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Introduction

As-described by Mielczarek and McGrayne [1], life on
earth evolved in an early sea environment with ready ac-
cess to the ferrous form of iron, the 4% most abundant el-

ement on the planet. Resulting photosynthesis flooded the
atmosphere with reactive oxygen, requiring the surviving

organisms to modify their iron-based energy metabolism

to utili';ze';bxygen, but with complex controls to prevent ex-
cess oxidation. Oxygen rusted earth’s iron, ferrous iron
became much less abundant, and problems with iron
bioavailability had begun.

At the beginning of the 21% century, the World Health
Organization recognizes iron deficiency as one of the ten
greatest global health risks, ranked according to the num-

‘ber of lost healthy life years [2]. Iron deficiency impairs

reproductive performance, cognitive development, and
work capacity. Effectively resolving this problem with
preventative nutritional strategies is a challenge that re-
quires improving the bioavailable iron content of human
diets through supplementation, fortification (including
biofortification), and ultimately, dietary diversification.
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Mechanisms of iron absorption

Iron absorption is defined as the physiological movement
of iron into the enterocytes that line the luminal surface of
the gastrointestinal tract and then into the bloodstream.
Iron absorption is influenced by both endogenous factors,
including the physiological characteristics of the organ-
ism, and exogenous factors such as characteristics of the
ingested form of iron and the dietary matrix. The molec-
ular process of iron absorption and its control is an active
field of research, with information rapidly accumulatmg
(for a recent review, see reference 3).

~ The mechanisms of absorption differ for heme and in-
organic (non-heme) forms of iron, although both are ab-
sorbed primarily in the upper portion of the duodenum,
the portion of the small intestine with the lowest Juminal
pH. Heme iron absorption is not as well understood as that
of non-heme iron, and no receptors have been identified
for mucosal uptake of heme iron. Hemoglobin iron is bet-
ter absorbed than iron from isolated heme because the pep-
tide remnants resulting from proteolytic digestion of the
globin proteins prevent heme- polymerization. The heme
moléecule is absorbed as an intact porphyrin structure, pos-
sibly involving endocytosis. In the mucosal cell, heme iron
can be catabolized into ferrous iron and bilirubin by heme
oxygenase, adding iron to a common cellular pool for sub-
sequent transport into plasma or intracellular storage for
release as the cells exfoliate. The recent description of a

heme export protein that is expressed in the intestine sug-

gests that heme iron may also be absorbed intact [4].
Non-heme iron is best absorbed if presented to the in-
testinal villi as soluble ions (preferably in the reduced, fer-
“rous form) or as low affinity, low-molecular-weight iron
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ligands. Stomach acid facilitates these conditions. Ascor-

bic acid concurrently ingested with iron helps to maintain

the iron in a soluble, reduced, low-molecular ligand form
. in the intestinal lumen.

‘Within the past few years, several proteins have been
identified that facilitate and regulate mucosal uptake and
transfer of non-heme iron (Figure 1). Ferric iron is con-

- verted to the ferrous form at the duodenal apical surface
by the ferrireductase duodenal cytochrome b (Dcytb) [5].
A divalent metal transporter (DMT1) then facilitates trans-
fer of the ferrous iron across the brush border membrane
into the mucosal cell [6, 7]. Iron taken up into the entero-
cyte may be further transported to the blood through the
basolateral membrane, completing absorption, or it may
be held and returned to the intestinal lumen with cellular
desquamation. IREG1, also called ferroportin, is involved
in the efflux of iron from the mucosal cell at the basolat-
eral membrane [8—10]. In addition, the transfer of iron out
of the enterocyte into the circulation involves hephaestin,
a ferroxidase that is homologous to ceruloplasmin, a cop-
per-containing ferroxidase in plasma [11] that oxidizes
iron to the ferric form, enabling its transfer to transferrin
in the plasma. Dcytb, DMT]1, and IREGI are preferen-
tially expressed in the.diﬁlodenum, the main site of iron ab-
sorption, and are up-regulated in iron deficiency. Although
DMT1 has the highest affinity for iron, other divalent ions,
such as manganese, lead, cadmium, zinc, and copper also
bind to this transporter [7]. Such an affinity for multiple
minerals at the binding sites of transport proteins suggests
a potential mechanism for nutritional interactions that af-
fect iron absorption. '

Iron absorption is responsive to recent iron intake, iron
stores, erythropoiesis, hypoxia, pregnancy, and inflam-
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Figure 1: Absorption of heme and non-heme iron
in the intestinal mucosal cells, involving various
transport and regulatory proteins (see text).
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mation. Hepcidin,"an antimicrobial peptide released from

the liver into the circulation, reduces iron absorption and
is likely a primary point of control that is affected by sev-
eral of these stimuli [12, 13]. Hepcidin reduces the baso-
lateral transport of iron from the enterocyte by binding to
and facilitating the intemnalization of IREG1/ferroportin
[14]..Control of absorption also involves the HFE protein
located in the basolateral membrane. A mutation in this
protein is associated with the excessive iron absorption
observed in the iron storage disorder hemochromatosis

'[15]. Although the mechanism of the HFE influence on
iron absorption is incompletely understood, HFE appears
to interact with membrane transferrin receptors in the ba-
solateral membrane, possibly enabling the enterocyte to
sense body iron stores from transferrin saturation levels
and influencing expression of transporters such as DMT1
and IREG1/ferroportin [16]. The principle influence of the
HFE protein may be in the liver, where interaction with
transferrin receptor to sense transferrin saturation levels
could affect hepcidin expression and release.

Absorption as affected by iron
status, dietary bioavailability and
content

Both heme and non-heme iron are absorbed in inverse pro-
portion to body iron stores. Figure 2 demonstrates how
iron absorption by healthy men and women is influenced
by their body iron stores and by high and low bioavail-
ability diets [17, 18]. The high bioavailability diet of this

371
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figure was rich in meat, ascorbic acid, and refined grains,
while the low bioavailability diet contained only small
amounts of poultry, fish, and ascorbic acid, but plenty of

~whole grains, legumes, and tea beverage (enhancers and

inhibitors of iron absorption are further discussed below).
Heme iron, contributing 0—2 mg to total daily iron intake
(depending on meat consumption), is absorbed at 20 to
50% efficiency (Fi gure 2). Non-heme iron, accounting for
the remaining 12—18 mg of dietary iron consumed daily,
is absorbed at 0.1 to > 35% efficiency, depending on body

iron status and dietary bioavailability. These absorptive ef- .
'ficiencies enable greater control of non-heme iron ab-

sorption, compared to that of heme iron. When iron stores

“are high, absorption of non-heme iron can be minimized

more completely and when 1ron stores are lJow, non-heme
iron 1is absorbed nearly as efficiently as heme iron [19].
Because ~85-100% of dietary iron is in the non-heme
form, this form accounts for most of the physiological con-
trol of iron absorption in relation to iron needs.

Nutrient bioavailability can be defined as the dietary

_characteristics that influence the fraction of the nutrient

that can be absorbed and used for normal physiological
functions and storage. This nutrient absorption, utiliza-
tion, and storage is influenced by endogenous or host fac-
tors, such as nutritional status, gastric acidity, maturation,
and physiological requirements, and by extrinsic dietary
characteristics including nutrient content, form, and oth-
er factors that enhance or inhibit bioavailability. Body iron
is mainly controlled at the point of intestinal absorption
rather than excretion [20], and iron bioavailability is large-
ly determined by the factors that affect absorption. Dietary
factors that affect iron absorption include the form of iron

«,Figure 2: Iron absorption as affected by body
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iron status (indicated by serum ferritin) and
dietary bioavailability. Absorption of heme iron
(top, solid line) from meat is most efficient and is
- generally unaffected by other dietary factors.

o Absorption of non-heme iron is substantially
influenced by dietary enhancers and inhibitors
(see text). Despite similar iron content (16 mg

Percent Iron Absorption

— iron/ 10 MJ in these diets), the high bioavailabili-

9|ty diet enables substantially increased iron
absorption by women with low iron stores
(middle, dashed line), while a low bioavailability
substantially suppresses absorption of non-heme
iron (bottom, dotted line). On a logarithmic

scale, dietary bioavailability affects the intercept,
but not the slope of the relationship between non-
heme iron absorption and body iron stores (inset,
also showing individual data), so the ratio of

“Serum Ferritin, ug/L

non-heme iron absorption from diets differing in
bioavailability is unaffected by body iron status.
Data from similar studies with men and women
[17,18] have been combined.
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(heme or non-heme), as well as dietary constituents con-

sumed simultaneously that influence the fraction of solu-
ble, reduced iron in the intestinal lumen.
Although iron absorption is strongly influenced by both
‘body iron status and dietary availability (Figure 2), there
is little evidence that these interact. Dietary characteris-
tics especially influence the absorption of the non-heme
form of iron, but this influence alters the intercept, not the
slope of the relationship between fractional non-heme iron
absorption and iron status (note the parallel lines in the
logarithmic inset of Figure 2). Accordingly, the relative
‘ratio of non-heme iron absorption from two diets with dif-
ferent iron availability is independent of the subject's iron
status (see also [21]). It follows that the availability of di-
etary iron can be determined by testing absorption in sub-
jects with varying iron status. From a practical standpoint,
the relative variability in absorption measurements may
- be reduced by not testing subjects (men) with high iron
stores, but iron-deficient subjects are not required to mea-
sure the availability of dietary iron.
. In prosperous countries with varied-diets, iron absorp-

tion depends mainly on the subjects' iron status and on fac-

tors affecting dietary availability, independent of iron con-

tent. However, with severely limited diets based on grains .

such as rice or de-germed corn, dietary iron content also
may be an important limiting factor in determining the to-
tal iron absorbed.

Factors ’affecting the bioavailability
of dietary iron

The Bioavailabﬂity of dietary iron is affected mainly by
the chemical form, by dietary enhancers and inhibitors that

“affect Juminal iron solublhty, and to a lesser extent by oth-
er cations that may compete for mucosal transport, and by
the amount ingested. .

| Chem_ical'Form

- For food iron, the main forms affecting absorption by hu-
mans are heme and non-heme iron..Heme iron accounts
for ~40% of the iron in meat, poultry, and fish flesh. Non-
heme iron, for practical purposes, comprises the rest of
iron in foods, which is almost completely exchangeable
with extrinsically added radio-iron ionic salts. In humans,
absorption of non-heme iron from foods intrinsically ra-
dio-labeled during the growth of the food, or extrinsical-

~ ly radio-labeled in the final stages of food preparation re-

sults in extrinsic to intrinsic absorption ratios of approxi-
mately 1.1 [22]. This validation of an extrinsic labeling

- technique to study non-heme iron absorption from food
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has been extensively tested by using fdods such as maize,
soybeans, wheat, wheat bran, white wheat flour, black

" beans, and eggs [22, 23]. All non-heme iron consumed si-

. multaneously (in a meal) appears to be absorbed to a sim-

~ -ilar degree from an exchangeable, non-heme iron pool in
the intestinal lumen. Absorption from this pool is affect-

ed by other dietary constituents consumed with that meal,

- but not those consumed several hours before [24].

An exception to this exchangeable non-heme iron pool
1s food iron in the ferritin form. Liver and spleen are rich
in ferritin iron, which occurs in much lower but general-
ly not well-quantified amounts in other animal and as well
as plant foods. Ferritin iron is less efficiently absorbed
than non-heme iron when tested by using animal ferritin
intrinsically radio-labeled [25-27], a difference which is
not detected when the animal ferritin has been isolated and
extrinsically radio-labeled [27, 28]. Although increased
expression of ferritin in plant foods has been proposed as
a means of increasing food iron content [29], the bioavail-
ability of iron from ferritin remains unresolved.

The possible contamination of iron with soil residues,
dust, or water minerals provides another exception to the -
concept of a completely exchangeable pool of non-heme
iron from a meal. Such contamination is minimal (2-3%)
in most Western diets, but low exchangeability (~50%) has
been observed in a Chinese meal of soy bean cake, red
pepper, fried bamboo, and chicken, and in a Tanzanian

" meal of cassava leaves [30].

Bioavailability also varies for the forms of iron used in
food fortification or supplementation. A ranking of the

‘bioavailability to humans of chemical salts (ferrous sul-

fate, ferrous succinate, ferrous lactate, ferrous fumarate,
ferrous glycine sulfate, ferrous glutamate, ferrous glu-
conate, > ferrous citrate, ferrous tartrate, ferrous py-
rophosphate > ferric sulfate, ferric citrate [31]), is likely
determined by their iron valence and solubility. Bioavail-
ability has been enhanced by chelation of iron in forms
such as NaFeEDTA or ferrous bis-glycinate, which ap-.
parently improve luminal solubility and moderate the in-

* fluence of inhibitors such as phytic acid [32, 33]. Iron for-

tification sources such as ferric pyrophosphate, ferric or-
thophosphate, and elemental iron powders are relatively
inert in dry foods; this provides the advantage of mini-

mizing adverse chemical reactions that may impair food

color, taste, and shelf-life, but is also associated with low-
er iron absorption relative to salts such as ferrous sulfate.
Some micronization and emulsification technologies ap-
pear to improve the bioavailability of ferric pyrophosphate
[34]. The bioavailability of elemental iron powders, com-
posed of relatively pure iron metal with a zero valence

' state, is related to particle size, surface area, and solubil-
ity and differs according to specific production process-

es; bioavailability, as determined with anemic rats, is

Int. J. Vitam. Nutr. Res., 75 (6), 2005, © Hogrefe & Huber Publishers
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greatest for carbonyl, followed by electrolytic, and then
the various reduced iron powders [35]. However, the
bioavailability of elemental iron powders is difficult to de-

termuine sensitively in humans because the commercial

powders cannot be isotopically labeled; carbonyl iron that
was radio-labeled by neutron activation was poorly ab-
sorbed by humans [36].

Dietary enhancers and inhibitors of
iron absorption

When consumed concurrently in the same meal, dietary
factors can substantially enhance or inhibit iron absorp-
tion. Heme iron absorption is enhanced by unidentified
factor(s) in meat, poultry and fish [37, 38] and inhibited
by calcium [39]. These two and several other dietary fac-
tors influence absorption of the non- heme iron form (Table
1) The enhancing effects of meat, poultry, and fish [37,
38), and of ascorbic acid [24, 40], increase in a dose-de-
pendent manner, and are especially effective in the pres-
ence of inhibitors such as phytic acid and polyphenols [41,
42]. Alcohol enhances non-heme iron absorption, possi-
bly by enhancing gastric acid secretion which promotes
the reduced valence state [42]. Carotenes have been re-
ported as enhancers of non-heme iron absorption [43, 44].
Reports of enhancement by retinoids are inconsistent [43,
45]. Citric, malic, and tartaric acids also appear to enhance
non-heme iron absorption, and while this enhancement re-

quires a 100-fold molar ratio, it has been suggested to be -

of practical relevance when diets include citric acid from
citrus fruits, malic acid from deciduous fruits such as
plums, peaches, and apples, or tartaric a01d from white
wines [46]. :

Inhibitors of non-heme iron absorption include phytic

acid (inositol hexaphosphate) in whole grains, legumes,

lentils, and nuts [41, 46]; iron-binding polyphenols, such
as flavonoids, phenolic acids, and their polymerization
products in tea, coffee, red wines, and a variety of other
cereals, vegetables, and spices [42, 46, 47]; soy protein

Table I: Food components that enhance or 1nh1b1t absorptlon of
non-heme iron, if consumed concurrently.

Enhancers Inhibitors
"Meat, poultry, fish (umdenmﬁed factor)l Phytic acid
Ascorbic acid? Polyphenols/

' tannins (tea & coffee)
Alcohol Soy protein

Retinols and carotenes?? _ Egg

Other organic acids?? “Calcium!

! Absorption of the heme form of irbn is also enhanced by a fac-
tor in meat, poultry, and fish, and inhibited by calcium.

* Ascorbic acid interacts with inhibitors such as phytic acid and

iron-binding polyphenols, resulting in an even greater enhanc-
ing effect when such inhibitors are present:

(apparently independent of the phytic acid in soy) [48];

- andeggs [42, 49]. Inositol hexaphosphate is the main form
+ of inositol phosphates in food and it is primarily the hexa-

and pentaphosphates that inhibit non-heme iron absorp-
tion [50]. The dose-dependent inhibition by phytic acid is .
nearly maximal at phytate-to-iron molarratios greater than

one, and partial reductions in phytic acid may not sub-

stantially improve iron absorption [51]. Phytic acid con-
tent can be reduced by germination, fermentation, and
soaking of cereal flours [52], including the yeast leaven-
ing of bread, but calcium sources in bread dough will in-
hibit phytic acid degradation by yeast phytase [39].

Influence of other mmerals and of the

. amount of iron

As indicated above, other cations in addition to ferrous
iron may bind to iron transport proteins such as DMT-1,
potentially inhibiting iron absorption. Calcium inhibits the
absorption of both heme and non-heme iron [39, 53]. The
inhibition of non-heme iron occurs when the calcium con-
tent of a meal exceeds SO mg, and is maximal at about 300
mg [42]. Zinc in supplemental quantities may inhibit iron
absorption [54, 55]. Increasing the dose of iron ingested
reduces the efficiency of (fractional) absorption, but in-
creases the absolute amount absorbed [56]. '

Assessing iron b|oavallab|l|ty from
human diets

Intrinsic vs. extrinsic isotopic labeling

As discussed above (see Factors affecting iron bioavail-
ability; Chemical form), it is well established that non-
heme iron from foods consumed in the same meal is ab-
sorbed from a common, exchangeable iron pool. The use
of extrinsic isotopic labels to measure absorption of the
non-heme iron in a meal has been extensively validated

[22, 23, 57].

T_eéti_ng with single meals

Meals with similar iron content can differ by up to 10-fold
in iron bioavailability when tested by using a well-ac-
cepted test meal protocol. With this frequently applied pro-
tocol, iron absorption is tested with iron isotopes extrin-
sically added to weighed meals that are consumed in the
morning by fasted subjects. Retention of the isotopes is
determined after two weeks, either by whole body count-
ing of gamma-emitting °Fe, or more commonly by ery-
throcyte retention of the isotopic tracers. The erythrocyte

Int. J. Vitam. Nutr. Res., 75 (6), 2005, © Hogrefe & Huber Publishers
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retention method requires estimation of the subject’s blood
volume and of the fraction of absorbed isotope that is in-
corporated into red cells within two weeks. The whole

body counting and erythrocyte retention methods are high-

ly correlated under conditions assuming 80% erythrocyte
incorporation of absorbed iron isotope [17, 58]. Although
absorption and erythrocyte incorporation are both in-
versely related to body iron stores [17, 58, 61], this does
not interfere with sensitive estimations of food iron
bioavailability in studies designed with subjects serving
as their own controls. As described in the discussion of
Figure 2 above, the relative ratios of iron bioavailability
between diets are independent of the iron status of the sub-

- jects tested, making it unnecessary to test only iron-defi-
cient subjects to evaluate dietary bioavailability. Howev-
er, to make comparisons between experiments, it is nec-

- essary to normalize data for differences in iron status of
the subjects, either by expressing absorption relative to
that from a reference dose (3 mg iron with 20 mg ascor-

bic acid), a reference meal, or by adjusting the absorption

| .to thatexpected with a specific concentration of serum fer-
ritin [62].

Single meals vs. diets fed throughout
the day

The practical impact of the large bioavailability differ-
ences observed with single meal studies has been chal-
lenged mainly because of a relatively minimal impact of

dietary interventions on iron status after several weeks or
months (discussed further below). Investigations from the
laboratory of Cook et al [62-64] reported that single, con-
trolled meals served in the laboratory exaggerated the dif-
ferences in bioavailability that were observed when the
volunteers were given radio-labeled rolls to consume with
whole diets that were self-selected, away from the labo-
ratory, according to the investigators’ instructions. How-
ever, the greater differences in bioavailability observed
with single meals (high/low bioavailability ratio of ~6 for
‘non-heme iron) than with diets consumed through the day
(ratio of ~2.5) was likely attributable to the poorer exper-
imental control of the self-selected diets [62-64]. When
weighed, two-day diets were ingested under laboratory
conditions [17, 18, 65], bioavailability ratios were more
similar to those observed with single meals (ratios of ~5—
6). Tidehag et al [66] reported lower non-heme iron ab-
‘sorption from a combination of foods with amounts dis-
tributed as 1/7,2/7, and 4/7 for three meals, compared with
absorption from a single morning meal with a 1/7 portion
of the sarpe foods. However, because the second and third
meals of ‘the day each contained higher amounts of iron
that may . reduce. absorptive efficiency, this difference
could not be attributed just to single vs. multiple meals.

Taylor et al [67] found no difference in iron absorption
from identical foods and amounts in two studies of
Venezuelan meals, consumed either at breakfast after an
overnight fast, or at lunch time after just a four-hour fast.
The evidence suggests that the iron absorbed from a diet
consumed throughout the day is the sum of iron absorbed
from the single meals of that diet. At the same time, it must
be recognized that enthusiastic investigators are likely to
test more extreme food combmatlons with single meals
than with complete diets.

Adaptation to differences in dietary
iron bioavailability -
Whether absorption is measured from single meals or a

few days of complete diets, dietary factors that affect iron
bioavailability are only important to the extent that they

influence iron absorption from a sustained diet. Extensive

exposure does not seem to modify the degree of enhance-
ment or inhibition by dietary factors that influence non-
heme iron absorption. In single meal comparisons, dietary
phytate inhibited non-heme iron absorption to a similar
degree in long-term vegetarians and controls [68]. Ascor-

“bic acid enhanced non-heme iron absorption to a similar

degree before and after 16 weeks of ascorbic acid supple-
mentation; however, this supplementation tended to re-
duce the general efficiency of non-heme iron absorption
(nonsignificantly) by about 25%, both with and without
added ascorbic acid [69]. Adult men partially adapted
within 10 weeks to significantly increase iron absorption
from a low bioavailability diet from 0.12 to 0.17 mg/day,
and decrease iron absorption from a high bioavailability
diet from 0.96 to 0.69 mg/day [17]. However, in a similar

experiment with premenopausal women, adaptation was

less pronounced, and was not quantitatively important
[18]. It can be concluded that dietary equilibration is not
necessary to evaluate relative iron b10ava11ab111ty from
foods.

Although short-term adaptamon to differences in di-
etary bioavailability is limited, the cross-sectional inverse
relationship between iron absorption and body iron stores

~ (estimated from serum ferritin; Figure 2) 'suggests along-

term adaptive response to regulate body iron. Such adap-
tation is a physiological adjustment related to the change
in iron status, rather than to specific dietary enhancers or
inhibitors of iron absorption. However, as indicated in Fig-
ure 2, the bioavailability of the diet can restrict the impact
of the greater absorptive efficiency of people with low iron
stores.

Int. J. Vitam. Nutr. Res., 75 (6), 2005, © Hogrefe & Huber Publishers
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Short-term absorption vs. long-term.
changes in body iron status

Despite con31derable dlffelences in iron absorption with

dietary changes, there has been little demonstration of the
efficacy of changes in dietary bioavailability on human
iron status. In controlled trials of weeks or months dura-
tion, serum ferritin was unresponsive to changes in ascor-
bic acid [69-73] calcium [74, 75], or meat [76] intake.
Women consuming controlled diets differing in meat and
phytic acid for 8 weeks each had no change in serum fer-
ritin despite a 6-fold difference in iron absorbed [77]. Sim-
ilarly, 10 weeks of controlled diets high or low in bioavail-
ability (based on differences in meat, ascorbic acid, phyt-

" ic acid, and tannins) resulted in 4- to-6-fold differences in

total iron absorbed, but did not influence serum ferritin of
U.S. adult men or women [17; 18]. Such unresponsive-
ness to dietary iron bioavailability was also observed in
iron-deficient rural Mexican women, some with anemia,
whose iron status was unresponsive to the addition of a
food source of ~50 mg ascorbic acid consumed with meals
for 8 months [73, 78]. A commonly used guideline derived
from studies of human iron depletion by phlebotomy, in-
dicating that 1 pg/L difference in serum ferritin corre-
sponds to 8—10 mg stored iron or 120 pg storage iron/kg
body weight [79], has not been predictive of the minimal
changes in serum ferritin observed with differences in di-
etary iron absorption for weeks or months. The reasons
for this apparent discrepancy between phlebotomy and ab-
sorption results are not clear, but it should be expected that
dietary changes affecting iron absorption would only
gradually influence body iron, likely requiring months or
years.
 Cross-sectional studies provide some evidence of such
long-term effects of dietary iron bioavailability. In com-
parisons of vegétarians and omnivores, vegetarians con-
sistently have lower iron stores, although without any ap-
parent increase in iron deficiency anemia [80]. In addi-
tion, a detailed dietary assessment of elderly subjects
found that serum ferritin was positively associated with
ingestion of heme iron, supplemental iron, dietary vita-
min C, and alcohol and negatively associated with coffee
drinking [81]. " '

Although most experimental interventions with dietary

bioavailability have not changed body iron stores, inter-
ventions with supplemental or fortification sources of iron
are efficacious in improving body iron [58, 82, 83]. Sus-
‘tained interventions are required,-as recently documented
in Moroccan children who, despite their iron-replete sta-

tus after a successful iron fortification trial, rapidly devel-

oped deficits in tissue iron and reduced hemoglobin con-
centrations when their low-iron bioavailability, legume-
and cereal-based dj_ets were no longer fortified [84].
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Conclusions

Our knowledge of the molecular basis of iron absorption
is growing rapidly. Both body iron status and dietary char-
acteristics substantially influence iron absorption, with lit-
tle interaction between these factors. When assessing the
dietary characteristics that affect iron availability, absorp-
tion data must be normalized for the iron status of the sub-
jects. Human studies employing iron isotopes have helped
to quantitatively define the dietary characteristics that en-
hance orinhibit iron absorption from foods. High bioavail-
ability diets can enable those with low iron status to sub-
stantially increase dietary iron absorption. However, in
contrast to iron supplementation and fortification, dietary
bioavailability improvements have had minimal effect on
indices of human iron status within several weeks or
months. Iron deficiency can be best resolved with plenti-
ful, varied diets. Otherwise, iron fortification will likely
be needed to augment more limited dietary availability ap-
proaches to human iron deficiency.
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