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Iron deficiency is the most common nutritional disorder worldwide. Iron fortification of foods is
considered to be the most cost-effective long-term approach to reduce iron deficiency. However, for
fortified foods to be effective in reducing iron deficiency, the added iron must be sufficiently bioavailable.
In this study, fortification of whole-grain wheat flour with different sources of iron was evaluated in
vitro by measuring the amount of dialyzable iron after simulated gastrointestinal digestion of flour
baked into chapatis and subsequent intestinal absorption of the released iron using Caco-2 cell layers.
The dialyzability of iron from iron-fortified wheat flour was extremely low. Additions of 50 mg/kg iron
to the flour in the form of ferrous sulfate, Ferrochel amino acid chelate, ferric amino acid chelate
taste free (TF), Lipofer, ferrous lactate, ferrous fumarate, ferric pyrophosphate, carbonyl iron, or
electrolytic iron did not significantly increase the amount of in vitro dialyzable iron after simulated
gastrointestinal digestion. In contrast, fortification of flour with SunActive Fe or NaFeEDTA resulted
in a significant increase in the amount of in vitro dialyzable iron. Relative to iron from ferrous sulfate,
iron from SunActive Fe and NaFeEDTA appeared to be 2 and 7 times more available in the in vitro
assay, respectively. Caco-2 cell iron absorption from digested chapatis fortified with NaFeEDTA, but
not from those fortified with SunActive Fe, was significantly higher than from digested chapatis fortified
with ferrous sulfate. On the basis of these results it appears that fortification with NaFeEDTA may
result in whole-grain wheat flour that effectively improves the iron status.
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INTRODUCTION

Iron deficiency is the most common nutritional disorder in
the world. It is believed to affect 20-50% of the world’s
population (1). Iron deficiency results in the depletion of body
iron stores, which ultimately causes anemia. Functional conse-
quences associated with iron deficiency and/or anemia include
decreased physical capacity and cognitive impairment (1). For
people whose diets mainly consist of plant foods, bioavailability
of dietary iron is considered the most important determinant of
iron deficiency. When the diet is mainly vegetarian, iron
bioavailability is estimated to be<5% (2). The low bioavail-
ability of iron in plant foods is caused by the presence of
substances that inhibit iron absorption such as phytate (3).

Strategies for combating iron deficiency include iron supple-
mentation, food diversification, and food fortification. Food
fortification is being recognized as a sustainable, relatively
simple, and realistic way to reduce and prevent iron deficiency
(4, 5). However, fortification of foods, such as cereal flours, is
difficult as the added iron either causes organoleptic changes
during storage and preparation, has a low bioavailability, or is
too expensive (5). In general, water-soluble iron compounds

(such as ferrous sulfate) have an acceptable bioavailability but
cause unacceptable organoleptic changes during storage and/or
preparation of the flours. In contrast, water-insoluble iron
generally does not cause organoleptic changes during storage
and/or food preparation of cereal flours, but it may be poorly
absorbed. Forms of iron that do not affect the taste and quality
of the food and may have a high bioavailability (such as heme
iron, NaFeEDTA, and Ferrochel amino acid chelate) are
relatively expensive (4,5).

The objective of this study was to determine the relative
availability of different iron-containing compounds from forti-
fied whole-grain wheat flour baked into chapatis. The tested
compounds included water-soluble iron compounds (i.e., ferrous
sulfate and ferrous lactate), ferrous fumarate, which is poorly
soluble in water but soluble in diluted acid, iron compounds
that are poorly soluble in water and diluted acid (i.e., ferric
pyrophosphate, carbonyl iron, and electrolytic iron), and pro-
tected iron compounds [i.e., Ferrochel amino acid chelate, ferric
amino acid chelate taste free (TF), Lipofer, SunActive Fe, and
NaFeEDTA]. Ferrochel amino acid chelate and ferric amino
acid chelate taste free (TF) are complexes of one molecule of
ferrous and ferric iron and two or three molecules of glycine,
respectively (6). Lipofer is a complex of ferric pyrophosphate,
starch, and lecithin. SunActive Fe is a micronized, dispersable
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ferric pyrophosphate produced from ferric chloride and sodium
pyrophosphate using a dispersion technique. This technique
results in the production of very small ferric pyrophosphate
particles with relatively high bioavailability (7). Relative avail-
ability of each compound was determined by measuring in vitro
dialyzable iron after simulated gastrointestinal conditions (8-
10) in conjunction with in vitro intestinal absorption using the
Caco-2 cells (11-13).

MATERIALS AND METHODS

Chemicals and Solutions.All chemicals were from Sigma-Aldrich
Chemie BV (Zwijndrecht, The Netherlands) unless otherwise stated.
Dulbecco’s Modified Essential Medium (DMEM, high glucose), fetal
bovine serum, penicillin/streptomycin solution [containing 10000 units/
mL penicillin G sodium and 10000µg/mL streptomycin sulfate in
0.85% (w/v) NaCl], 1% (v/v) nonessential amino acids solution
(NEAA), and Hanks’ Balanced Salt Solution (HBSS, 10× concentrated)
were from Gibco (Rockville, MD). Ten times concentrated phosphate-
buffered saline (PBS) solution was from Roche Diagnostics Nederland
BV (Almere, The Netherlands). Ultima Gold scintillation solution was
from Packard Bioscience (Groningen, The Netherlands). Ferrochel
ferrous amino acid chelate and ferric amino acid chelate taste free (TF)
were from Albion (Clearfield, UT). Food grade NaFeEDTA (Ferrazone)
was from Akzo Nobel (Arnhem, The Netherlands). SunActive Fe was
from Taiyo Kagaku Co (Yokkaichi, Japan). Lipofer was from Lipofoods
S.L. (Barcelona, Spain). Ferrous lactate, ferrous fumarate, ferric
pyrophosphate, carbonyl iron, and electrolytic iron were from Acros
Organics (Geel, Belgium).55Fe in the form of ferric chloride was from
Perkin-Elmer (Boston, MA). Whole-grain wheat flour was from
Hindustan Lever Ltd. (Mumbai, India).

Preparation of Chapatis. Iron-fortified flour was prepared by
mixing 500 g of whole-grain wheat flour with 50 mg/kg iron from
different sources for 10 s in a Stephan UM 5 Universal mixer. In this
study we evaluated the iron availability of ferrous sulfate, ferric amino
acid chelate TF, Ferrochel amino acid chelate, ferrous lactate, Na-
FeEDTA, ferrous fumarate, ferric pyrophosphate, SunActive Fe,
Lipofer, carbonyl iron, and electrolytic iron. Dough was made by
transferring 500 g of flour and 340 mL of water to the cup of a Hobart
N50 mixer and gently mixing at level 1 for 4 min. The dough was
subsequently divided in portions of 40( 1 g. For preparing chapatis,
each portion was flattened with a pizza engine to slices of∼15 cm in
diameter and∼1.5-2 mm in thickness. The flattened dough was baked
on an electric crêpe cooking plate for 2 min on both sides at a plate
temperature of 240-250°C. Chapatis were subsequently stored at-20
°C until determination of in vitro dialyzable iron.

Cell Culture. Caco-2 cells were obtained from American Type
Culture Collection (ATCC) and used in experiments at passage 30-
40. Caco-2 cells were cultured in 25 or 75 cm2 culture flasks (Corning
Costar, Badhoevedorp, The Netherlands). The culture medium consisted
of DMEM (high glucose) supplemented with 20% (v/v) fetal bovine
serum, 1% (v/v) penicillin/streptomycin solution, and 1% (v/v) NEAA.
Cells were maintained at 37°C in a humidified atmosphere of 5% CO2

in air. For uptake and transport experiments, cells were seeded on the
filters (Transwell, 1 cm2, Costar, Badhoevedorp, The Netherlands) at
a density of 300000 cells/cm2 and cultured for at least 21 days. Twenty-
four hours before the uptake and transport experiments were begun,
cells were cultured in DMEM with 100µM deferoxamine to deplete
the cells of iron.

In Vitro Estimation of Iron Dialyzability. Iron dialyzability was
estimated using an in vitro assay based on publications by Miller and
co-workers (9) and Luten and co-workers (8). All glass vessels were
incubated overnight in 10% (v/v) HNO3 in water and subsequently
rinsed with demineralized water. Four chapatis (corresponding to 100
g of flour) were suspended in water and homogenized for 10 s with a
Braun blender (type 4142) set at maximum speed. The suspension was
added to a vessel of the dissolution apparatus (VanKel VK700, Varian,
Bergen op Zoom, The Netherlands). Subsequently, water, 0.45 g of
pepsin, and HCl were added to the vessel, yielding a 900 mL suspension
of chapatis in simulated gastric fluid of pH 2.0. A 20 g sample was

taken from the homogeneous suspension for determination of total iron.
After 120 min of incubation at 37°C and continuous mixing, two
samples of 20 g were taken from the suspension. One sample was mixed
with 5 mL of 0.1 M NaHCO3 containing 20 mg of pancreatin and 62.5
mg of bile extract and titrated to pH 7.5 with 0.5 M NaOH to yield a
simulated intestinal solution. The sample was incubated in a water bath
at 37°C for 30 min, after which the pH was determined and readjusted
to 7.5 if necessary. The total amount of 0.5 M NaOH added to the
sample was used to determine the amount of NaHCO3 needed to adjust
the pH of the simulated gastric solution to pH 7.5. The other gastric
digest sample was transferred to an Erlenmeyer flask, to which a dialysis
bag (Spectra/Por 7 MWCO 8.000) was added, filled with water and
the determined amount of NaHCO3 to adjust the pH of the suspension
to pH 7.5. After 30 min of incubation at 37°C and continuous mixing
in a water bath (Lauda MS/2 set at 100 rotations per min), 5 mL of 0.1
M NaHCO3 containing 20 mg of pancreatin and 62.5 mg of bile extract
was added to the flask. The suspension was further incubated with the
dialysis bag for another 2 h at 37°C with continuous mixing. Hereafter,
the dialysis bag was removed, and a sample of the content of the bag
was taken to determine the amount of dialyzable iron. Dialyzable iron
is expressed as the percentage of total iron present in the digest,
assuming that it had equilibrated across the dialysis membrane by the
time the content of the dialysis bag was collected.

Measurement of Total Iron Content. Total iron of the wheat flour
was determined by inductively coupled plasma atomic emission
spectroscopy. Briefly, samples were digested in 5 mL of 65% nitric
acid and 0.5 mL of 30% hydrogen peroxide in closed vessels in a
microwave oven at high temperature and high pressure (110 bar). After
digestion, the volume was adjusted to 50 mL using demineralized water
and sprayed into the inductively coupled plasma of the plasma emission
spectrometer (Perkin-Elmer 3300 DV inductively coupled plasma-
optical emission spectrometer). The emission of the individual elements
was measured at specific wavelengths, and concentrations were
quantified from standard solutions.

Measurement of Iron in Dialysate.Dialyzable iron (sum of Fe2+

and Fe3+) was determined using a Hitachi 912 analyzer and reagents
for the analysis of iron in human serum based on FerroZine (Roche
Diagnostics Nederland BV, Almere, The Netherlands). The analyses
were performed according to the instructions of the supplier of the
reagents, using the dialysate of the in vitro iron dialyzability assay
instead of serum.

Iron Absorption by Caco-2 Cells. Iron uptake and transport from
digested chapatis were measured using the dialysis samples of the in
vitro iron dialyzability assays and human colon carcinoma cells (Caco-
2). Twenty-four hours prior to addition to the cells, the osmolarity of
dialysis samples was adjusted to∼300 mOsmol/kg (Osmomat 030,
Gonotec GmbH, Berlin, Germany) and pH 7.4 by adding 10% (v/v) of
a 10× concentrated HBSS solution to the sample. As a tracer, 5 kBq
of 55Fe (13.5µL of FeCl3 of a 370 kBq/mL stock solution in HBSS)
was added to the samples. Samples were stored at 4°C.

At the start of the experiment the cells were washed twice with HBSS
to remove the culture medium containing deferoxamine. Subsequently,
the transepithelial electrical resistance (TEER) was measured. Only
those filters that had a TEER of>200Ω‚cm2 at the beginning and end
of the experiment were included. Hereafter, the basolateral compartment
was filled with 1.5 mL of HBSS and the apical compartment filled
with 0.5 mL of sample. Transport was measured after 2 h of incubation
at 37 °C (Memmert type TV 30 u, Schwabach, Germany) under
continuous shaking (IKA MTS 4, Staufen, Germany). Basolateral
samples of 1 mL were collected and mixed with 9 mL of scintillation
solution and the amount of55Fe determined (â-counter, Packard).
Subsequently, the monolayer was washed with PBS (pH 7.4). TEER
was measured again to monitor for any damage to the monolayer during
the experiments. Hereafter, the monolayer was washed twice with 0.1
mM EDTA in PBS. The cells were lysed and harvested by the addition
of 1 mL of PBS containing 1% (w/v) sodium dodecyl sulfate. Finally,
the lysed and harvested cells were diluted in scintillation solution, and
the amount of55Fe was measured. Iron uptake and transport were
calculated on the basis of the amount of iron in dialysate samples added
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to the apical compartment and the percentage of total radioactive iron
taken up by the cells or transported into the basolateral compartment,
respectively.

Statistics.Results are reported as means( standard deviation (SD).
Data were analyzed using GraphPad Prism software (San Diego, CA).
Analysis of variance was used to compare the experimental groups.
When overall effects were significantly different (p < 0.05), Dunnett’s
multiple-comparison analysis was used to compare the tested conditions
to ferrous sulfate fortified controls.

RESULTS

The results from the in vitro iron dialyzability tests with
chapatis made from whole-grain wheat flour fortified with
different commercial iron sources are shown inTable 1. The
iron content of the chapatis made from unfortified whole-grain
wheat flour was significantly lower than that of chapatis made
of fortified whole-grain wheat flour. However, the relative
amount of dialyzable iron of chapatis made from unfortified
whole-grain wheat flour was significantly higher than that of
chapatis made from ferrous sulfate fortified whole-grain wheat
flour. Total iron contents of the chapatis made from fortified
whole-grain wheat flour were not significantly different. Only
chapatis prepared from whole-grain wheat flour fortified with
NaFeEDTA or SunActive Fe demonstrated significantly higher
dialyzable iron concentrations than those fortified with ferrous
sulfate.

Table 2 shows the results of the iron absorption from the
dialysate of in vitro digested chapatis by Caco-2 cells. As shown,
iron absorption is mainly determined by iron uptake into the
Caco-2 cells, as transport of iron across the Caco-2 cells is<1%
total iron absorption. The Caco-2 absorption of iron from the
dialysate of digested chapatis prepared from whole-grain wheat
flour fortified with NaFeEDTA was increased 7-fold relative
to the iron absorption from dialysate of digested chapatis
prepared from whole-grain wheat flour fortified with ferrous
sulfate. Caco-2 cell absorption of iron from the dialysate of
digested chapatis prepared from whole-grain wheat flour forti-
fied with all other sources of iron was not higher than that of
digested chapatis prepared from whole-grain wheat flour forti-
fied with ferrous sulfate.

DISCUSSION

The aim of the present study was to evaluate the relative
availability of different sources of iron from iron-fortified whole-
grain wheat flour. To this end, we determined the in vitro
dialyzability and Caco-2 cell absorption of iron from wheat flour
baked into chapatis.

The iron dialyzability in wheat flour is extremely low. This
is in line with the general finding that iron bioavailability of
cereals is low (4, 14). The high phytate level of cereals is thought
to be responsible for the low iron bioavailability. In fact, from
an efficacy point of view, there is considerable doubt that iron
fortification of phytate-rich foods, such as wheat and corn flour,
is a useful strategy to combat iron deficiency (5). This study
shows that it is feasible to produce iron-fortified flour with
improved iron bioavailability that could be useful in combating
iron deficiency through fortification with NaFeEDTA.

Except for NaFeEDTA and SunActive Fe, iron dialyzability
from whole-grain wheat flour baked into chapatis was similar
for all added iron sources and not significantly different from
ferrous sulfate. Ferrous sulfate was used as a standard in
comparison to other sources of iron. Ferrous sulfate dissolves
completely in water and can thus enter the common pool of
non-heme iron. Consequently, ferrous sulfate is thought to be
absorbed to the same degree as intrinsic non-heme iron in food.
We added 50 mg/kg iron to wheat flour, thereby increasing the
iron content by a factor of>2. We anticipated that if ferrous
sulfate entered the common pool of non-heme iron completely,
the addition of 50 mg/kg iron would result in at least a doubling
of the amount of dialyzable iron. However, unfortified wheat
flour, which contained 30( 3 mg of iron/kg of flour, yielded
0.6 ( 0.3 mg of dialyzable iron/kg of flour, which is 2.1(

Table 1. Iron Content, Percentage of in Vitro Dialyzable Iron, and
Calculated Relative Iron Dialyzability of Chapatis Made from
Whole-Grain Wheat Flour Fortified with 50 mg/kg Iron from Different
Sources, As Indicateda

fortificant

total iron
content

(mg/kg of
flour)

in vitro
dialyzable
iron (% of
total iron)

relative
dialyzabilityb

none 30 ± 3c 2.1 ± 0.8d 2.6
ferrous sulfate 62 ± 4 0.8 ± 0.2 1.0
Ferrochel amino acid chelate 65 ± 7 0.9 ± 0.3 1.2
ferric amino acid chelate TF 63 ± 10 0.9 ± 0.2 1.1
ferrous lactate 66 ± 6 0.9 ± 0.2 1.1
NaFeEDTA 76 ± 4 5.7 ± 0.4d 7.0
ferrous fumarate 70 ± 10 0.8 ± 0.3 1.0
ferric pyrophosphate 73 ± 9 0.6 ± 0.2 0.7
SunActive Fe 70 ± 13 1.8 ± 0.7d 2.3
Lipofer 63 ± 11 0.9 ± 0.7 1.1
carbonyl iron 64 ± 12 0.8 ± 0.4 0.9
electrolytic iron 67 ± 4 0.9 ± 0.2 1.0

a Results are means ± SD of five experiments. b Relative to the iron dialyzability
of chapatis made from whole-grain wheat flour fortified with 50 mg/kg in the form
of ferrous sulfate. c Significantly different from chapatis made from iron fortified
wheat flour (ANOVA, p < 0.05). d Significantly different from ferrous sulfate (ANOVA,
p < 0.05).

Table 2. Relative Iron Absorption by Caco-2 Cells from Dialysate of in
Vitro Digestion Experiments with Chapatis Made from Whole-Grain
Wheat Flour That Had Been Fortified with the Indicated Commercial
Iron Sourcesa

fortificant
iron contentb

(ng/insert)
iron absorptionc

(% of total iron)
relative

absorptiond

ferrous sulfate 0.4 ± 0.1 2.31 ± 2.60 1.0
(2.31, 0.01)

Ferrochel amino acid chelate 0.5 ± 0.2 2.33 ± 2.29 1.3 ± 0.6
(2.32, 0.00)

ferric amino acid chelate TF 0.5 ± 0.1 2.47 ± 1.98 1.5 ± 0.3
(2.46, 0.01)

ferrous lactate 0.4 ± 0.1 2.22 ± 2.19 1.1 ± 0.4
(2.21, 0.01)

NaFeEDTA 3.4 ± 0.3e 1.72 ± 1.68 6.9 ± 2.4*
(1.71, 0.01)

ferrous fumarate 0.4 ± 0.1 2.35 ± 2.25 1.1 ± 0.6
(2.35, 0.00)

ferric pyrophosphate 0.3 ± 0.1 1.50 ± 1.40 0.7 ± 0.4
(1.49, 0.00)

SunActive Fe 1.0 ± 0.3e 2.25 ± 1.57 3.6 ± 3.3
(2.24, 0.01)

Lipofer 0.4 ± 0.3 2.92 ± 2.48 1.6 ± 1.0
(2.91, 0.01)

carbonyl iron 0.4 ± 0.2 2.00 ± 1.5 1.1 ± 0.8
(2.00, 0.00)

electrolytic iron 0.4 ± 0.1 2.40 ± 2.25 0.8 ± 0.6
(2.40, 0.01)

a Values are means ± SD, n ) 5. b Iron content in 0.5 mL of absorption solution.
c Percentage of iron absorption ) percentage of iron uptake in the cells +
percentage of iron transported across the cells after incubation. Numbers in
parentheses represent percentage of uptake and transport, respectively. d Average
iron absorption relative to ferrous sulfate. e Significantly different from chapati digest
from wheat flour fortified with 50 mg/kg iron in the form of ferrous sulfate (ANOVA,
p < 0.05).
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0.8% of total iron (Table 1). This amount of dialyzable iron
from unfortified wheat flour was not significantly different from
the amount of dialyzable iron from wheat flour fortified with
ferrous sulfate in the same series of experiments (0.5( 0.1
mg/kg dialyzable iron, 0.8( 0.2% of total iron;Table 1). This
result indicates that, up to the level of 50 mg/kg, the added
iron does not completely enter the common pool of non-heme
iron, but precipitates or complexes with components of the flour
during the preparation of chapatis and/or gastrointestinal diges-
tion.

Ferrous lactate and ferrous fumarate were included in this
study as the bioavailability of iron from these iron compounds
from cereals is similar to that of ferrous sulfate (15,16). Ferrous
lactate is soluble in water and, like ferrous sulfate, is expected
to enter the common pool of non-heme iron completely upon
digestion. Ferrous fumarate is poorly soluble in water but soluble
in diluted acid. It is considered a better source of iron than
ferrous sulfate for fortification of wheat flour as, due to its poor
solubility in water, it causes fewer organoleptic changes during
storage and preparation of the flour. Depending on the pH of
the stomach, it may enter the common pool of non-heme iron
completely. Iron dialyzability of chapatis made from wheat flour
fortified with either ferrous lactate or ferrous fumarate was
indeed similar to that of chapatis prepared from wheat flour
fortified with ferrous sulfate in this study.

Ferric pyrophosphate, carbonyl iron, and electrolytic iron are
poorly soluble in water and diluted acid; therefore, iron from
these sources cannot completely enter the common pool of non-
heme iron. As a result, the dialyzability of ferric pyrophosphate,
carbonyl iron, and electrolytic iron from flour has been reported
to be less than that of ferrous sulfate (17,18). In this study, the
dialyzability of iron from chapatis made from wheat flour
fortified with either ferric pyrophosphate, carbonyl iron, or
electrolytic iron was, however, similar to that of iron from
chapatis made from wheat flour fortified with ferrous sulfate.
This is the result of a much lower iron dialyzability of chapatis
made from whole-grain wheat flour fortified with ferrous sulfate
than expected, due to the apparent inability of iron form ferrous
sulfate to completely enter the common pool of non-heme iron
as mentioned above.

Ferrochel amino acid chelate, iron amino acid chelate TF,
and NaFeEDTA are chelated forms of iron. Chelating iron is
an attractive approach to increase the bioavailability of iron as
it may protect iron from forming nonabsorbable complexes with
food constituents. It has been reported that Ferrochel amino acid
chelate and NaFeEDTA can counteract the complexation of iron
with phytate (15,19, 20). We therefore expected these com-
pounds to have higher iron dialyzability from wheat flour than
ferrous sulfate. Our study shows, however, that Ferrochel amino
acid chelate and ferric amino acid chelate TF do not improve
the relative iron dialyzability from chapatis made from wheat
flour when compared to ferrous sulfate. This indicates that the
ferrous bisglycinate and ferric trisglycinate chelates added to
wheat flour and baked into chapatis cannot prevent iron
complexation during the baking process and/or simulated
gastrointestinal digestion. In contrast, NaFeEDTA significantly
improved the dialyzability of iron from chapatis made from
whole-grain wheat flour. This result demonstrates that EDTA
is a useful compound in preventing iron binding to components
of wheat flour and confirms previous results with cereals (15).

SunActive Fe and Lipofer are emulsified forms of ferric
pyrophosphate. Like chelation, the coating of iron with emulsi-
fiers may also protect iron from forming nonabsorbable
complexes and is thus also considered to be a potentially useful

approach to improve the bioavailability of iron. In this study
the relative iron dialyzability from chapatis made from wheat
flour fortified with SunActive Fe was significantly higher than
that of chapatis made from wheat flour fortified with ferrous
sulfate or ferric pyrophosphate. Due to the high standard
deviations, however, there is no significant difference between
the intestinal absorption of iron from digested chapatis prepared
from whole-grain wheat flour fortified with ferrous sulfate, ferric
pyrophosphate, or SunActive Fe. The relative iron dialyzability
and absorption from chapatis made with Lipofer was not
significantly higher than that of chapatis made with ferrous
sulfate or ferric pyrophosphate. SunActive Fe and Lipofer are
both emulsified forms of ferric pyrophosphate. They differ,
however, in composition and average particle size. SunActive
Fe is a micronized ferric pyrophosphate with an average particle
size of∼0.3µm. Ferric pyrophosphate in Lipofer has an average
particle size of 7µm. This difference in particle size may explain
the differences in dialyzability from whole-grain wheat flour
baked into chapatis.

We used Caco-2 cells as a model for the intestinal absorption
of iron as iron bioavailability depends not only on the iron
solubility in the intestinal lumen but also on intestinal absorption.
Caco-2 cells have been characterized for the expression of
proteins that are involved in intestinal iron absorption, and the
results of iron transport with Caco-2 cells correlate well with
in vivo iron bioavailability data (11-13,21). At the moment,
Caco-2 cell layers are considered to be the most suitable in vitro
model of human intestinal iron absorption.

However, as can be deduced fromTable 2, the results of
iron uptake and transport measurements in Caco-2 cells need
to be evaluated carefully. The average in-day variance of
absorption from the several digests was 50% (range) 17-
102). The between-day variance is as high as 112%. This means
that it is difficult to compare the uptake and transport levels of
iron in Caco-2 cells from the digests measured on different days.
To obtain consistency among the individual experiments, we
performed the absorption studies with all samples from each of
the 12 digests on one day and normalized by dividing each value
by the control value of uptake and transport from the digest
containing ferrous sulfate. The relative uptake and transport
values were shown to be less variable (Table 2). Table 2 also
shows that only a small fraction of the iron taken up by the
cells is actually released at the serosal side of the cells. This is
explained by the fact that transport of iron across the basolateral
membrane of intestinal epithelium cells requires systemic signals
(22), which have not yet been fully identified and characterized
and which were therefore not present in the basolateral compart-
ment of Caco-2 cells during transport studies. In preliminary
studies we evaluated the effect of apo-transferrin on iron
transport but did not observe a difference in iron transport across
Caco-2 cells in the presence or absence of apo-transferrin in
the basolateral compartment (data not shown).

Iron uptake and transport measurements in this study were
performed after a trace of55Fe had been added to the digest. It
is assumed that the added55Fe is representative for the total
soluble iron in the system and absorbed in the same manner as
the non-radioactive iron in the sample. However, this is an
assumption. Addition of an intrinsic label would be preferred
in this type of study, meaning that all procedures would be
performed under radioactive conditions. Although this is techni-
cally feasible, it is more time-consuming and more expensive
and would make this kind of experiment less versatile.

In conclusion, on the basis of the results of the in vitro iron
availability testing it appears that only the addition of Na-
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FeEDTA to whole-grain wheat flour may result in a food
product that may be expected to effectively improve the iron
status of people consuming it. However, final proof for this
needs to be obtained from human absorption or efficacy studies.
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