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Studies of the molecular mechanisms involved in
the absorption and bioavailability of iron are
important to attempts made worldwide to control
the high incidence of iron-associated disorders.
The ultimate objective of these studies is to
develop methods that are relevant to iron
bioavailability and interactions in humans. However,
a comprehensive understanding of the chemical
and physiologic mechanisms that influence iron
bioavailability is necessary to achieve this goal. Initial
studies using in vitro and animal models offer the
potential for flexibility and manipulation of
experimental variables that could provide valuable
information toward the understanding and
improvement of food iron bioavailability.

Introduction

The importance of iron nutrition and metabolism has been
a subject of strong interest in both developing and devel-
oped nations.1–4 The metabolic disorders of iron represent
a double-edged sword of deficiency and overload and
have stimulated numerous interdisciplinary studies of the
various aspects of iron’s nutrition, physiology, and bio-
chemistry. Among these studies are two interrelated re-
search interests. First, studies of dietary and physiologic
factors that modulate the efficiency of iron absorption aim
to formulate diets and dietary practices that enhance iron
availability.5,6 Second, an intensive search is under way to
unravel the molecules, mode, and mechanisms of intesti-
nal absorption of iron.7–9

Despite many years of intensive studies, the path-
ways and general features of intestinal iron absorption
are still speculative and hypothetical. Consensus has not

yet been reached on the comprehensive molecular mecha-
nisms involved in iron passage into, across, and out of
the mucosal epithelial cells. The unfolding scenarios of
the transit of inorganic iron into the mucosal cell include
three possibilities: (1) a paracellular uptake that is non-
specific, nonregulated, and has a low affinity for iron per-
meation,10 (2) transcellular passive and partially regulated
diffusion,11 or (3) a highly regulated transcellular trans-
port that might involve an electrogenic energy-requiring
carrier-mediated pathway,12 a glycoprotein,13 fatty acid–
mediated transport,14 and/or the recently elaborated
mucin-integrin-mobilferrin-paraferritin complex.8,15

This last theory proposes that inorganic iron in the
diet is chelated in vivo to luminal mucin to maintain its
solubility at the neutral pH of the small intestine.16 Iron is
then transported across the mucosal microvillar membrane
in association with a cell-surface integrin.15 It is subse-
quently transferred to a cytosolic mobilferrin17 in associa-
tion with paraferritin,8 which is probably a ferrireductase.
The emerging consensus, however, is that the reduction
of Fe3+ to Fe2+ is a key regulatory step in the intestinal
uptake of iron. The rate-determining reduction18 occurs in
the intestinal lumen or at the mucosal surface. This might
also be a characteristic feature of the transferrin-indepen-
dent iron uptake pathway elucidated in other mammalian
tissues.19,20

Iron Absorption

The deluge of information generated thus far on the pro-
cesses of intestinal iron absorption has been derived
mostly from various in vitro model systems in animal cells
or tissues.8,12,17,21 These include the use of enterocytes,
duodenal biopsies, brush border membrane vesicles, vas-
cular perfused intestine, and everted intestinal sacs, rings,
or loops.22–24 These models have often been criticized on
the basis of the disparities between the iron absorptive
processes of laboratory animals, particularly rats, and hu-
mans.25,26 Such disparities include the observation that
ascorbic acid and meat do not enhance iron absorption in
the rat,27,28 whereas they do in humans, as studies have
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consistently proven. Ascorbic acid in the free and natural
form in fruits and vegetables is a potent enhancer of
nonheme iron absorption.29 It exerts its promoting effects
by forming soluble chelates with iron in the stomach, con-
verting ferric iron to the highly absorbable ferrous iron
and maintaining the solubility of nonheme iron in the en-
vironment of the small intestine. These facilitating effects
have been observed to counteract the inhibiting influ-
ence of dietary ligands, such as phytate in cereals and
legumes30 and polyphenols in vegetables.

Furthermore, iron absorption in the rat is dependent
on serum iron levels rather than iron turnover or storage,
as is the case in humans.31 The mucosal cell turnover rate
is higher in rats than in humans; hence, significantly more
iron is lost through mucosal exfoliation.32 Moreover, in
vitro animal models lack the versatility and viability needed
to mimic the intact viable intestinal mucosa.33 Various at-
tempts to culture human epithelial cells or to establish cell
lines from enterocytes have proven unsuccessful.34

A recent study35 of iron uptake by freshly isolated
enterocytes derived from human duodenal biopsies has
its limitations. The authors highlighted the elimination of
the physiologic influence of the luminal fluid and the mu-
cus layer. In addition, the paracellular transport of iron
was excluded in the measurement, thereby making pos-
sible an underestimation of iron uptake by the cells. The
paradox was that the credence and veracity of the charac-
teristics of iron uptake by the human enterocytes were
based on similar observations in animal models.35

The rate-limiting step of iron uptake from the intesti-
nal milieu by enterocytes is influenced by, among many
other factors, diet. The process of iron uptake by the
gastrointestinal tract is thus a function of the interplay
among gastric, luminal, mucosal, and systemic factors.
Inorganic iron that is ingested within the complex matrix
of a meal is solubilized and ionized in the acidic pH of the
stomach. The various iron species are subject to physico-
chemical changes, including complex formation, chelation,
or precipitation, as they move into the small intestine. A
significant amount of iron is absorbed in the duodenum,
where the pH still maintains its solubility. The pH of the
intestinal milieu rises with the secretion of pancreatic buffer,
bile, and enzymes in the small intestine,36 thus predispos-
ing iron to precipitation and rendering it insoluble. It is
therefore in the duodenum that iron species are chelated
to integral mucosal proteins located on the surface or tra-
versing the mucosal cells. These processes are invariably
impossible to simulate holistically and sequentially under
a given set of in vitro conditions.

Animal Studies

Although the ultimate test of iron availability in humans is
to conduct human studies, the use of human subjects for
routine testing is practically impossible. Not only are clini-

cal studies expensive, time-consuming, and extremely dif-
ficult to perform with precision, but they require expen-
sive equipment that is not within the capacity of most
laboratories, even in developed countries.37,38 Animal as-
says should be employed to define dietary factors of pri-
mary importance, which may then be selectively studied
in people. Initial studies with animal models provide the
flexibility and opportunities to manipulate different vari-
ables involved in the mechanisms of food iron availability
and absorption.

In Vitro Studies

The classic in vitro iron availability techniques39–41 are
based on simulated enzymatic digestion of food or meals
and the estimation of soluble and/or dialyzable iron and
are used to investigate the chemically available iron in a
wide variety of foods.42 They are useful in predicting the
trend, but not the magnitude, of the absorptive response
in man.43,44 They serve as methods for ranking or catego-
rizing foods with respect to the effect of variables such as
species, processing, cooking, etc., on iron availability.45

The only major exception is the dialyzability of nonab-
sorbable polyphenolic iron complexes in solution.46,47 Sev-
eral attempts are being made to optimize and improve the
efficiency of in vitro techniques, including a systematic
modification of the work of Miller et al.39 by Luten et al.48

and the use of a multicompartmental model of the stomach
and the small intestine.49

Tissue culture systems have recently been employed
to mimic intestinal iron transport systems. The most promi-
nent, promising, and potentially versatile is the Caco-2
cell line model.50,51 Caco-2 cells are derived from human
colonic adenocarcinoma cells and grown on microporous
membrane in bicameral chambers to support differentia-
tion into homogeneous epithelial monolayers.52 The mono-
layers are highly polarized,53 with tight intercellular junc-
tions and, hence, a high transepithelial resistance.54 The
cells express abundant intestinal microvilli, enzymes, and
differentiation markers typical of human small intestinal
enterocytes.53 Caco-2 cells are thus potentially useful as
an in vitro model for demonstrating vectorial epithelial
passage by para- and transcellular routes. The cells have
demonstrated several uptake characteristics observed in
animal and human studies. Iron uptake by the apical sur-
face is transported to the basolateral pole in a process
that is saturable and facilitated not only by the valency of
iron but also by the iron status of the cell.55 In addition,
Caco-2 cells resynthesize three important proteins involved
in iron metabolism—apotransferrin, transferrin, and fer-
ritin.

Earlier reports have raised a few questions about the
metabolism of iron by Caco-2 cells. The oncogenic origin
of the cells might predispose them to a higher cell turn-
over proliferation rate, thus exerting greater demand for

© 1998 International Life Sciences Institute



78 Nutrition Reviews, Vol. 56, No. 3

iron.35 The synthesis of iron transit proteins, i.e.,
apotransferrin and transferrin, might be a physiologic re-
sponse to cope with the higher iron demands for the cells’
proliferation. Human enterocytes do not synthesize trans-
ferrin, and its involvement in iron absorption was jetti-
soned long ago.56 Furthermore, human intestinal tissue
contains a heterogeneous population of cells in which the
globlet cells secrete mucus—an important chelate for iron
uptake.16 The influence of ascorbic acid on iron uptake by
Caco-2 cells has not been clarified.57,58

However, the potential uses of the Caco-2 cells in
vitro model is a step forward, particularly because it is
being used in food iron availability studies.59,60 This re-
cent development offers the potential for combining simu-
lated peptic and intestinal digestion with the measure-
ment of iron uptake.60 It therefore contributes physiologic
processes of absorption and transport into an in vitro
digestion model. It is thus an attractive system for the
studies of the mechanism of iron absorption and true de-
termination of iron bioavailability.61–63

Conclusion

With the urgent global quest to reduce and eradicate iron
deficiency anemia and associated disorders of iron me-
tabolism, it is imperative to develop tools that are not only
simple, fast, and accurate but also reliable for studying
the complex variables involved in iron bioavailability.
These tools are potentially valuable in delineating and
generating vast information on the chemical nature of food
iron, its interactions with other food components, molecu-
lar mechanisms involved in its uptake by the intestinal
cells, and, ultimately, its functional metabolism. The over-
all goal is the generation of information toward the im-
provement of food iron availability for humans. A combi-
nation of reductionist and comprehensive approaches is
necessary to decipher and delineate the bioavailability
and complex molecular mechanisms involved in iron pas-
sage into, across, and out of the mucosal epithelial cells.
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