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Department of Nutrition, University of California, Davis, California 95616

Phytate, inositol hexaphosphate (InsP6), may be hydrolyzed to inositol phosphates with lower degree
of phosphorylation, i.e., inositol penta- to monophosphates (InsP5-InsP1), during food processing.
Each of these lower inositol phosphates exists in different isomeric forms. The objective of this study
was to determine if different isomers of InsP3-InsP5 (Ins(1,2,4)P3, Ins(1,2,3)P3, Ins(1,2,6)P3, Ins-
(1,3,4)P3, Ins(1,2,3,4)P4, Ins(1,2,5,6)P4, Ins(1,2,4,5,6)P5, and Ins(1,3,4,5,6)P5) and InsP6 affect the
uptake of iron. We studied the iron absorption in vitro using the human intestinal epithelial cell
line, Caco-2. Addition of a 2-fold molar excess of InsP6 or InsP5 in proportion to Fe (1 h incubation
at 37 °C) reduced iron uptake by 46-52% (p < 0.001). Neither InsP4 isomers nor InsP3 isomers
affected iron uptake significantly at 1 h incubation with a molar InsP:Fe level of 2:1. Iron uptake
was shown to not be a function of the isomeric form of inositol phosphates. The inositol phosphate
isomers did not seem likely to interact with each other through iron to form more stable iron
complexes. At a molar InsP:Fe level of 20:1 an inhibitory effect of InsP4 was found, while InsP3 did
not affect the iron absorption even at a 20-fold molar excess.
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Phytate (myo-inositol hexaphosphate, InsP6) is present
in plants, where it represents the major storage form
of phosphorus. In humans and animals, InsP6, due to
its strong chelating properties, interferes with mineral
absorption by forming insoluble complexes with nutri-
tionally important minerals such as Fe, Zn, and Ca
(Cheryan, 1980; Cosgrove, 1966; Reddy et al., 1982).
During processing of foods containing phytate, inositol
phosphates, with lower number of phosphate groups
bound to the inositol ring, are formed.

Complexation studies have shown that a reduction
in the number of phosphate groups results in increased
mineral solubility and decreased ability of inositol
phosphates to form complexes (Jackman and Black,
1951; Kaufman and Kleinberg, 1971). The effects of
inositol phosphates with three to six phosphate groups
on Fe, Zn, and Ca absorption have been examined in
vitro (Han et al., 1994; Sandberg et al., 1989), as well
as in vivo (Lönnerdal et al., 1989; Sandberg et al., 1993;
Sandström and Sandberg, 1992). All of the mentioned
studies showed inhibitory effects of added InsP5 and
InsP6 on mineral absorption. While Lönnerdal et al.
(1989), Sandberg et al. (1989), and Sandström and
Sandberg (1992) found that inositol phosphates with
less than five phosphate groups had no effect on the
absorption of Fe, Zn, and Ca, Han et al. (1994) reported
that InsP3 and InsP4 had a negative effect on mineral
absorption in vitro using Caco-2 cells. Brune et al. (1992)
and Rossander et al. (1992) found a strong negative
correlation between Fe and Zn absorption and the sum
of InsP3-InsP6 in processed foods, suggesting a con-
tributing negative effect of the less phosphorylated

inositol phosphates on mineral absorption. The binding
affinity of cations (Cu2+, Zn2+, Fe2+, Fe3+) to inositol
phosphates has been shown to be affected by the
orientation of the phosphate groups (Hawkins et al.,
1993; Mernissi-Arifi et al., 1994). Since the positions of
the phosphate groups on the inositol ring plays an
important role in the binding of minerals, this might
affect mineral absorption as well. Interactions between
various inositol phosphate isomers might further influ-
ence their mineral binding capacity. However, no study
has so far been designed to compare the effects of
different isomers of inositol phosphates on the absorp-
tion of minerals.

The objective of the present investigation was to study
the effects of different isomeric forms of InsP3-InsP5
and InsP6 on Fe absorption in an in vitro model. We
used the human colon carcinoma cell line, Caco-2, which
is known to terminally differentiate and show charac-
teristics of the brush-border (Hidalgo et al., 1989; Pinto
et al., 1983). Several studies have shown that the Caco-2
cell culture system is a useful in vitro model to study
food Fe availability (Garcia et al., 1996; Glahn et al.,
1996; Han et al., 1994). The effects of the inositol
phosphate isomers (Ins(1,2,4)P3, Ins(1,2,3)P3, Ins(1,2,6)-
P3, Ins(1,3,4)P3, Ins(1,2,3,4)P4, Ins(1,2,5,6)P4, Ins-
(1,2,4,5,6)P5, and Ins(1,3,4,5,6)P5) and InsP6 on the
uptake of Fe, as well as the interaction between some
of them, were investigated in the present study. Non-
heme Fe was used in this study since the absorption is
well-known to be influenced by inhibitors and enhanc-
ers.

MATERIALS AND METHODS

Inositol Phosphates. Ins(1,2,3)P3, Ins(1,2,4)P3, Ins(1,2,6)-
P3, Ins(1,3,4)P3, Ins(1,2,3,4)P4, Ins(1,2,5,6)P4, Ins(1,3,4,5,6)P5,
and Ins(1,2,4,5,6)P5 were received as a gift from Perstorp
Pharma (Perstorp, Sweden). Sodium phytate was obtained
from BDH Chemical Ltd. (Poole, England). Inositol phosphates
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were solubilized in water and the concentration of each inositol
phosphate was determined by high-performance ion chromato-
graphic (HPIC) analysis as described by Skoglund et al.
(1997b) with some improvements (Skoglund et al., 1998).
Samples were stored at 4 °C. A chromatographic profile of
sodium phytate hydrolyzed with diluted HCl shows in Figure
1 the separation of inositol phosphate isomers when analyzed
using the HPIC method of Skoglund and co-workers (1997 and
1998).

Cells. Caco-2 cells obtained from American Type Tissue
Culture HTB 37 (Rockville, MD) were maintained in minimum
essential medium with Earle’s salts, L-glutamine, and nones-
sential amino acids (Life Technologies, Inc., Grand Island, NY),
pH 7.3, supplemented with 1% penicillin-streptomycin solu-
tion (Sigma Chemical Co., St. Louis, MO), and 10% fetal bovine
serum, which was not heat-treated (Gemini Bio Products, Inc.,
Calabasas, CA). Cells were grown in 75 cm2 flasks at 37 °C,
under 5% CO2-95% air atmosphere. Medium was changed
every other day. The confluent cells were washed with
phosphate-buffered saline (PBS, pH 7.2; Sigma Chemical Co.,
St. Louis, MO) and rinsed off the bottom of the flask with
nonenzymatic cell dissociation solution (Sigma Chemical Co.,
St. Louis, MO). Cells were centrifuged to pellets at 1200 rpm,
4 °C, and reseeded at a density of 1 × 105 cells/cm2. Experi-
ments were performed with cultures between passage 29 and
35. Cells for the assay were seeded in 24-well culture plates
(Costar, Cambridge, MA) at 105 cells per well. Confluency was
assessed by formation of domes, as monitored by inverted
microscopy.

Iron Uptake. Metal chelate solution of FeSO4‚7H2O was
added to serum-free uptake medium at a concentration of 10
µmol/L. 59Fe (specific radioactivity 496 MBq/mg; DuPont NEN,
Boston, MA) in the form of 59FeCl3 was added for uptake, to
provide 1.85 kBq per well. Ins(1,2,3)P3, Ins(1,2,6)P3, Ins(1,3,4)-
P3, Ins(1,2,4)P3, Ins(1,2,3,4)P4, Ins(1,2,5,6)P4, InsP5 (containing
equal amounts of Ins(1,2,4,5,6)P5 and Ins(1,3,4,5,6)P5), InsP6,
or equivalent amounts of Ins(1,2,3)P3 and Ins(1,2,6)P3, or Ins-
(1,2,3,4)P4 and Ins(1,2,5,6)P4, were added to the uptake
medium, at a concentration of 20 µmol/L. In control wells,
FeSO4‚7H2O (10 µmol/L) and 59Fe (1.85 kBq) were added to
the uptake medium, without addition of inositol phosphates.
The plates were incubated for 1, 2, and 4 h at 37 °C, and the
unbound label was recovered. Further, Ins(1,2,6)P3 and Ins-
(1,2,5,6)P4, respectively, were added to the uptake medium at
concentrations of 0, 20, 40, 60, 100, and 200 µmol/L together
with 10 µmol/L of FeSO4‚7H2O and 59Fe (1.85 kBq per well).

The plates were incubated for 1 h at 37 °C, and the unbound
label was recovered. Cells were washed twice with ice-cold PBS
to remove nonspecifically bound label. The washes were
removed, and cells lysed with 1% SDS, collected and counted
in a γ scintillation counter (Beckman Instruments, Fullerton,
CA). Protein content of the cell pellet was estimated by the
modified Lowry assay (Lowry et al., 1951) from three wells on
each plate. The quantity of extracellular Fe taken up by cells
was calculated from the specific radioactivity of the test
solutions and is presented as nanomoles per milligram of cell
protein.

Data Analysis. All variables were tested in triplicate or
quadruplicate for each experiment. Data were analyzed using
multiple linear regression analysis (Carlson, 1992) of the
computer program Modde 3.0 (Umetri AB, Umeå, Sweden),
and evaluated by analysis of variance. To test for differences
between the means of two groups a t-test (Box et al., 1978)
was performed. Results are presented in absolute, as well as
fractional figures; variation is presented as standard deviation
(SD). Means were considered significantly different if p e 0.05.

RESULTS

Effects of Inositol Penta- and Hexaphosphates
on Iron Absorption. Differentiated cultures of Caco-2
monolayers accumulated 10.6 nmol Fe per mg of cell
protein, after incubation at 37 °C for 1 h (Figure 2).
Addition of a 2-fold molar excess of InsP5 or InsP6 (20
µmol/L) relative to Fe reduced Fe uptake significantly
by 46-52% (p < 0.001). There was no significant
difference between the inhibitory effects of InsP5 and
InsP6 on Fe absorption. As shown in Figure 2, longer
incubation times (2 and 4 h, respectively) with a molar
InsP5 or InsP6 to Fe ratio of 2:1 reduced Fe absorption
by 59% and 77%, respectively, as compared to Fe uptake
in the control samples. The time effects were statisti-
cally significant.

Effects of Inositol Tri- and Tetraphosphates on
Iron Absorption. None of the individual InsP3 isomers
or the individual InsP4 isomers inhibited the uptake of
Fe by Caco-2 cells after incubation at 37 °C for 1 h at
an InsP:Fe molar ratio of 2:1 (Figure 2). There was no
significant difference in Fe uptake among various
isomers, versus Fe uptake in the control sample. Addi-
tion of a mixture of InsP3 isomers (Ins(1,2,3)P3 and Ins-
(1,2,6)P3) or InsP4 isomers (Ins(1,2,3,4)P4 and Ins-
(1,2,5,6)P4) did not significantly affect Fe uptake, i.e.,
stronger complexes due to interactions between the
isomers through Fe was not demonstrated. After 2 h of
incubation, InsP3 or InsP4 isomers had not significantly
affected Fe absorption, while at 4 h of incubation a slight
reduction in average Fe absorption by 18% (p < 0.001)
was shown when adding a 2-fold molar excess of InsP3
or InsP4 (Figure 2). However, no significant difference
in inhibition of Fe absorption among the isomers was
shown, as compared to Fe uptake in the control sample.

The inhibitory effect of InsP3 (Ins(1,2,6)P3) and InsP4
(Ins(1,2,5,6)P4) on Fe absorption at different molar
inositol phosphate-to-Fe ratios is depicted in Figure 3.
Adding 2, 4, 6, 10, or 20 times molar excess of InsP3 to
Fe to the uptake medium did not significantly influence
Fe absorption after 1 h of incubation of the cells. When
InsP4 was added in a 20-fold molar excess to Fe,
however, Fe absorption was inhibited by approximately
37% (p < 0.001).

DISCUSSION

We used the Caco-2 human cell line to examine the
inhibitory effect of various inositol phosphate isomers

Figure 1. Chromatographic profile of InsP6 hydrolyzed by
HCl and analyzed according to the HPIC method of Skoglund
and co-workers (1997, 1998). Unidentified peaks are assigned
a star (*). Peaks: (1) DL-Ins(1,6)P2; (2) DL-Ins(1,2)P2; (3) DL-
Ins(1,4)P2, DL-Ins(2,4)P2; (4) DL-Ins(4,5)P2; (5) *; (6) *; (7) DL-
Ins(1,2,4)P3, DL-Ins(1,3,4)P3, (Ins(1,2,3)P3); (8) DL-Ins(1,2,6)P3,
Ins(1,2,3)P3; (9) DL-Ins(1,4,5)P3; (10) DL-Ins(1,5,6)P3; (11) DL-
Ins(4,5,6)P3; (12) Ins(1,2,3,5)P4; (13) DL-Ins(1,2,4,6)P4; (14) DL-
Ins(1,2,3,4)P4; (15) Ins(1,3,4,6)P4; (16) DL-Ins(1,2,4,5)P4; (17)
DL-Ins(1,3,4,5)P4; (18) DL-Ins(1,2,5,6)P4; (19) Ins(2,4,5,6)P4; (20)
DL-Ins(1,4,5,6)P4; (21) Ins(1,2,3,4,6)P5; (22) DL-Ins(1,2,3,4,5)-
P5; (23) DL-Ins(1,2,4,5,6)P5; and (24) Ins(1,3,4,5,6)P5; (25) InsP6.
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on the absorption of Fe. These cells are derived from a
human colonic adenocarcinoma and undergo enterocytic
differentiation at confluency into a phenotype that
possesses tight junctions and forms many domes, char-
acteristic of functionally polarized, transporting epithe-
lial cells (Hidalgo et al., 1989, Pinto et al., 1983). The
Caco-2 cell line has previously been proven useful in
Fe absorption studies (Glahn et al., 1996; Halleux and
Schneider, 1991, 1994; Han et al., 1994, 1995).

Different isomers of inositol phosphates are formed
during enzymatic phytate degradation, depending on
the origin of the phytase enzyme (Skoglund et al.,
1997a). Some of the isomers have important functions
in the body, such as antiinflammatory and as secondary
messengers (Sirén et al., 1991; Streb et al., 1983), while
the effects of various isomers on mineral absorption
have not been evaluated. In the present study we used
a 2:1 molar ratio of inositol phosphates to the trace
metal to study the difference between and interaction
of various isomers on Fe absorption. This phytate to Fe
relationship is similar to that present in typical diets
in industrialized countries (Wisker et al., 1991). We
found that InsP6 and InsP5 had negative effects on Fe
uptake, while InsP4 and InsP3 had no significant effect,
at an incubation time of 1 h at 37 °C. These results are
in conflict with those of Han et al. (1994) who found

that the inhibition of Fe absorption was related to InsP3
and InsP4, as well as InsP5 and InsP6. Brune et al.
(1992) found a negative correlation between the sum of
InsP3 to InsP6 in processed food and Fe absorption. One
reason for the contradictory results could be that we
studied purified isomers of InsP3 and InsP4, while in
the study of Han et al. (1994) a mixture of InsP3 and
InsP4 isomers was used to study Fe absorption. Various
isomers might interact with each other through Fe and
thereby improve their mineral binding capacity. De-
pending on the positions of the phosphate groups on the
inositol ring such interactions could be more or less
probable. However, when mixing equal amounts of the
InsP3 isomers Ins(1,2,3)P3 and Ins(1,2,6)P3 or the InsP4
isomers Ins(1,2,3,4)P4 and Ins(1,2,5,6)P4, we found no
significant effect on Fe absorption after incubation for
1 h. Thus it is not likely that inositol phosphate isomers
interact with each other to form more stable complexes.
In this study we only investigated possible interactions
between Fe and inositol phosphate isomers with the
same degree of phosphorylation.

Another plausible explanation to the diverse results
concerning the inhibitory effects of InsP3 and InsP4
might be that different inositol phosphate isomers bind
Fe with varying strength and therefore affect absorption
to different extent. The 1,2,3 (equatorial-axial-equato-
rial) triphosphate grouping has been shown to be the
orientation forming the strongest complex with Fe3+

(Hawkins et al., 1993). Stronger binding of cations
(Cu2+, Zn2+, Fe2+, Fe3+) was shown for InsP3 with three
vicinical phosphates (Ins(1,2,6)P3) than three alternated
phosphates (Ins(1,3,5)P3 or Ins(2,4,6)P3) (Mernissi-Arifi
et al., 1994). In the case of three alternated phosphate
groups, one group in axial position (Ins(2,4,6)P3) largely
contributed to complex stabilization. However, there
was no significant difference between controls and
various isomers of InsP3 or InsP4, in their effects on Fe
absorption in the present study.

The previous studies on Fe absorption as a function
of inositol phosphates differ in the molar ratios of the
two components used. When an inhibitory effect of InsP3
and InsP4 was found, the InsP:Fe molar ratio used was
10:1 (Han et al., 1994). At lower molar ratios of InsP:
Fe neither InsP3 nor InsP4 contributed to the inhibition
of Fe availability estimated in vitro (Sandberg et al.,
1989). We therefore investigated the inhibitory effects

Figure 2. Fe absorption (expressed as nanomoles of bound 59Fe per milligram of cell protein) as function of indicated inositol
phosphate (a-k) at InsP:Fe molar ratio of 2:1. Incubation times of 1, 2, and 4 h are shown. Values are means ( SD, n ) 4.
Asterisk indicates significant difference (p < 0.05) vs control (no added inositol phosphate) for each incubation time of uptake
solution. Inositol phosphates: (a) control, (b) Ins(1,2,4)P3, (c) Ins(1,3,4)P3, (d) Ins(1,2,3)P3, (e) Ins(1,2,6)P3, (f) Ins(1,2,3,4)P4, (g)
Ins(1,2,5,6)P4, (h) Ins(1,2,3)P3 and Ins(1,2,6)P3, (i) Ins(1,2,3,4)P4 and Ins(1,2,5,6)P4, (j) InsP5, and (k) InsP6.

Figure 3. In vitro Fe absorption (% of control) when 0, 20,
40, 60, 100, and 200 µmol/L InsP3 or InsP4 and 10 µmol/L Fe
were added to each well. The plates were incubated for 1 h.
Values are means ( SD, n ) 3.
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of InsP3 (Ins(1,2,6)P3) and InsP4 (Ins(1,2,5,6)P4) at
different InsP to Fe molar ratios (2:1, 4:1, 6:1, 10:1, and
20:1). At the highest level of InsP4 (200 µmol/L), Fe
absorption was significantly reduced by 37%, while no
effect was found for InsP3 at any investigated molar
ratio. It is therefore likely that conditions other than
InsP:Fe molar ratio, as well, are affecting the influence
of InsP3 and InsP4 on Fe absorption. Examples of such
conditions are discussed below.

An important factor to consider when it comes to
mineral absorption is that minerals added to foods
containing inositol phosphates may affect the potential
availability of other essential minerals in the diet. Platt
and Clydesdale (1987) investigated the effects of Cu, Zn,
and Ca on Fe solubility in a simulated gastrointestinal
pH treatment. When Zn or Ca were added to a protein
and fiber-rich fraction of wheat bran in the presence of
Fe, they were found to negatively affect both InsP6 and
Fe solubility. Another important factor affecting the
solubility of inositol phosphate complexes is pH, which
ranges from about 3 in the stomach to 6-8 in the small
intestine where minerals are mainly absorbed. In a
study on in vitro estimation of Fe availability, increasing
the pH from 6.0 to 7.0, decreased the solubility of Fe
when InsP3 or InsP4 was added, while the solubility of
Fe was not affected by pH when InsP5 or InsP6 was
added (Sandberg et al., 1989). Further studies of the
effect of inositol phosphates on Fe absorption are needed
to evaluate the effects of other minerals, as well as the
pH dependence.

CONCLUSION

Addition of a 2-fold molar excess of InsP6 or InsP5 (20
µmol/L) in proportion to Fe reduced Fe uptake by 46-
52% (p < 0.001), whereas the InsP4 and InsP3 isomers
did not affect Fe uptake at the 2:1 molar ratio. No
significant variation among isomers was shown. The
inositol phosphate isomers did not seem likely to
interact with each other through iron to form more
stable Fe complexes. At an InsP:Fe level of 20:1 an
inhibitory effect of InsP4 was found, while InsP3 did not
influence Fe absorption even at a 20-fold molar excess.

ABBREVIATIONS USED

InsP, inositol phosphate; InsP1-InsP6, inositol mono-
to hexaphosphate; Ins, an accepted NC-IUB abbrevia-
tion for myo-inositol with the numbering of the D
configuration unless the prefix L is explicitly added.

ACKNOWLEDGMENT

The assistance of Shannon Kelleher in performing the
Caco-2 studies is much appreciated.

LITERATURE CITED

Box, G. E. P.; Hunter, W. G.; Hunter, J. S. Statistics for
Experimenters; John Wiley and Sons: New York, 1978.

Brune, M.; Rossander-Hulthén, L.; Hallberg, L.; Gleerup, A.;
Sandberg, A.-S. Iron absorption from bread in humans:
inhibiting effects of cereal fiber, phytate and inositol phos-
phates with different numbers of phosphate groups. J. Nutr.
1992, 122, 442-449.

Carlson, R. Design and optimization in organic synthesis;
Elsevier Science Publisher BV: Netherlands, 1992.

Cheryan, M. Phytic acid interactions in food systems. CRC
Crit. Rev. Food Sci. Nutr. 1980, 13, (4), 297-335.

Cosgrove, D. J. The chemistry and biochemistry of inositol
polyphosphates. Rev. Pure Appl. Chem. 1966, 16, 209-
224.

Garcia, M. N.; Flowers, C.; Cook, J. D. The Caco-2 cell culture
system can be used as a model to study food iron availability.
J. Nutr. 1996, 126, 251-258.

Glahn, R. P.; Wien, E. M.; Van Campen, D. R.; Miller, D. D.
Caco-2 cell iron uptake from meat and casein digests
parallels in vivo studies: use of a novel in vitro method for
rapid estimation of iron bioavailability. J. Nutr. 1996, 126,
332-339.

Halleux, C.; Schneider, Y.-J. Iron absorption by intestinal
epithelial cells: 1. CaCo2 cells cultivated in serum-free
medium, on polyethyleneterephthalate microporous mem-
branes, as an in vitro model. In Vitro Cell. Dev. Biol. 1991,
27A, 293-302.

Halleux, C.; Schneider, Y.-J. Iron absorption by Caco 2 cells
cultivated in serum-free medium as in vitro model of the
human intestinal epithelial barrier. J. Cell. Physiol. 1994,
158, 17-28.

Han, O.; Failla, M. L.; Hill, A. D.; Morris, E. R.; Smith, J. C.,
Jr. Inositol phosphates inhibit uptake and transport of iron
and zinc by a human intestinal cell line. J. Nutr. 1994, 124,
580-587.

Han, O.; Failla, M. L.; Hill, D.; Morris, E. R.; Smith, J. C., Jr.
Ascorbate offsets the inhibitory effect of inositol phosphates
on iron uptake and transport by Caco-2 cells. Proc. Soc. Exp.
Biol. Med. 1995, 210 (1), 50-56.

Hawkins, P. T.; Poyner, D. R.; Jackson, T. R.; Letcher, A. J.;
Lander, D. A.; Irvine, R. F. Inhibition of iron-catalysed
hydroxyl radical formation by inositol polyphosphates: a
possible physiological function for myo-inositol hexakispho-
sphate. Biochem. J. 1993, 294, 929-934.

Hidalgo, I. J.; Raub, T. J.; Borchardt, R. T. Characterization
of the human colon carcinoma cell line (Caco-2) as a model
system for intestinal epithelial permeability. Gasteroenter-
ology 1989, 96, 736-749.

Jackman, R. H.; Black, C. A. Solubility of iron, aluminum,
calcium, and magnesium inositol phosphates at different pH
values. Soil Sci. 1951, 72, 179-186.

Kaufman, H. W.; Kleinberg, T. Effect of pH on calcium binding
by phytic acid and its inositol phosphoric acid derivations
on the solubility of their calcium salts. Arch. Oral Biol. 1971,
16, 445-460.

Lowry, O. H.; Rosebrough, N. J.; Farr, A. L.; Randall, R. J.
Protein measurement with the folin phenol reagent. J. Biol.
Chem. 1951, 193, 263-275.

Lönnerdal, B.; Sandberg, A.-S.; Sandström, B.; Kunz, C.
Inhibitory effects of phytic acid and other inositol phos-
phates on zinc and calcium absorption in suckling rats. J.
Nutr. 1989, 119, 211-214.

Mernissi-Arifi, K.; Wehrer, C.; Schlewer, G.; Spiess, B. Com-
plexation studies on inositol-phosphates. V. Cu2+, Zn2+, Fe2+,
and Fe3+ complexes of some myo-inositol triphosphates. J.
Inorg. Chem. 1994, 55, 263-277.

Pinto, M.; Robine-Leon, S.; Appay, M.-D.; Kedinger, M.;
Triadou, N.; Dussaulx, E.; Lacroix, B.; Simon-Assmann, P.;
Haffen, K.; Fogh, J.; Zweibaum, A. Enterocyte-like dif-
ferentiation and polarization of the human colon carcinoma
cell line caco-2 in culture. Biol. Cell. 1983, 47, 323-330.

Platt, S. R.; Clydesdale, F. M. Interactions of iron, alone and
in combination with calcium, zinc, and copper, with a
phytate-rich, fiber-rich fraction of wheat bran under gas-
trointestinal pH conditions. Cereal Chem. 1987, 64 (2), 102-
105.

Reddy, N. R.; Sathe, S. K.; Salunkhe, D. K. Phytates in
legumes and cereals. Adv. Food Res. 1982, 28, 1-92.

Rossander, L.; Sandberg, A.-S.; Sandström, B. The influence
of dietary fibre on mineral absorption and utilization. In
Dietary Fibre - A Component of Food. Nutritional Function
in Health and Disease; Schweizer, T. F. Edwards, C. A. Eds.;
Springer-Verlag: London, 1992.

Sandberg, A.-S.; Brune, M.; Carlsson, N.-G.; Hallberg, L.;
Rossander-Hulthén, L.; Sandström, B. The effect of various
inositol phosphates on iron and zinc absorption in humans.

1112 J. Agric. Food Chem., Vol. 47, No. 3, 1999 Skoglund et al.



Bioavailability ‘93. Nutritional, Chemical and Food Process-
ing Implications of Nutrient Availability, 1993; Schlemmer,
U., Ed.; Bundesforschunganstalt für Ernährung: Ettlingen,
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