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Abstract

Ferritin iron from food is readily bioavailable to humans and has the potential for treating iron deficiency. Whether ferritin
iron absorption is mechanistically different from iron absorption from small iron complexes/salts remains controversial.
Here, we studied iron absorption (RBC %°Fe) from radiolabeled ferritin iron (0.5 mg) in healthy women with or without non-
ferritin iron competitors, ferrous sulfate, or hemoglobin. A 9-fold excess of non-ferritin iron competitor had no significant
effect on ferritin iron absorption. Larger amounts of iron (50 mg and a 99-fold excess of either competitor) inhibited iron
absorption. To measure transport rates of iron that was absorbed inside ferritin, rat intestinal segments ex vivo were
perfused with radiolabeled ferritin and compared to perfusion with ferric nitrilotriacetic (Fe-NTA), a well-studied form of
chelated iron. Intestinal transport of iron absorbed inside exogenous ferritin was 14.8% of the rate measured for iron
absorbed from chelated iron. In the steady state, endogenous enterocyte ferritin contained >90% of the iron absorbed
from Fe-NTA or ferritin. We found that ferritin is a slow release source of iron, readily available to humans or animals, based
on RBC iron incorporation. Ferritin iron is absorbed by a different mechanism than iron salts/chelates or heme iron.
Recognition of a second, nonheme iron absorption process, ferritin endocytosis, emphasizes the need for more
mechanistic studies on ferritin iron absorption and highlights the potential of ferritin present in foods such as legumes to
contribute to solutions for global iron deficiency. J. Nutr. doi: 10.3945/jn.111.145854.

Introduction
legume seeds (7-9). If the iron atoms contained in intact ferritin

were readily absorbed by humans in vivo, as indicated by cell
culture experiments (6,10,11), thousands of protein-coated iron
atoms would be absorbed per transport event. Human absorp-

Intestinal iron absorption is the main step regulated for body
iron homeostasis because of low iron excretion (1,2). Mecha-
nistic studies of intestinal iron absorption have focused heavily

2+
on Fe™ transport by DMT], a proton coupled transporter of " tion of iron inside ferritin protein would contrast with the
a number of divalent cations (1,3), and on heme absorption by transport of single iron atoms by DMT1 as Fe?* ions or by

the folate-heme transporter PCFT/HCP1 (4). Earlier studies  pCET/HCP1 in heme. This study addresses the question of
showed that in cultured intestinal cells, exogenous ferritin,

which is a nanoprotein that synthesizes caged ferric oxide
minerals containing thousands of iron atoms (35), is taken up by
clathrin-dependent endocytosis and efficiently releases its iron
into the cytoplasmic labile iron pool (6). Ferritin is abundant in

whether iron present inside ferritin is converted to single iron
atoms in the stomach or intestinal lumen in vivo, or if ferritin is
absorbed as the intact protein-iron complex. To answer this
question, we used two experimental approaches. First, we
determined if unlabeled iron provided as ferrous sulfate
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absorption (12-14), in perfused, isolated rat intestinal segments,
analyzing mucosal iron accumulation, iron transport, and
intracellular iron distribution.

Methods

Radiolabeled materials

Fe isotopes (*°Fe and >°Fe) were obtained from NEN/Perkin Elmer
for the human studies and from RI Consultants LLC for the rat studies.
Empty ferritin protein cages, prepared by extensive dialysis against
thioglycolic acid, were mineralized with radiolabeled Fe as previously
described (6,15,16). >*Fe-NTA was prepared by adding >°Fe to a solution
of NTA to obtain a molar Fe:NTA ratio of 1:2 (17).

Human studies

Volunteers. A total of 73 healthy women between 35 and 45 y of age
were randomly assigned to one of the five iron absorption studies. The
studies were conducted between July, 2005 and July, 2008. All the
women lived in Santiago, Chile; they were recruited from the community
living near the INTA. None were pregnant or lactating, and all were using
intrauterine devices for contraception at the time of the study. Exclusion
criteria were obesity (BMI >30), micronutrient supplementation in the
last 6 mo, and any known acute or chronic disease, as evaluated by a
physician. All of the women signed an informed consent form approved
by the Ethics Committee of INTA. Doses of radioactive isotopes used
were approved by the Chilean Commission of Nuclear Energy.

Iron status. Iron nutritional status was assessed by the values of
hemoglobin concentration, erythrocyte mean corpuscular volume, free
RBC protoporphyrin, transferrin saturation, and serum ferritin. The
hematological categories used were previously described (18). Iron status
variables were similar among the groups. Data on individuals are
provided in Supplemental Table 1. To assess fluctuations in daily iron
absorption, *’Fe-ferritin or **Fe-ferritin were administered on two
consecutive days, as described in detail in “Study design” (Table 1). In
addition, to minimize variations, the participants fasted overnight. After
ingesting the test capsules at 0800 h, they consumed no solid food for
3—4 h. The dose of ferritin iron used (0.5 mg) was physiological (19,20),
whereas the doses of nonheme iron and heme iron (4.5-49.5 mg)
encompassed both the physiological and supra-physiological range (21).

Iron delivery capsules. To distinguish between effects on release of
ferritin and the iron competitor in the stomach or the intestine, two types
of capsules were used. Non-GR capsules were gelatin capsules obtained
from Reutter. GR capsules were gelatin capsules covered with the enteric
polymer L30 D55 from Eudragit (Roehm). Non-GR capsules release the
contents in the stomach, whereas GR capsules release the contents in the
intestine.

Hemoglobin. Hemoglobin was obtained from New Zealand rabbit
RBC by using a protocol approved by the Bioethics Committee for

TABLE 1 Human study protocols’

Animal Experimentation of INTA. RBC were washed three times with
physiological saline, frozen, and lyophilized. The iron content was
determined by atomic absorption spectroscopy.

Study design. Table 1 shows the protocols and the doses of iron
administrated for the five studies. Supplemental Tables 2—6, correspond-
ing to studies A-E, show individual data. On d 1 and 14, the participants
ingested 0.5 mg elemental iron as ferritin labeled with 1 wCi >*Fe. Ond 2
and 15, they ingested 0.5 mg elemental iron as ferritin labeled with 3 uCi
of >3Fe. Blood samples were taken on d 14 to determine absorption on d
1 and 2 and on d 28 to determine absorption from d 14 and 15. During d
2, 14, and 15, ferritin containing radiolabeled iron was administered
together with different amounts of iron as ferrous sulfate (studies A and
C), hemoglobin (study B), or ferrous sulfate plus ascorbic acid (study D).
In studies A and B, the compounds were administered in non-GR
capsules, in study C they were administered in GR capsules, and in study
D in either non-GR or GR capsules. In the studies using *’FeSOy,
the volunteers ingested 0.5 mg *’FeSO4 on two consecutive mornings
(d 1: *FeSO, alone; d 2: **FeSO, plus 9.5 mg Fe as ferritin). Compounds
were administered in aqueous solution. RBC radioactivity was deter-
mined on duplicate samples from venous blood according to technique
of Eakins and Brown (22).

Iron absorption. Iron absorption was calculated using blood volumes
estimated from height and weight (23) and assuming that 80% of
radioisotope was incorporated into RBC (24).

Animal studies

Rats. The experiments were performed using best practices of animal
care; the studies were approved by the CHORI Institutional Animal Care
and Use Committee. Male Sprague-Dawley rats younger than 6 mo of
age weighing 372 * 17 g were housed in macrolone cages with a 12-h-
light/-dark cycle. Rats were fed a standard diet (no. 2918 Teklad Harlan
Global Diet) sterilized by irradiation. Rats consumed autoclaved tap
water ad libitum. Duodenal and jejunal segments from 5 rats were
perfused with *°Fe-ferritin. The data were compared to data from § or 6
rats perfused with *Fe-NTA in earlier experiments (13,25); 2 rats were
used as controls in this experiment. Body iron status was determined by
analyzing nonheme iron in rat liver (26). Liver nonheme iron did not
vary significantly among the groups.

Ex vivo perfusion of isolated rat intestinal segments and
measurement of mucosa to serosa *°Fe transport. Excision of
duodenal and jejunal segments occurred under isoflurane anesthesia
(VetEquip). The duodenal segments were the ~8-cm length between the
pylorus and Treitz ligament and the jejunal segments were the adjacent
10 cm of intestine. Following excision of the intestinal segments, rats
were killed with isoflurane. The isolated intestinal segments were
perfused from the luminal side. *°Fe transfer rates from the intestinal
lumen to the serosal fluid discharge were quantified as previously
described (13,25). A constant rate of water transport and active glucose
transport were the criteria for vitality during ex vivo perfusion. The

Study d1 d2 d 14 d15

A 0.5 mg Fe as ferritin-Fe uCi in 0.5 mg Fe as ferritin-Fe uCi+4.5 mg 0.5 mg Fe as ferritin->Fe wCi+9.5 mg 0.5 mg Fe as ferritin-fe wCi+49.5 mg
non-GR Fe as FeSQ4in non-GR Fe as FeSQO4in non-GR Fe as FeSQ,4in non-GR

B 0.5 mg Fe as ferritin-"Fe uCi in 0.5 mg Fe as ferritin-"Fe uCi+4.5 mg 0.5 mg Fe as ferritin-"Fe uCi+9.5 mg 0.5 mg Fe as ferritin-"Fe wCi+49.5 mg
non-GR Fe as hemoglobinin non-GR Fe as hemoglobinin non-GR Fe as hemoglobinin non-GR

C 0.5 mg Fe as ferritin-"Fe uCi in 0.5 mg Fe as ferritin-Fe uCi+4.5 mg 0.5 mg Fe as ferritin->Fe wCi+9.5 mg 0.5 mg Fe as ferritin-Fe wCi+49.5 mg
GR Fe as FeSO4in GR Fe as FeS04in GR Fe as FeSO4in GR

D 0.5 mg Fe as ferritin-Fe uCi In 0.5 mg Fe as ferritin-Fe 0.5 mg Fe as ferritin-Fe wCi in GR 0.5 mg Fe as ferritin-Fe
non-GR uCi+ascorbic acid in non-GR wuCi+ascorbic acid in GR

E 05 mg *FeS0, uCi 0.5 mg *°FeS0, uCi+9.5 mg Fe as — —

ferritin

" The data of individuals and the statistical analyses are found in the footnotes to Supplemental Tables 1-6. GR, gastric restraint.
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serosal fluid discharge was sampled at 15-min intervals and weighed.
To determine mucosa to serosa > Fe transport, >’Fe-labeled ferritin or
39Fe-NTA (10 wmol Fe/L; **Fe ~0.2 mCi/L) was added to the perfusate
after fluid absorption had reached a steady state, at ~10 min after start
of ex vivo perfusion.

Rat intestinal cell isolation. At the end of the perfusion experiments,
cells from >°Fe-labeled mucosal jejunal and duodenal segments were
obtained by scraping with glass slides, transferring to small tubes,
washing with physiological saline, sedimenting, and freezing at —80°C
until use. The cells thus obtained were substantially free of contamina-
tion by cells of the lamina propria, muscle, and blood vessels and were
mostly enterocytes, with some goblet cells, Paneth cells, and leukocytes.
Mucosal cells were homogenized with polypropylene pestles in 120 uL
of cold PBS containing protease inhibitors (1206893; Roche Molecular
Biochemicals). Cell lysis was achieved by passing the homogenate
through a 27-gauge needle, followed by centrifugation at 21,000 X g for
20 min at 4°C to obtain the soluble cell extract as the supernatant
fraction. *°Fe was determined, as for the perfusates, in cell pellets and an
aliquot of the cytoplasmic extracts.

Distribution of ®°Fe in rat enterocytes. The distribution of *°Fe
between protein and low-molecular weight components in the soluble
extracts of mucosal cells was determined by precipitation of the extracts
with 10% cold TCA and the measurement of >’Fe in the pellets (protein)
and the TCA-soluble fraction as previously described (6).

To characterize °Fe proteins in soluble (cytosolic) extracts of
mucosal cells, samples were fractionated by native PAGE (4-12%
polyacrylamide gradient gels) with Tris-glycine running buffer (Invi-
trogen). Migration of **Fe-containing proteins was detected by autora-
diography and quantified with IMAGEQUANT software.

Statistical analyses

Human data were tested by one factor ANOVA and the post hoc
Dunnett’s test using Graphpad. Rat data were analyzed by the unpaired ¢
test. Differences were considered significant at P < 0.05.

Results

A 9-fold excess of ferrous sulfate has no effect on ferritin
iron absorption. Effects of ferrous sulfate on iron absorption
from >°Fe-ferritin were examined to determine if the iron in
ferritin was absorbed by the same mechanism as ferrous sulfate.
Because the total amount of iron added was >5 mg, saturation
kinetics were maintained.

Unlabeled ferrous sulfate had no effect on the absorption
of 0.5 mg of >°Fe in ferritin at a ratio of 9:1 (4.5 mg FeSO4 and
0.5 mg *’Fe as ferritin iron) in non-GR capsules (Fig. 1; data
from individuals are provided in Supplemental Table 2). Similar
results were obtained with GR capsules at a 9:1 ratio (Fig. 1;
data from individuals are in Supplemental Table 4). At higher
ratios of iron competitor:ferritin iron, the results were more
complex. For example, with a ratio of 19:1 (9.5 mg FeSO,4 and
0.5 mg >°Fe-ferritin) administered in capsules dissolved in the
stomach, there was no significant effect on **Fe absorption (Fig.
1; Supplemental Table 2). However, when GR capsules were
used, there was inhibition (P < 0.05) (Fig. 1; Supplemental Table
4). Individual variations in absorbance at the 19:1 ratio (9.5 mg
FeSO, and 0.5 mg > Fe-ferritin) were large (Supplemental Table
2), possibly because with a total of 10 mg of supplemental iron,
the variable amounts of iron eaten in other foods by the women
brings some but not all individuals to iron repletion. In the
reverse experiment, using >°FeSO, and unlabeled ferritin iron as
the competitor, **Fe absorption from FeSO, was inhibited when
0.5 mg of *°FeSO4 was administered with 9.5 mg of ferritin iron
(Fig. 1; Supplemental Table 6). This inhibition could be due to a
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FIGURE 1 Ferritin iron absorption by healthy women administered
ferrous sulfate at 0-1:99 molar ratios in GR and non-GR capsules.
Individual data are in Supplemental Tables 2, 4, and 6. Values are
mean = SD, n = 13 or 14. **Different from 0, P < 0.01. GR, gastric
resistant; non-GR, nongastric resistant.

mucosal block in iron absorption generated by ferritin-derived
intracellular iron from 10 mg of administered iron. When the
total supplemented iron was very high (50 mg; FeSO:ferritin
iron, 99:1), radiolabeled ferritin iron absorption decreased to
20-32% of the control under all the conditions tested (P < 0.01)
(Fig. 1; Supplemental Tables 2 and 4).

Ascorbate, added to reduce ferric to ferrous iron, had no
effect on the absorption of iron from ferritin (Fig. 2A; Supple-
mental Table 5). In solution, where competing reactions with
ascorbate are minimized, ascorbate can release ~5% of the iron
in ferritin (27).

Hypothetically, digestion of the ferritin protein cage and
mixing of ferritin radiolabeled iron (after reduction and mineral
dissolution) with a 9-fold excess of ferrous sulfate would
decrease absorption of the radiolabeled iron by 90%. Thus,
the absence of any effect of FeSO4 at a 9:1 ratio with ferritin
(Fig. 1; Supplemental Table 2) indicates that ferritin mineral was
not reduced and the protein was not degraded to release iron
during luminal digestion. A similar result was obtained when
ascorbate was added (Fig. 2A; Supplemental Table 4).

A 9-fold excess of hemoglobin iron has no effect on
ferritin iron absorption. Because heme iron is absorbed by a
different mechanism than ferrous sulfate iron and because heme
iron is released intracellularly after heme oxygenase action (4),
contrasting with ferrous sulfate, heme iron may compete more
effectively with ferritin iron than ferrous sulfate. However, a 9-
fold excess of heme iron had no significant effect on iron
absorption from *°Fe-labeled ferritin (Fig. 2B; Supplemental
Table 4). A decrease in ferritin iron absorption was found at a
heme Fe:ferritin Fe ratio of 19:1 (P < 0.05) and 49:1 (P < 0.01)
(Fig. 2B; Supplemental Table 4). Such results suggest that signals
from excess iron converge in the cell, regardless of the iron
source, to activate common regulatory mechanisms (28,29).

Iron from ferritin moved across rat intestine more slowly
than from Fe-NTA. Iron absorption and transport across the
intestine from exogenous ferritin could be directly determined in
rat intestinal segments perfused ex vivo and compared to the

A distinct absorption pathway for ferritin iron 3 of 6
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FIGURE 2 Ferritin iron absorption by healthy women administered
ascorbic acid in GR or non-GR capsules (A) or hemoglobin iron at 0-1:9
in non-GR capsules (B). Values are the mean = SD, n = 15 (A) or 13
(B). Data for individuals are in Supplemental Tables 5 and 3,
respectively. **Different from 0, P < 0.01. GR, gastric resistant;
non-GR, nongastric resistant.

well-studied ferric chelate, Fe-NTA (12-14). The rate of *°Fe
transport from exogenous ferritin to the luminal side was
equivalent (Table 2) in the duodenum and jejunum, contrasting
with *°Fe-NTA, where transport to the luminal side was
significantly faster in the duodenum (Table 2).Tissue stability
(water transport) and vitality (glucose transport), measured
every 15 min, remained in the normal range throughout the
experiments. *°Fe transport to the luminal side of the intestinal
segments was constant during the 2-h perfusion.

Iron from ferritin is transported across both the duodenum
and the upper jejunum (Table 2). The transport rate for *°Fe
from perfused ferritin was significantly lower than from
perfused Fe-NTA in both duodenum and jejunum (Table 2).
Two properties of iron absorbed from ferritin and chelated iron
likely account for the differences: 1) different uptake mecha-
nisms (DMT1 transporter vs. clathrin-dependent endocytosis);
and 2) steps required ferritin for iron to enter the cytoplasm
(reduction/dissolution of the ferritin iron mineral and iron ion
transport out of the endosome).

Retained iron absorbed from perfusate ferritin is present
mainly in enterocyte ferritin. The examination of *°Fe
absorbed by cells in the intestine after ex vivo perfusion showed
that accumulation of iron from *?Fe-NTA was higher than for

4 of 6 Theil et al.

TABLE 2 °°Fe absorbed in %°Fe-HoSF by rat duodenal and
jejunal segments perfused ex vivo'
Duodenum Jejunum?
°Fe-labeled ferritin
n 5 6
e transfer, pmol-cm™ -2 h™" *93 + 53 *67 * 58
e mucosa load, pmol- cm™’ *177 + 8 *209 + 65
Water transfer, pmol-cm™"- 2 h™' 167 = 20 159 = 25
%Fe-NTA
n 2 2
%%Fe transfer,® pmol-cm™"- 2 h77 630 + 79 353 + 177
%°Fe mucosa load,® pmol- cm™! 1590 * 31 1150 = 31
Water transfer, pmol- cm™"- 2 h™' 212 + 33 210 + 3
n 5 —
e transfer,* pmol-cm™"- 2 h™! 1180 = 300 —
n 6 6
e transfer,* pmol-cm™"- 2 b~ 650 + 110 300 + 84

"Values are mean *= SD. *Different from Fe-NTA, P < 0.01. HoSF, horse spleen
ferritin.

2 Upper 10 mm of the jejunum. After perfusion, based on the water and glucose
transfer rates, one duodenal segment had lost vitality and the data from that sample
was not used.

% The values for Fe-NTA are significantly different from the ferritin values, P < 0.01,
t test.

4 Data are from (13) or (25); the values, analyzed by the t test, differ significantly from
ferritin, P < 0.01.

39Fe-ferritin in both duodenum (8-fold) and jejunum (4-fold)
(Fig. 3). However, the percent soluble °Fe, i.e., extractable,
cytosolic S°Fe, was similar (Fig. 3). Because the amount of
nonextractable **Fe-iron is different for exogenous Fe-NTA and
exogenous ferritin but extractable cytosolic enterocyte iron is
the same (Fig. 3), it is important in future investigations to
determine the relationship of both extractable and nonextract-
able enterocyte iron to intracellular iron transport and export.

Cytosolic *°Fe inside the rat intestinal cells, after luminal
perfusion with HoSE, is almost entirely in protein in either
duodenum or jejunum cells (Fig. 4). The *°Fe protein had an
electrophoretic migration close to, but distinct from, HoSF
(Fig. 4). The mobility differences between the *°Fe in cytosolic
proteins and HoSF indicate that the S°Fe was not in the HoSF
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FIGURE 3 Accumulation and distribution of %°Fe in cells, mainly
enterocytes, from rat duodenum and jejunum perfused ex vivo with
59Fe-ferritin or ®Fe-NTA. The data are the mean = SD, n = 2 or 3.
*Different from corresponding Fe-NTA, P < 0.01. Note that the
distribution of %°Fe in the soluble (buffer-extractable) part of the cells
and in proteins (TCA precipitable) was indistinguishable for perfused
5%ferritin and 5°Fe-NTA in duodenum and jejunum. Values were mean *
SD, n=6, 95.5 + 410 % (ferritin) and, n = 4, 92.8 + 1.88% (Fe-NTA).
Fe-NTA, ferric nitrilotriacetic acid; TCA, trichloroacetic acid.
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of the perfusate but was released from HoSF inside the cells and
incorporated into the endogenous, enterocyte ferritin iron mineral.

Discussion

The high bioavailability of iron in food ferritin such as soybean
is largely accepted (9,30). However, knowledge of how ferritin
iron is absorbed has been lacking. Whether ferritin iron in
humans is absorbed by the clathrin-dependent endocytic mech-
anism, as observed in cultured human cells (6), or is absorbed as
part of the inorganic iron pool after digestion during passage
through the stomach has been unresolved. The results presented
here show that in women volunteers, ingested ferritin survived
both gastric digestion and luminal digestion largely intact, be-
cause absorption of ferritin iron was unaffected by either non-
heme or heme iron competitors at usual dietary ion concentrations.
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FIGURE 4 Distribution of %°Fe in the cytosolic proteins of cells,
mainly enterocytes, from rat duodenum (A) and jejunum (B) perfused
ex vivo with 59Fe-ferritin or %°Fe-NTA. (C) ®°Fe-HoSF, run at the same
time. %°Fe radioactivity was detected by autoradiography after native
electrophoretic separation of soluble, cytoplasmic proteins (400 ug).
(C) %°Fe-HoSF, run at the same time. The cell samples described in
Figure 3 were used. Higher order complexes of ferritin cages; 1:
ferritin (24 subunits), 2: ferritin dimer (48 subunits); 3: ferritin trimer
(96 subunits). Fe-NTA, ferric nitrilotriacetic acid; HoSF, horse spleen
ferritin.

Because iron from FeSOy, is absorbed by DMT1 (1), the
absence of competition by a 9-fold excess of iron as FeSO4 on
iron absorption from ferritin indicates that ferritin iron absorp-
tion does not depend on DMT1. The new data complement
those obtained earlier in cultured, human epithelial (Caco-2)
cells, where it was shown that ferritin enters cells by receptor-
mediated, clathrin-dependent endocytosis (6), as confirmed
more recently in cultured mouse epithelial (TCMK-1) cells (31).

Heme iron and ferritin iron must enter enterocytes by
different mechanisms, even though the iron they carry is released
inside the intestinal cells, because hemoglobin iron did not affect
the absorption of ferritin iron in the range of normal iron
supplementation dosages. Thus, each iron source, heme, or
small nonheme iron salt/chelate, or large nonheme iron in
ferritin is recognized by different, intestinal membrane recep-
tors/transporters. However, when very large amounts of iron
(10-50 mg) were provided as either hemoglobin or nonheme
ferrous iron, absorption of ferritin iron decreased. Such effects
can be due to rapid changes in receptor transporters on the
apical side of the intestine (29,32,33), which can be comple-
mented by changes in enterocyte ferroportin activity and iron
export. Such compensatory mechanisms lower entry of excess
iron into the body at high iron doses.

Compared to chelated nonheme iron (Fe-NTA), ferritin iron
is a natural, slow release iron source. The rate of transport of
ferritin iron across the rat intestine was slower than for chelated
ferric iron (Fe-NTA), although in whole body studies here and
elsewhere, ferritin iron is incorporated into new RBC at about
the same rates as nonheme iron salts (15,34). When food
(exogenous) ferritin enters intestinal cells in endosomes, the
ferritin protein cage is digested and the iron mineral dissolved
before crossing the endosomal membrane to enter the cytoplas-
mic iron pool. In spite of the differences in the intracellular
processing of ferritin iron compared to ferrous sulfate, Fe-NTA,
or hemoglobin, when the steady state was attained in the
perfused intestinal segments studied here, iron from the
cytoplasmic pool of the intestinal cells was distributed very
similarly for both S9Fe-ferritin and chelated iron (*°Fe- NTA).
All the *’Fe in the soluble fractions of the intestinal cells had
been incorporated into protein with the properties of enterocyte
ferritin. The importance of enterocyte ferritin in intestinal iron
metabolism, indicated by the results with rat intestinal duodenal
and jejunal segments ex vivo is complemented by two recent
studies, one using mathematical modeling (35) and the other
using targeted gene deletion of murine intestinal ferritin H (36).
In the mathematical model (35), duodenal ferritin was the main
regulator of the cellular labile iron pool and of the iron available
for transport to the serosal side. In the mouse intestinal gene
deletion study (36), loss of intestinal ferritin led to increased
body iron stores, increased transferrin saturation, and increased
duodenal *°Fe absorption, emphasizing the important role of
endogenous, intestinal cell ferritin in iron absorption and
homeostasis.

There are several implications for iron nutrition that arise
from the recognition of ferritin as a distinctive source of
absorbable iron. First, the slow iron release properties of ferritin
iron described here could protect intestinal cells from oxidative
damage caused by some conventional iron supplements (37) and
the coincident effects on inflammatory bowel diseases (11,38).
Second, because ferritin iron is internalized by a different
mechanism than small inorganic iron salts/chelates or heme,
supplementation with ferritin iron might be effective in treating
iron deficiency anemias refractive to the usual iron treatments.
Third, from a public health standpoint, ferritin-rich legume
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seeds, readily accessible but often consumed in amounts too
small to prevent iron deficiency, can play a role in the lives of the
>2 billion people for whom iron deficiency remains a problem in
spite of decades of intense efforts toward mitigation. The
absence of mechanistic answers to questions about the process of
ferritin iron absorption does not prevent the use of ferritin for
nutrition. Dietary ferritin is a distinct, nonheme source of
absorbable iron that can be used to complement existing
methods for treating or preventing iron deficiency.
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