1I (about 5 mg ascorbic acid per mg of iron) 
(Derman et al.. 1980). There were no apparent differ-
eraces between the products which contained soy pro-
tein and those that did not. 

In view of th-e substantial enhancement of iron a6-
sorption from cereal and soy products by asicorbic 

acid, it is noteworthy that certain encapsulated prep­
aratlons of ascorbic acid are far more stabke than or­
dlinary ascorbic acid during storage. When ethyl­
cellulose-coated ascorbic acid is used in fortifying 
corn-soy-milk. it is much more resistant than ordi­
nary ascorbic acid to moisture and high temperature 
during storage (Bookwalter et 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 1019 of the uncoated ascorbate re­
mained. Coated ascorbate iswidely used by the food 

industry and can be aspractical means of enhancing 
iron absorption from blended foods. At present. the 
ethyl-cellulose-coated ascorbic acid costs osly 3% 
more than uncoated ascorbic acid. 
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FIGURE 11 

Iron absorption from different meals The bhsal meal contired of 8 g of a mixture of maize (chapattbif). rice and black 
beans It was assurred that 25% of the he n iron in meat was absorbed. (Haltb ,t and Rosandei. unpublnhed dJta) 
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TABLE 16. 
IRON ABSORPTION FROM MEAT AND SOY PROTEIN ISOLATE WHEN FED SEPARATELY AND TOGETHFR 

Geometric Mean Absorption 
Number of Iron Content % Calculated Total 

Subjects Preparation (mg) Absorption Iron Absorption (mg) 

100 g Meat ±1.5 2.5.0 0.38 
(1 mg heme iron) 

29 22 g Isolated ±2.6 2.1 0.05 
soy protein 

50 g "SFe Meat 

& 11 g 'Fe t 2.05 19.6 ('sFe) 0.22 
isolated soy (0.5 mg heme iron) 6.6 ("Fe) 
protein 

Source: Stekel et al. (unpublished data) 

TABLE 17. 
EFFECTS OF SOY PROTEIN ON IRON ABSORPTION WHEN USED AS A MEAT EXTENDER 

Authors 
Replacement 

% - Soy 

Total Iron 
Absorption 

(mg) 
+ Soy 

Reduction 
in Iron 

Absorption 
(%) 

Cook et al. 
(in press) 

30 (Fig. 7) 0.44 0.36 18 

Hallberg and 
Rossander (in press) 

50 (Fig. 9) 
50 (Fig. 9) 

0.47 
0.47 

0.28 
0.33 

40 
30 

Stekel et al. 
(unpublished data) 

50 
50 

(Fig. 10) 
(Fig. 10) 

0.63 
0.38 

0.42 
0.22 

33 
42 



TABLE 18. 
COMPARISON OF THE EFFECTS OF ASCORBIC ACID (AA) ON IRON ABSORPTION FROM ALBUMEN AND 

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

Geometric Mean 
Iron Content n.) Iron Absorption

Sources of Protem Native Added (mg) 

Abm 0.2 5.4 - AA 0.28 

+ AA 0.57 

- AA 0.03Isolated soy protein 2.1 3.5 
+ AA 0.18 

Source: Morck et al. (in press) 



V1.
 
Conclusions
 

1. Bioauailability 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 ahigh percentage of iron absorption is off-
set by a low iron content. In the case of soy products. 
increased refinement and proces:,ng have not been ef-
fective in significantly augmenting iron bioavailabil-
Ity. 

Factors that depress iron absorption from cereals in-
clude some phytates and certain compo:nents of fiber. 
Tannates decrease the absorption of iron from a 
number of legumes, but are not responsible for the 
low percentage of iron absorbed from soy products. 
However, there must be additionil factors respon-
sible for the poor av.ailability 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 adietary staple, such 
as flour. with iron. Conditions of growth. maturity 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. Partial Substitution of Meat by Soy Products. 
When soy is added to ameat-containing meal (e.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 

or meat substitute (e.g., to repLace a portion of the 
meat in a hamburger) there isa deciease in the total 
amount of iron absobed from the meal. the decrease 
being in proportion to the degree of substitution. For 
example. the substitution of 50% of the meat in a 
mixed meal reduces the total amount of iron absorbed 
by about 35%. whereas a 30% substitution decreases 
it by only 20%. Part of the reduction in iron absorp­
tion is due to a decreaw in the heme iron content of 
the meal 5art to adecrease in the enhancing effect of 
meat on the absorption of non-heme iron. and part 
due to an inhibitory effect of soy. 

The degree to which soy products might be expected 
to affect iron nutrition 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 bioavail­
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 nutrtion. This is particular­
ly so in those segments of the population in which 
nutritional iron deficiency is 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 
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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 deleterious effect on the ;ron nutrition of the 
most vulnerable groups. nimely infants, growing 
children, and women of reproductive age. 

3. Cereal.Soy Bh',ltt',l Data lowFoods showing 
bioavailability of iron from cereal-soy blends, such 
as corn-soy-milk. is of concern because these com-
modities are exten sively used to help al;cvi..te malnu-
trition in dcvl!oping countries and among .oorly 
nourished populations. The-.c products are directed 
to infan's. young children, and pregnant and lactat-
ing women, who are likely to be at greatest rik with 
respect to iron deficiency. The blended f,"ds are in-
tended as dietary supp!-men's. but they sometimes 
form a major vart of the d:e. The blended cereal-soy 
products are fortified with both ferrous fumarate and 

ascorbic acid. Iran in ferrous fumarate is 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 decreas.d iron bioavailability. Use of 
stabilized ascorbic acid may. at least in part, over­
come this problem and merits further investigation. 
both in terms of its stability and its effect on iron ab­
sorption. However. svabilized ascorbic acid is suffi­
ctently promising to justify its immediate field use. 

4. Addition of Soy P'roducts to Protein.Poor Diets. 
When soy prcducts are added to the diet to improve 
protein nutrition in developing countries where diets 
are of low iron bioavailability or in vegetarian diets. 
there is no indication that iron absorption will be im­
paired. Actually. a modest increas- in total iron ab­
sorption can be expected, due to 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. 
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VII.
 
Recommendations
 

1. Bioavailability of Iron from Diets in whirh Cere-
als and Legumes Predominate Iron absorption from 
such diets should be enhanced by inclusion of ascorb-
ic acid-containing fo(ds and/or at least small quanti-
ti's of meat. Because legumes are rich in iron, their in-
clusion in the diet can be encouraged because they are 
likely to increase the total amount of iron absorbed 
from meals 

2 Aat Et',iders Soy protein may substitute for up 
to 30'1 of the mea. protein without adverse effect on 
iron nutrition of population groups (adult males, 
postmenopausal females) at low risk of nutritional 
iron deficitncy. Soy protein may substitute for up to 

30% of the meat protein in seseral meals per week for 
populations at risk of nutritic nal iron deficiency (in­
fants. children, adolescents, and frnales of child­
bearing age). provided that the diets contain ade­
quate amounts of meat. fis). poultry and ascorbic 
acid. 

3. Cereal.Soy Blended Foods Thesw 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. 

41 



VIII.
 
References
 

Anonymous. From Wheat to Flour. Wheat Flour Insqitute.
Chicago. lIinois. 1965. 

Anonymous Iron-in-bread. food standard amendments 
confirmed. Food Chem. News 23(49):51. 1982. 

Ashworth. A and Y. March. Iron fortification of dri,,d skim 

milk and maize-soy.bean.milk mixture (CSM) Availability 
o4 iron ;nJamaican infants Brit I Nutr. 30 577SM4. 1973. 

AungThan.Oatu. ThemThan. ard Tha.'e-Toe ion ab-
,-)rption from Southeast Asian r.ce-hasrd meals. Am. . 

Clin Nutr. 29 219.22. 1976 

B~'rnRjs uien E Foodionaborption in m n Ill Effect 
of iron salt, asc<orbic .acid and dc-slrrrioxarnn on the isoto.­

ic emchang~e between naive fcd :ron and an extrinsi rnoe 

ganic iron tracer Scand I Hac-matol. 11 391-397. 1973.
 
B:omn.rassmussen. E Iron absorption from wheat bread. 
 In.-

fluusece o v~o :mIs O N ul e .
a bra . M ab

fluence01e.of v16riows ao.:.ts of bran Nutr. ab. 
16 101-110. 1974 

Born.Rasmussen. E and L Hallberg. Iron absorption from 
maize Effect ofa l.corb;cacid on iron abso..rption from maize 
supplemented with ferrous sulphate Nutr. Mesab. 
16 94.100. 1974. 

tornRismussen. E .[.Hallbrg.L B.Isiksson. and B.Ar-
Btor-Ramus~en.F.Hl~big. . Iaksson.andB. r-
vdsson Food iron absorption inman Application of the 
two-pool extrinsic tag method to measure hemw, and non-
heme iron absorption from the who;e diet. 1. Clan. Invest. 
53 247.255. 1974. 

Blot.R~asmussen. E..L.HallLerg. B Magnussona. L. Ros-
snder. B. Svanberg. and B. Arvidsson Measurement of 
iron absorption from composite meals. Am. J.Clin Nutr. 
29.772.778. 1976. 

Biorn.-Rasmussen. E.. 1. Hallber. and R.Walker. Food iron 
absorption in man I. Isotopic exchange beitween food iron 
and inorganK iron sat .idded to food Studies on maize. 
wheal and eggs. Am. I. ClIn. Nutr. 2S:317.32-. 1972. 
Blonrn-Rasmus.sen. E . L Iballberg. and R alkr. IsotopicB),o-F~nuten.E.L Ifilberg &MR. 'alker. sotpic 

exchange of iron betwer laibelled foods and between afood 
and an iron salt Am. 1. Chn. Nutr. 26:1311-1319. 1973. 

Boe: walter. G.N.. R. I. Both"s. W. F.Kwokk. and M.R. 
Gumbman. Nutritkoal stability of com.soy.milk bkndsahter dry heatng to destroy Salmonellae. 1. Food S<,. 
a 

Finch. Iron Metabolism in Man. Blackwell S<oentifac Pubhi.Bothweil. T. H.. R.W. Charlton. 1. D. Cook. and C. A 

cations. Oford. 1979. 

Camire. A. L and F. Mi. Clydesdale. F.fect of pH and heattreatment on the binding of calcium. magnesium. zinc. andiron to wheat bran and fractions of dietary fiber. J.Food Sci 
46.548.$SI. 3981. 

Conrad. M E and S. G. Schade. Ascorbic and chelatem in 
iron absorp-ion A role for hydrochloric acid and bile. Gas.­troe-nterology 55 35. 1968 

Cook. 1. D .M. Layrisse..oseadC C.Marsniez-Torres.bopinmaueR.Walker. E.FnhFo 
Mo nse n . and C . A . Finc h Foo d i - a bso rption nwi su red 
by an extrinsic tag . Clhn Invest. 51 805.815. 1972 

Cook. 1.D .V Mirnich. C. V Moore. A. Rasmussen. W BBradly. andC A Finch Ab'orption of ortification iron in
 
bread Am . Clin Nur 26 61872. 1973
 

Cook. 1.D. and E.R %.onswn Food iron absorption in hu.
 
man sub;rcls Ill Cemparison of the effect of animal pro.
ins on non-hem(, iron absorption Am I Clan Nutr 

on-hew1976. 
29;%9-667.1976. 
Cook. J.D.. T. A. Morck. and S.R. Lynch. The inhibitory 
effect of soy products on nonheme iron absorption in man 
Am 1.Cltn. Nutr. 34 2622-2629, 1981. 
Derman. D P.. T H Bothwll. 1.D. Torrance. W R Bet. 
woda. A. P MalcPhail. M. C Kew. M. H Sayers. P. B. 
Disler. and R.W. Chariton. Iron absorption from maize 
(Zea mays) and sorghum (Sorghum vulgare, bi'-r.Brit. J 
Nutr. 43:271-279. 19. 
Derman. D. P. M.Sayers. S.R.Lyt-ch. R.W. Charlton. T 
H. Bothwell. and F. Mayet. Iron absorption frc-n acereal 
diet containing cant sugar fortified with as,,orbk acid. Brit~Bi 
J.Nutr. 38:261-269. 1977. 
Disler, P. B.. S. R.Lynch. R.W. Chariton. J.D. Torrance. 

42
 

http:2S:317.32


and T. H. Bothwell. Theefectiof te on iron absorptor. Cut 
16:193-20G. 1975A. 

Diser. P. B., S. R. Lynch. J. D. Torrance. M.H. Sayers. T. 
H Bothwell. and R. W. Chlarlton. The mechanism of the in. 
hibition of iron absorption by tea. S. Air. 1. Med. So. 
40 109.116. 197'5b. 

Farrell. E. P.. A Ward. G D. Miller. and L. A. Lovelt. Ex-
teimsive analysis of flours and mdlfeets made from nune dif-
featnt wheat maxes. I. Amounts and analyses. Cetal Chem. 
44 39-47. 1967 ~bdi-ation 
Farnch. C A andE R. Monsen. Iron nutntion and the forif-
cataon of food with iron. 1. Am. %ed. Assoc. 219:1462-1465. 
1.972 

Forth. W. and W. Rummel. Iron absorptaon. Phyiol. Rev.53 724. 1.973.Lnf.LadNMla.Nrmlio 

lialkett. I A E.. T. Peters. and 1. F. Ron. Studies on the 
d(epotiton and nature of eg yolk iron. I. Biol. Chem.231.187-.99. 1.8BLln..M.JDCo.CMrmxTn.,t 

fialiberg. L Baoavaalabalaty of dietary iron in man. Ann. 
Rev Nutr 1 123-147. 1981a. 

Hallberg. L Elfect of vitamin C on thebioavadabdity of iron 
from food 1nVatama C. (Ascorbic Aod). Edi. J. W. Coun-
sell & D. I. H orming. Applied Science Publisher. London 
and New leriy. 193lb 

HIaI;berg. 1. and E Bom.-Rasmusen. Determination of iron 
absorption from whole diti. A new two-pool model using 
two radaoron asotopes given as haem and non-haem iron.S cand. ] tia m a oI 9 1.9 3-1 97. 1972 . 

Hallberg. [. and E B;ors.Rasmussea,. Measurement of iron 
absorption from rmeals. contaminated with aron. Am. J.Clan.Nutr. 34 2 0,8.281S. 1981 

lIallbe-g. L . E Blorn.Rasmussen. L. Carby. R Pleehachin-
da. and R Suwan:k. Iron absorption from South-EasuAsan 
diets and the effect of iron fortification. Am . . Clin Nutr. 
3, .40 -14C8. 1978 

Hallberg L . E B;o-n-Rasmussen. and L Roi-ander. The 
measurement of food avon abior!ion anman A methodo-
Iog;:ca! study on the measurement of dietary non-haem-Fe 
absorption wlen the sub;tects have a free choice of food 
item Brat I Nutr 41 283.239. 1979. 

Hallbtrg. I.. E l3orn-Rasmutien. I. Rotander. and R. 
Suwanik Iron absorption from Southeast Asian d:;e. II. 
Ro'e o! var-ous factor%that might explain low absorption. 
Am I Clan Nutr :0 53948. 1977. 

Halberg. L . A -Ai Hogdahl- . Nilsson. and G. Rybo. 
Menstrual blood Il-is-a population study Vanation at dif-
ferent ages and attermpt. to define normality. Acta Obstet. 
Gyrsec. Scand 45 320.%S1. 1966. 

Hallberg. L. and L. Rosruder. Comparison of adding meat. 
soy protein, ascorbic acid.rch foods and ferrous svlphate on 
iron absorption from a simple Lata-Amenscan type of meal. 
In preparation. 

Hallber& L. and L. Rossander. Effeci of soy protein on non­
heme Iron absorption in man. Am. J. Clin. Nutr. In pres.. 

Hoseney. R. C.. E.Varriano-Marston. and D. A. V. Detndy.
 
Sorghums and millets. Adv. Cereal Sci. Technol. 4:71-144.
 
1961.
 
Inglett. G. E. Corn: 
 Culture. Procesing. Products. AVI 
Publishing Co.. Inc.. Westport. Connecticut. 1970. 
K N.. D. Wallace. An G.W. Bats The effet of 
chemical agns. beverages. and spnach as then "uetro 

of iron from cooked pinto beans. Am. 1. Clb. 

Nitr. 34:.1392-1401. 1MI.
 
Kuhn.l.N..E.R Monsen. J.D. Cook. AMC. A. Fanch. Iron
 

absorption an man. 
1. Lab. & Clin. Med. 71:715-721. 1968. 
Larsea. L and N. Malman. Normal ion absoptaon deter­

b l~o eer
mined by means of whok body counting and red cell incor­
poraton of 'Fe. Acta Med. Scand. 198 271274. 1975. 
Layrisse. M.. 1. D. Cook. C. MArianez-Tores. M. Roche. .oh.I
N. Kuhn. R. B. W,'alker. and C. A. Fanch. Food iron absorp­
tion: A companson of vegetable and animal foods. Blood
 
32, 430-443. 1969
 

LAynisse. M. andC. Mattnez.Torres. Food iron aborptson:
 
Iron suppkmentataon of food. P og. elematol. 8:137-160.
 
1971.
 
Layris. M. and C. Martinez-Torme. Model for measuring
 

dietary absorption of heme iron Test with acomplete meal.
 
Am. 1. Clin. Nutr. 25:401-411. 1972.
 
Laynu. S. C. Martirez-Tors. J.D. Cook, and C. A.
L y ue . a t ~ z T r . D o k n . A 
Finch. Iron Iortif cataon of food Its measurement by thex­
trinsc talg method Blood 41 333-152. 1973. 

Laynssle. NI. C. Mart:.nez-Torr,,,. and .1 G'oruales,. Me.­
5srrnunt of the total daily dietary -on absorption by the ex­

triisic tag method Am I Chn Nutr. 27 152-162. 1974. 

. , ma .Layrnti . i C arrtion in Tor . B en . and I. 1 .et 
Feriitn iron absorpton a man Blood 45 ,89-698. 1975 

Layrs4. hi. C MartanezTorres. and%1 Roche. Teweffect 
of interaction of various foods on iron absorption. Am I 
Clan. Nutr. 21 1175-1183. 1968 

Lee. K. andF. ,I Clydesdale. lronsources usedinfoodforta­
fication and their chanres due to food processing. CRC. 

Crt Rev. Food So Nutr 111 17-153. 978. 

Lee. K and F. hi Clydesdale. Quantitativedetermination of 
theelemental. feryous. fenc. sluble. andcomplexed iron in 
foods. J. Food S<. 44-549-554. 1979 

Lee. K. and F. Mi.Clydesdale. Chemical changes of iron in 
food and drying processes. J.Food Sci. 45.711-715. 190a. 

Lee. K. and F. h Clydedalk. Effect ofbaking on the forms 
of iron m iron-emnched flour. I. Food Soi. 45:1500-1504. 
190¢. 

Lee. K. And F. M. Clydesdale. Effect of thermal processing 

43
 

http:231.187-.99


on enlovaeous and added iron an canned spinach. J.Food 
So".46:1064-1068. 1981. 

Lipschitz. D.A.. K. M. Simpson. 1. D. Cook. and E. R.Mor. 

rn Absorption of monofenric phytate by dogs. 1. Nutr. 
109-1154-1160. 197. 

K'. B S Rice Production and Ltilizaion. AVI Publishing 

Co.. Inc.. Westport. ConnectKUt. 1980. 

|agnuts.on. B .E B~orn.Rs-asm.,.n. L.Ro~s.inder. and L. 
Hallberg Iron absorption in rr;ation to iron status Model 
propo xetoaepres results of foodironabsorption measure-
rnents Sca.d I Jrmiatol 27 201.206. 1981 

Martinez.Torfrs. C and M Layr;iss Iron absorption from 
veal muc:e. Am I Clin Nutt 24 S31.540. 1971. 

Martine.Torex. C and MI [.yrisse Nutritional factorsl in 

iron defici-ny Food iron absorption In Chnic in f.erna-­

tology Vol 2 Ed S T CailrnJer W B Saurdrs and Co . 
London. Philadrph:a ard Toronto. pp 339.352. 1973. 

Martine -Torre%- ( . M Ren'i. and M Layrs Iron ab-
so:ption by humarns from hrmosidrar:n and ferritin: Further 
stud;rs Nuir 106 126 .35. 976 

Martne:.Torres. C . E Roma.-:. L.[yrtse. Effect of 
cysiet(i on iron ia,,orpion in man. Am. I. Clan. Nutr. 
34 322.327. 1981 

Monsen. E R and I. [)Cook. Food iron absorqion in hu. 
man subtects IV. The effects of caklium and phosphate salts 
on the absorption of non-heme iron Am. J.Clin Nutr. 

1142.1148. 1976 

Monsen. E R. L tfa',lb;g MI .ayrisw. 1) N Ifeted. I 
D Cook. W Mertz. and C A Finch E,imation of avaid. 
abled;etary iron Am I Clin Nuttr31 134.141. 1978 

Moore. C V Iron nutr:;ion ar.d rrquiremrnls S<and I 
Haenatol. Ser;em Harmitologica 0 1-:4. :S 

Moo-re. C V and R )ubadh (i-rvation, on the absorp. 
tion of iron from food% g.ta Trans. Awocd w;tF. rid:oirron 
Am Phys:cian, e>4245.2-16. 1933 

Mor.k. T A. S R I.ynch. ardI C Cook. Reduction of the 
soy.inducrd :nh:bi:or.o non-heme iron absorption. Am. J. 
Clin Nuir In pr-:ss 

Morck. T A . S R Lynch. B. S Skikne and 1. D. Cook. 

Iron availability from infant food vuppkments. Am. J.Clin. 

Nutr 34 26302634. 1081 

,Ion. Kton-ln.K I and N N :'otter- Iron binding by wheat glu. 
ten. soy iso!le. zen. albumen and casein I Food Sci 
44 104. 1979
 

NcK~openm.SI Iatjvnndxl~ye-Laeffec!xpllandas~crbi. 
acid on iron yaknce inmodel ".y"tems.and food I Food Sci 

46 606611. 1981
 

Noleim. SIJ. F. NI Clyesdale. ardO T Z.jicek Effet of 

redo&x potential on iron valence in model sysems and foods 

1. Food Sc. 46 1265.1268. 1981. 

Radhaknshinan. M. R. and 1. Svaprasad. Tannin content of 
sorghum varehes, and their role in iron bioav.-4biity. 1. 

A * Food Chem. 23 55-57. 190. 

Rao. B. S. N. and T. Prabhavathi. Tannin content of foods 
comm.xnly consumed in India and itsinfluence on ioussabl 
iron. J.Sci. Food Agric 33 89.98. 1982. 

Reinhold. I C .1 S Gircia. and P. Carzon. Binding of iron 
by fiber of wheat and maize. Am. I Clin. Nutr. 
34 1384-1391. 1981 

Rios. E .R.E Hunter. 1 1) Cook. N. J Smith. and C. A. 
Finch. Theabsorption of iron stupp!ements in infant ceral 
and infant formu.as.. Pd:.atr;c-. S5 686.693. 1975. 

Rossander. L. 1. Hallber¢. and F Bjorn -Rur, s.u-n. Ab,­
sorption of iron10"from breakfa!.' mcals32:2484.2489. Am.1. Clin. Nutr. 

Satman. P The role of chelation in iron metabolism. 1. 
Chem. Ed. 42 682. 1065 

Cayers. M. H . S R Lynch. R W Charlton. andT. H. Both­
well. Iron absorption from rice meals cooked with forldied 
tiltcontaining ferrou, sulphja.e and ascorbic acid. Brit. J. 
Nutt. 31 367.375. 1974 

Sayers. M 11 . S R Lynch. P 'a<obs. R W Charlton. T Ii 
Bothwell. R B Wa:ker. and F Mayet The elect of acorbic 

acid s.upper-ntation on the at-orption of iron in maize.wheat and soya Srit Ilaera'ol 24 2.0.218. 1973 

Sah. B G . A (;iro.; andBB !le'inr I:hcato.".Ior re. 
duced iron as a food add~t;vc fed [ri 3 1!07. :977 

Simpson. K M . i R Morrm and I *) Cook "Trinhi. 
tory effect of bran on ir(.n .3btorpt.on :n man Am I Ciin 
*utr 34-:469.1478. 198: 

United Sta!e. [Department of Hefaith. F:d|(-aton and Wrl. 
fare No 72.813. Ten.State Nut::tion SJvey. 172 

VainCampen. D R andH %I W.r.ch Availabilyto ratof 
iron from spinach Effect% of oXalaK acid I Nutr 
110.1616.1621. 300 

Wagg e. D H . M A Lamb ert. C 1) Miller. E P. Farrell. 
aMd C. W. Beyoe Extenaive analy-es offlours and millfeed­
made from nine differtt wheat mixes. II. Amino acid%. mn. 

ta. vitamins, and gross energy. Cereal Chem. 44.4860. 
1987. 

Weintraub. L.R.. M. B.Weinstrin. andfH. J.Huser. Absrp. 
of hemoglobin iron The rok of a hemespliting sub.stance in the intestinal mucosa 1. Clin. Invest. 47.531.539. 

198 

Widdowson. E.M and R A. McCance Iron exchange ofadults on white and brown bread d;ets. Lancet 85931. 
14 
1942. 

Wolf. W. 1. and I C.Cowan Soybeans as aFood So-rceCRC Pres. Clev~nd. Ohio. 1971. 

44
 

http:formu.as
http:agnuts.on


Other task force reports of the International Nutritional Anemia Consultative 
Group which have been publshed are: 

Guidelines for the Eradication of Iron Deficiency Anemia
 
Iron Deficiency in Infancy and Childhood
 
Iron Deficiency in Women
 

These reporlt%.re .vailable without charge from: 
The Nutrition Foundation 
888 Seventeenith Stret, Northwest 
Washington, D.C. 20006 
U.S.A. 


