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Effects of dietary factors on iron uptake from ferritin by Caco-2 cells™
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Abstract

Biofortification of staple foods with iron (Fe) in the form of ferritin (Ft) is now possible, both by conventional plant breeding methods and
transgenic approaches. Ft-Fe from plants and animals is absorbed well (25-30%) by human subjects, but little is known about dietary factors
affecting its absorption. We used human intestinal Caco-2 cells and compared Fe absorption from animal Ft and FeSO, to determine the
effects of inhibitors and enhancers, such as phytic acid, ascorbic acid, tannic acid, calcium and heme. When postconfluent cells were
coincubated with *°Fe-labeled (1 pM) FeSO, and dietary factors, at different molar ratios of dietary factor to Fe (phytic acid:Fe, 10:1;
ascorbic acid:Fe, 50:1; tannic acid:Fe, 50:1; calcium:Fe, 10:1 and hemin:Fe, 10:1), all inhibited uptake from FeSO,, except ascorbate,
confirming earlier studies. In contrast, these dietary factors had little or no effect on Fe uptake from undigested Ft or Ft digested in vitro at pH
4, except tannins. However, results after in vitro digestion of Ft at pH 2 were similar to those obtained for FeSO,4. These results suggest that
Fe uptake occurs from both undigested as well as digested Ft but, possibly, via different mechanisms. The Fe—Ft stability shown here could
minimize Fe-induced oxidation of Fe-supplemented food products.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction the fortified Fe, and product instability have limited the
success of this approach. An alternative approach that has
been proposed is biofortification of staple foods, such as
cereals or legumes, with a form of bioavailable Fe [5,6].
Ferritin (Ft) is an Fe storage molecule consisting of a
protein shell that encloses an Fe core with up to 4500 Fe
atoms in the form of solid hydrated ferric oxide mineral [7].
Helical bundles of 24 subunits assemble to form the native
protein structure [8,9]. Some earlier studies showed that
Ft-Fe is poorly absorbed [10-12], while other studies
suggested good bioavailability [13]. It is likely that the
disparity among these studies was due to the labeling
techniques used. For example, conventional extrinsic
labeling is not likely to result in exchange of the isotope
and Fe within the insoluble mineral core, while intrinsic
labeling may not be valid, as various methods have been
used to induce Ft (inflammation, antibody coating of
erythrocytes, etc.) from animal sources, and Fe in this type
of Ft may not be representative of that inside “native” Ft.

Iron (Fe) deficiency is the most common nutrient
deficiency in the world, resulting primarily from insufficient
intake of dietary Fe and/or poor Fe bioavailability due
to intake of inhibitors, such as phytate and polyphenols
(tannins) in plant-based diets [1]. According to the World
Health Organization Regional Office for the Western Pacific
2005 report, over 3.5 billion people are affected by Fe
deficiency worldwide. To combat Fe deficiency, Fe supple-
mentation programs have been implemented globally where
Fe is routinely given as ferrous salts [2]; however, such
treatment has been associated with adverse effects such as
constipation, diarrhea and decreased growth [3,4]. Iron
fortification of staple food components such as flour, salt,
fish sauce, condiments, etc. is also used, but lack of
centralized manufacturing facilities, low bioavailability of
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Although animal and plant Ft (phyto-Ft) differ with regard
to subunit structure and mineral core composition, several
studies suggest that Fe from either source may be equally
available for absorption. Studies in anemic rats have shown
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that soybean meal, in which a major part of Fe is in Ft, as
well as purified animal Ft, is as efficient as ferrous sulfate in
restoring hemoglobin levels [14]. Studies on recombinant
forms of Ft in Fe-deficient and anemic rats also show high
bioavailability of Ft-Fe [15,16]. A study in humans using
intrinsically labeled soybeans showed that Fe from this
source is well utilized, suggesting that Fe from plant Ft is
absorbable [17]. Using a modified extrinsic labeling
technique, by which Fe was removed from Ft by extensive
dialysis and then slowly restored by adding Fe together with
the Fe isotope, we have recently shown that Fe given as Ft
in a composite breakfast meal is as well absorbed as Fe from
ferrous sulfate [18,19], regardless if the Ft is from an animal
(horse spleen) or plant (soybeans) source. Thus, it is likely
that phyto-Ft may serve as a source of bioavailable Fe in
biofortification programs.

Since several dietary factors may limit the absorption of
dietary Fe, it is important to evaluate whether these factors
also affect Ft—Fe uptake. Phytic acid is found in cereals and
legumes and has been shown to inhibit Fe absorption in
humans [20] and in cell culture models [21-23]. Poly-
phenols (e.g., tannic acid), which are present in tea, red
wine, etc., are also potent inhibitors of ferrous Fe uptake
[23-25]. Calcium has also been shown to decrease Fe
uptake [26,27], and although the mechanisms behind this
inhibition are not clearly known, it has been speculated that
calcium might hinder Fe uptake because of intraluminal
interactions [27]. In contrast, ascorbic acid has been shown
to enhance Fe uptake in humans and in cell culture models
[1,25,28] Finally, studies using heme, a well-absorbed form
of dietary Fe found in meat, which provides one third of the
dietary Fe in many Western societies, have shown that
heme-Fe absorption and cellular Fe level are inversely
related [29], suggesting that Fe absorbed from heme gets
incorporated into the common cellular Fe pool, thus
augmenting Fe status of the cell.

In this study, we examined the effects of various dietary
factors on Fe uptake from both intact and digested Ft, as
compared to uptake of Fe from ferrous sulfate. In vitro
digestion of Ft was conducted at pH 4 and pH 2,
representing infant and adult digestive conditions, respec-
tively, to determine the effects of pH on Ft protein digestion
and Fe uptake. We conducted this study in Caco-2 cells
(a human adenocarcinoma cell line that differentiates into a
small intestine-like epithelium), which have been success-
fully used by us [22,29] and others [21,23], to examine
factors affecting intestinal Fe absorption. Results from this
cell model have been shown to correlate well with data from
human studies [30,31].

2. Materials and methods
2.1. Reagents

Animal Ft (horse spleen) was purchased from Calzyme
Laboratories (San Luis Obispo, CA, USA) and then

dialyzed to remove the Fe core following the protocol
previously described [18]. Briefly, Fe was removed by
thioglycolic acid reduction and dialysis. All steps were
performed at 4°C unless otherwise specified. Ft was
mixed with 2% thioglycolic acid at a 1:1 ratio, gently
purged with nitrogen and stored at 4°C for 1 h. This mixture
was then placed in dialysis tubing [Spectra/Pore CE (MW
cutoff: 10 000); Spectrum, Rancho Dominguez, CA, USA]
and dialyzed against 1% thioglycolic acid and 0.05 mmol/L
HEPES. The dialysate was changed every 8 h for 3 days.
On Day 4, the dialysate consisted of 0.05 mmol/L HEPES
only. The final dialysate change on Day 4 consisted of
0.15 mmol/L HEPES and 0.1 mmol NaCl/L. The Fe-free Ft
protein (<10 Fe atoms/protein molecule) was then stored at
4°C until reconstitution of the mineral inside the Ft protein.
The apoprotein shell was then reconstituted using ferrous
Fe with a radioactive Fe tracer (holo-Ft). Radioactive Fe
(>°Fe as FeSOy; specific activity 27.7 mCi/mg) was
purchased from Perkin Elmer (Boston, MA, USA). All
other reagents were purchased from Sigma (St. Louis,
MO, USA), unless otherwise stated. Prior to the adminis-
tration of intact Ft to cells or to digestion, it was subjected
to buffer exchange using Centricon filter tubes to ensure
removal of loosely bound surface radioactivity. A 30-kDa
molecular weight cutoff membrane filtered surface bound
radioactivity (filtered fraction) into a collection tube, thus
separating it from the reconstituted protein (filtrate).
Radioactivity associated with the filtered fraction was
then measured using a gamma counter. Filtrate fractions
yielding filtered fractions with nonspecific radioactivity
close to background values were used for experimental
purposes. Thus, the nonspecific radioactivity removal was
over 99.9% efficient.

2.2. Cell culture

Caco-2 cells were obtained from American Type Culture
Collection (Manassas, VA, USA) and were cultured in
MEM (GIBCO, Gaithersburg, MD, USA) containing 10%
fetal bovine serum (Sigma) and antibiotics. They were
maintained at 37°C with constant humidity in a 5% CO,—
95% air atmosphere. All experiments were conducted
between the 35th and 40th passage and at confluence
(Day 14), allowing for proper tight-junction formation.

2.3. In vitro digestion of Ft

Radiolabeled Ft was subjected to in vitro digestion to
study the effects of digestion on Ft-Fe uptake and the
subsequent influence of dietary factors. The pH of the
solution of 1 uM Fe as holo-Ft was lowered to either 4.0 or
2.0 with 1 N HCI. Upon acidification, 2% pepsin (porcine,
4,200 U/mg, Sigma) was added, and the mixture was
incubated in the dark with shaking for 30 min to simulate
gastric digestion. To simulate intestinal digestion, the pH
was adjusted to 7.0 with 1 N NaHCO3, followed by addition
of 0.4% pancreatin (porcine, 8x USP, Sigma). Samples
were incubated in the dark with shaking for 30 min,
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Fig. 1. Fe uptake by Caco-2 cells coincubated with 1 pM FeSO, (A) or intact
Ft (B) with 1 pM of Fe and different dietary factors at 37°C for 1 h. Data
are presented as change in percentage of Fe uptake into the cells, as compared
to control (no treatment). Significant differences (P <.05) are indicated
with an asterisk. PA, phytic acid; TA, tannic acid; AA, ascorbic acid.

followed by addition of 0.4% alpha-antitrypsin (human,
10,000 U/mg, Sigma) to quench digestive activity.

2.4. Treatment of Caco-2 cells with digested and
undigested Ft

Postconfluent cells were washed with phosphate-buff-
ered saline (PBS) and treated either with intact or with
digested radiolabeled Ft (containing 1 uM Fe) for 1 h at
37°C. Ft was digested under both infant (pH 4) and adult
(pH 2) conditions. Medium was aspirated, and cells were
extensively washed with ice-cold PBS and then solubilized

with 1IN NaOH. Radioactivity associated with the cell
fraction was measured in a gamma counter (Gamma 8500,
Beckman, Irvine, CA, USA). Cell protein was assessed
using the Bradford assay [32]. Data are expressed as pmol
Fe/ug cell protein relative to control cells treated with 1 pM
radiolabeled FeSO,.

2.5. Treatment of Caco-2 cells with dietary factors and Fe
as Ft or ferrous sulfate

Postconfluent cells were washed with PBS and treated
either with radioactive (0.5 pCi *Fe) FeSOy4 (1 pM) or with
radioactive Ft (intact or digested) with 1 uM of Fe in the
presence or absence of dietary factors at 37°C for 1 h.
Concentrations of phytic acid, calcium and hemin (bovine,
Sigma) were 10 uM each, resulting in a dietary factor to Fe
molar ratio of 10:1. The instability of the heme molecule
warranted the use of hemin, the more stable form of heme.
Tannic acid and ascorbic acid did not impact Fe uptake in a
statistically significant manner at concentrations of 10 pM,
therefore, 50-uM concentrations were used resulting in
tannic acid and ascorbic acid to Fe molar ratios of 50:1 each.
Medium was aspirated, and cells were extensively washed
with ice-cold PBS and then solubilized with 1 N NaOH.
Radioactivity associated with the cell fraction was measured
in the gamma counter. Data are expressed as percentage of
Fe uptake relative to control (nontreated) cells.

2.6. Western blots of undigested vs. digested Ft

Ft was digested under mild (pH 4.0) or normal (pH 2.0)
digestive conditions. Equal amounts of undigested and
digested Ft were resolved by gel electrophoresis (5%
polyacrylamide) in sodium dodecyl sulfate (SDS) under
nonreducing conditions. Proteins were transferred by electro-
blotting onto nitrocellulose membrane, which was blocked
with 5% nonfat milk in PBS/0.1% Tween (PBST) at 4°C
overnight. The membrane was washed with PBST and
incubated with purified human Ft antibody (DAKO, Copen-
hagen, Denmark) (2 pg/ml) in PBST for 45 min at room
temperature. The membrane was washed with several changes
of PBST, and proteins were detected with donkey antirabbit
IgG, horseradish peroxidase-linked (Amersham, Bucking-
hamshire, England) for 45 min at room temperature in 5%
nonfat milk/PBST. Proteins were visualized by chemilumi-
nescence (SuperSignal Femto, Pierce) and exposed to X-ray
film for the optimum exposure time. We also compared the
effect of these digestion conditions on lactoferrin, a protein
known to be resistant against proteolysis [33], and serum
albumin, which is easily digested. This 4-20% gradient gel
was run in SDS and stained with Coomassie blue.

2.7. Data analysis

Data are presented as means+ S.E.M. Statistical analysis
was performed using Graph Pad Prism v 3.02 (San Diego,
CA, USA). Significant effect of treatment was determined
using Student’s ¢ test or one-way analysis of variance, where
indicated (P <.05).
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3. Results
3.1. Effect of digestion on Fe uptake from Ft

Mean Fe uptake from intact *°Fe-labeled Ft by Caco-2
cells after 1 h of incubation was 0.41+0.01 pmol/ug cell
protein, which was significantly lower ( P<.05) than uptake
from FeSO, (0.58+0.03 pmol/ug cell protein). In vitro
digestion of radiolabeled Ft at pH 4 and pH 2 significantly
increased Ft—Fe uptake twofold to 0.92+0.02 pmol/ug cell
protein and 10-fold to 5.44%0.26 pmol/pg cell protein,
respectively. These results suggest that the in vitro digestion
results in partial or complete degradation of the Ft molecule
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Fig. 2. Fe uptake by Caco-2 cells coincubated with Ft with 1 uM of iron
subject to digestion at pH 4 (A) and pH 2 (B) and different dietary factors at
37°C for 1 h. Data are presented as change in percentage of Fe uptake into
the cells as compared to control (no treatment). Significant differences
(P<.05) are indicated with an asterisk.
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Fig. 3. (A) Intact and digested Ft were resolved by gel electrophoresis (5%
gel), and Western blot analysis demonstrated significant degradation of Ft
digested at pH 2 as compared to undigested Ft and Ft digested at pH 4.
Limited degradation of the Ft protein from “compromised” digestion (pH 4)
results in occurrence of a several bands with lower molecular weights.
Harsher digestive conditions (pH 2) caused significant digestion of the
protein coat, resulting in subunits with molecular weights too small to be
detected on a 5% gel, as observed from the absence of any additional bands
for Ft digested at pH 2 on the blot. (B) Ft, serum albumin and lactoferrin
were exposed to in vitro digestion at pH 4 and resolved by gel
electrophoresis in a 4-20% gradient in SDS under reducing conditions.
Serum albumin was completely digested, whereas Ft and lactoferrin were
resistant against proteolysis.

in a pH-dependent manner and that Fe becomes more
available for absorption.

3.2. Effect of dietary factors on Fe uptake from ferrous
sulfate and undigested Ft

Three well-established inhibitors of non-heme Fe uptake,
phytic acid (10 pM), tannic acid (50 uM) and calcium
(10 uM) significantly inhibited Fe uptake from FeSO,4, com-
pared with untreated controls, by 11.2+0.8%, 9.9+ 1.1% and
22.241.1%, respectively (Fig. 1A). Moreover, ascorbic acid
significantly increased ferrous Fe uptake by 44.1+1.4%,
while hemin had no effect. In contrast, phytic acid, ascorbic
acid and calcium had no effect on Ft-Fe uptake (Fig. 1B);
however, tannic acid significantly enhanced Ft—Fe uptake to
120.841.3% of the untreated controls.

3.3. Effect of dietary factors on Fe uptake from Ft subjected
to in vitro digestion

In contrast to the lack of effect observed on Fe uptake
from undigested Ft, phytic acid significantly decreased Fe
uptake from Ft digested at pH 4 (9.6+£0.9%) and pH 2
(35.4£5.6%), compared with undigested controls (Fig. 2A).
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Contrary to its enhancing effect on Fe uptake from intact Ft,
tannic acid significantly decreased Fe uptake from Ft
digested at pH 4 (26.3%0.6%) and pH 2 (43.8%£4.7%;
Fig. 2B). Calcium inhibited Fe uptake from Ft digested at
pH 4 (8.4+1.3%) and pH 2 (43.74+1.0%), compared with
Fe uptake from undigested Ft. There was no effect of
ascorbic acid or hemin on Fe uptake from Ft digested at
pH 4, but digestion at pH 2 increased Fe uptake in the
presence of ascorbic acid by 19.1+0.4%, whereas hemin
inhibited Fe uptake by 29.5+2.8%, as compared to
undigested controls. This suggests that with increasing
severity of digestion conditions, Fe may be released from
the mineralized core and may subsequently be made avail-
able for interactions with common dietary factors following
its release.

3.4. Western blot of undigested and digested Ft

Undigested and digested Ft were resolved by gel
electrophoresis, and Western blot analysis demonstrated
significant degradation of Ft digested at pH 2 as compared
to Ft digested at pH 4 (Fig. 3A), further supporting the
concept that digestion results in degradation of the native Ft
protein and release of Fe. Intact Ft protein (~440 kDa)
occurs as a band at the top of the blot in the untreated
sample and the sample digested at pH 4. Limited degrada-
tion of the Ft protein from “infant” or “compromised”
digestion conditions (pH 4) resulted in occurrence of lower
molecular weight bands at ~160, 60 and 21 kDa. We
speculate that this limited digestion of the protein possibly
results in partial release of the inner Fe core. Harsher
digestive conditions (pH 2), on the other hand, cause
significant digestion of the protein coat, resulting in subunits
with molecular weights too small to be detected, as observed
from the absence of any additional bands on the blot.
Several types of Ft subunits have been observed in
commercial Ft preparations, both full-length and fragments
from a single cut. Sensitivity of a single site in the Ft subunit
to proteolysis during isolation has been previously observed
in commercial and fresh preparations of functional Ft.
Subunits generated during proteolysis have been shown to
form cross-linked subunit dimers, and larger aggregates
were also observed [34]. As shown in Fig. 3B, digestion at
pH 4 results in complete proteolysis of albumin, whereas
both Ft and lactoferrin are relatively resistant against
proteolysis. Under these conditions (reducing gel), Ft is
largely present in its 21-kDa subunit, but some smaller
fragments are also observed.

4. Discussion

In this study, we used a modified method for extrinsic
labeling of Ft, by which the Fe mineral core is slowly
dialyzed away with thioglycolic acid and then slowly
reconstituted by addition of Fe in the presence of the
radioisotope. Detailed studies using Mossbauer spectrosco-
py and X-ray absorption fine structure have shown that Fe in

Ft reconstituted in this fashion is identical to native Fe in the
core [35]. This method of extrinsic labeling was used in our
previous studies in human subjects showing high bioavail-
ability of Ft-Fe [18].

The Caco-2 cell model has been used extensively to
study the intestinal uptake of Fe, as well as factors affecting
this uptake. Although its validity to predict absorption of Fe
in human subjects has not been universally demonstrated, it
is believed that it is a good screening tool to evaluate
various compounds prior to performing human studies
[30,31]. Tron, either in the form of radiolabeled ferrous
sulfate (1 uM Fe) or intact Ft (1 uM Fe), administered to the
apical surface of the Caco-2 monolayer, was detected inside
the cells, demonstrating that Caco-2 cells absorb ferrous Fe
and Fe from intact Ft, albeit somewhat less from Ft during
this time period (1 h). It is well-known that uptake of ferrous
Fe in intestinal cells is facilitated by divalent metal
transporter 1, which is located in the apical membrane of
the enterocyte [36]. However, Fe sequestered within the
mineral core of Ft is unavailable to this transporter; thus,
another mechanism for Ft-Fe uptake must exist. While the
mechanism responsible for Fe uptake from Ft is not yet
known, the presence of putative Ft receptors has been
documented for several cell types [37-42], and we have
preliminary data indicating receptor-mediated uptake of
Fe from Ft by Caco-2 cells (Kalgaonkar & Lonnerdal, to
be submitted).

We observed significant effects of phytic acid, tannic
acid, ascorbic acid and calcium on ferrous Fe uptake in
Caco-2 cells, in agreement with results of other studies on
dietary factors affecting absorption of non-heme Fe. Phytic
acid, tannic acid and calcium significantly reduced ferrous
Fe uptake, whereas ascorbic acid resulted in a significant
increase. These effects were not observed for Fe uptake
from intact Ft, indicating that Fe within Ft is unable to
interact with these dietary factors. Tannic acid increased Fe
uptake from intact Ft, possibly by interfering with Ft or Ft
mineral core assembly due to its amphoteric properties and
releasing Fe for absorption. It is likely that Ft is affected
by normal digestive processes in the gastrointestinal tract.
We therefore exposed Ft to in vitro digestion, using a
“gastric” pH of 2. However, legume Ft is present in
plastids [43], and it is uncertain whether pH within the
plastids can be lowered to such an extent despite low
surrounding pH. In addition, although most in vitro
digestion studies have used a pH of 2 for the pepsin
digestion because this has been assumed to be the pH of
adult stomach [23,25,31], several recent studies on
stomach aspirates from adult human subjects show that
the postprandial pH is around 4, even up to 3 h after a
meal [44,45]. We therefore also used a “gastric” pH of 4 to
evaluate this possibility. We have previously [46] used
such a pH as an in vitro model to study protein digestion
in infants, who have been shown to have a considerably
higher stomach pH than adults [47]. Dietary factors (with
the exception of tannic acid) demonstrated limited effects
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on Fe uptake from Ft digested at pH 4; however, following
digestion at pH 2, pronounced effects of these factors on
Fe uptake were observed. These observations again
suggest that Ft provides a protective protein coat to its
Fe core, which is degraded in a pH-dependent manner. It is
thus possible that Ft in part escapes digestion and is
present in the small intestine in intact form. Ft-Fe may
then be taken up by another pathway, possibly explaining
previous observations in humans in which dietary factors
had limited or no effect on absorption of Ft-Fe. We have
previously shown that lactoferrin, another large Fe-binding
protein known to be resistant against digestion [33], can be
found in significant quantities in intact form in the stool of
breast-fed infants [48]. In vitro studies, similar to those in
our present study, show that lactoferrin can resist
proteolytic digestion [46] and also be taken up and
delivers its Fe into Caco-2 cells by a specific lactoferrin
receptor [49]. Thus, some proteins are able to escape
digestion and be taken up via endocytotic pathways.

The concentration of Ft in plants is usually quite low, or
about 50-70 mg/kg [50]. Thus, a 50-g meal of soybeans
would contain at most 0.5 mg of Ft-Fe. Conventional plant
breeding techniques may increase the Ft content two to three
times, but the amount of Fe would still be low, as compared
to the Fe requirement of Fe-deficient children and women.
Expression of recombinant Ft in transgenic plants offers an
opportunity to increase the Ft content of legumes to a much
higher extent [51]. However, it is not yet known whether a
substantially increased Ft content of such plants will lead to
a corresponding increase in the Fe content; the ability of the
plant to acquire Fe from the soil and transport it to the bean/
seed may be a limiting factor. Further studies are needed to
explore the possibility of overexpressing recombinant Ft in
plants and its effect on the Fe content.

In conclusion, the results from this study strongly suggest
that Fe from undigested Ft is absorbed by intestinal cells and
that while common dietary factors dramatically affect
ferrous Fe uptake, they have a limited effect on Fe uptake
from undigested Ft. We speculate that this limited effect
may be due to the protective protein coat provided by Ft and
facilitated through an uptake pathway for Ft-Fe distinct
from that of ferrous Fe. However, once digested, Fe release
from the mineralized core occurs allowing for interaction
with dietary factors. Taken together, these results show that
Fe is well absorbed from both undigested and digested
animal Ft, and it is therefore likely that biofortification of
staple foods with Ft will yield Fe in a bioavailable form.
Although dietary factors will affect absorption of Ft-Fe to
an extent depending on the degree of digestion, the impact
of them will be similar to or less than those affecting Fe
uptake from FeSO, a bioavailable form of Fe but prone to
cause changes in color and organoleptic properties of
products fortified with this compound. In contrast, Ft—Fe
is inside the mineral core and protected by a protein shell
and, when present in foods, will minimize Fe-induced
oxidative damage to the product.
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