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divalent metal transporter 1 (DMT1) on the brush border mem�

brane (BBM). The fluorescent metal sensor calcein, which is hydro�

philic, membrane�impermeable and quenched by chelation with

iron, was used to test our hypothesis that intestinal iron absorp�

tion is through the endocytic processes and is involved in a pathway

where BBM�derived vesicles fuse with basolateral membrane (BLM)�

derived vesicles. To monitor the flux of iron via transcytosis, Caco�2

cells were employed as a polarized cell layer in Transwell chambers.

When calcein was added to the basal chamber along with apo�

transferrin (apo�Tf), calcein rapidly underwent endocytosis and

co�localized with apo�Tf. Calcein was quenched by adding an iron�

ascorbate complex and then restored by adding 2,2'�dipyridyl into

the apical chamber. These results were confirmed by live�cell

imaging. When hemin from the apical surface and calcein from

the basal chamber were added to the Caco�2 cells, internalization

of DMT1 and quenching of calcein were not observed until 2 h

later. These results indicated that absorbed hemin required pro�

cessing before hemin�derived iron was available to BLM�derived

vesicles. These studies suggest that iron is transported in Caco�2

cells by transcytosis with apical�derived vesicles that are fused to

BLM�derived vesicles.
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IntroductionIron is required by various ferroproteins and heme-containing
proteins that are essential in a wide variety of species for cell

growth and survival. These proteins are involved in a myriad of
cell functions including DNA synthesis, oxygen transport, and
cell respiration. For the purpose of iron utilization and storage,
all living cells have available iron, which is stored as ferritin and
in an intracellular pool called the labile iron pool (LIP). This LIP,
defined as a pool of chelatable and redox-active iron, is transitory
and serves as a crossroad for cellular iron metabolism.(1) Princi-
pally, iron stores are maintained by regulating iron absorption
from the duodenum. Iron deficiency causes microcytic anemia and
slow-growing, on the other hand, iron overload generates reactive
oxygen species that cause oxidative stress and cellular injury,
subsequently, cancer in the body.(2) Many patients of hemochro-
matosis which is characterized by iron overload in liver, heart,
pancreas and reproductive organs, suffer liver dysfuction and
died from the liver cirrhosis and hepatocellular carcinoma. An iron
chelator could prevented the carcinogenesis in liver, which plays a
central role in iron storage.(3,4) Thus, iron-storage is tightly regu-
lated in the duodenum. Dietary ferric iron is reduced to ferrous
iron by duodenal cytochrome b, which is located on the brush
border membrane (BBM). This ferrous iron is transported across

the BBM of the duodenum via the divalent metal transporter 1
(DMT1) (SLC11A2).(5–14) DMT1 is a co-transporter of protons and
divalent metals with an optimum pH of approximately 5.5 for iron
transport.(7,12,15) Ferrous iron was thought to be transported to the
basolateral membrane (BLM) and to exit across the BLM from the
enterocyte via ferroportin (FPN) (SLC40A1).(9,10,16) Recently,
poly(rC)-binding protein 1 and 2 (PCBP1, 2) were shown to
regulate the transfer of iron by ferritin or FPN.(17,18) We and others
have observed that in the intestinal epithelial cells iron feeding
triggered the internalization of DMT1 from the BBM into vesicles
within the subapical cytosolic compartment,(14) and hepaestin
(Heph) and FPN migrated from the sub-apical compartment to
the BLM.(16,19,20) It is not unclear if the uptake of iron is dependent
on a regulatory mechanism via transcytosis of vesicles derived
from the apical BBM and vesicles derived from the BLM.

In this study, we employed green fluorescent calcein, which
possesses hydrophilic and membrane-impermeable properties.
This compound is able to be taken into cells by endocytosis. The
fluorescence is quenched by iron, hence, making it possible to
determine the coefficients of physiological iron influx into the
cytosolic and mitochondrial labile iron pools.(1,21) Caco-2 cells,
grown as a polarized cell layer in Transwell chambers as a model
system to study iron flux, were combined with calcein. The estab-
lished experimental model operated as follows: the apical chamber
bath acts as the BBM of the enterocytes and the basal chamber
bath acts as the BLM.(8,22,23) Using this model, calcein and apo-
transferrin (Tf) were added into the basal chamber. Iron and 2,2'-
dipyridyl (DPD), which is a membrane-permeable iron chelator,
were placed into the apical chamber. To further investigate the
mechanism of kinetic transcytosis, live-cell imaging was per-
formed with calcein and dextran.

Previous studies of Caco-2 monolayers demonstrated that
adding hemin to the apical chamber allowed hemin to be trans-
ported into the basal chamber without degradation, suggesting the
prevention of iron overload in the cells.(24) Hence, the impact of
iron that is released from hemin feeding on the labile iron pools
still remains unclear. We also examined the effect of hemin (ferric
protoporphyrin IX) in this model.
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Materials and Methods

Materials. TOPRO-3, ProLong Antifade kit, calcein, Alexa
546-conjugated dextran (M.W. 10,000), Alexa 594-conjugated-
Tf, and non-essential amino acid solution (10 mM) were from
Invitrogen (Carlsbad, CA). Fetal bovine serum (FBS) was from
Atlanta Biologicals (Lawrenceville, GA). DMEM was from
Mediatech (Herndon, VA) or Sigma Aldrich (St. Louis, MO).
Paraformaldehyde was from Fisher Scientific (Pittsburgh, PA).
HEPES, Antibiotics, Chelex resin, ascorbate, ferric chloride,
hemin and 2,2'-dipyridyl (DPD) were from Sigma Aldrich. All
other chemicals of analytical grade were from Sigma Aldrich.
Anti-DMT1 antibody (iron-responsive element, IRE) was described
previously.(14) The Caco-2 cell line (HTB-37) was from American
Type Culture Collection (Rockville, MD). The Millicell electrical
resistance system and Millicell 6-well cell culture inserts with
0.4 μm pore size membranes were from Millipore (Bedford, MA).
Transwell clear inserts for 24-well plates were from Corning
(Lowell, MA). The collagen solution (rat tail Type I) was from
Boehringer-Manheim (Manheim, Germany) and Becton Dickinson
(San Diego, CA). DRAQ5 was from AXXOLA (San Diego, CA).
The Bio-Rad Radiance 2000 Laser scanning microscope and
Lasersharp 2000 were from Bio-Rad (Hercules, CA). The LSM 510
META Confocal microscope was from Carl-Zeiss (Thornwood,
NY). Glass-bottom dishes were from Mat-Tek (Ashland, MA).

Cell culture. Caco-2 (HTB 37) cell line was grown and
maintained in DMEM supplemented with 10% FBS, non-essential
amino acid solution (0.1 mM) and antibiotics (100 U/ml penicillin-
G and 100 U/ml streptomycin). The collagen film was applied to
the membrane by adding the collagen solution. Preparation of the
Caco-2 monolayer was described previously.(8) In brief, Caco-2
cells were seeded onto the membrane and cultured to form a
monolayer. Transepithelial electrical resistance (TEER) was mea-
sured in this monolayer with the Millicell electrical resistance
system. Confocal microscopy experiments were performed only
after the TEER had risen to a level indicating the formation of an
intact monolayer (TEER at least 400 Ω/cm2). Typically, the cell
monolayers were used after 12–14 days.

Iron transport study with calcein and Alexa 594�conjugated
Tf. Before each experiment, the cell monolayer was incubated
with serum free DMEM overnight. After being washed three times
with HEPES buffered isotonic solution (193 mM HEPES,
130 mM NaCl, 10 mM KCl, 1 mM CaCl2, 1 mM MgSO4, pH 7.4),
Caco-2 monolayer was used. Calcein (200 μM) and Alexa 594-
conjugated Tf (2.5 μM) were added to the basal chamber and
incubated for 20 min and then washed three times with HEPES
buffered isotonic solution. After extensive washing with phosphate-
buffer saline (PBS), iron-ascorbate complex (5 μM Fe, 500 μM
ascorbate) were placed into the upper chamber to induce endo-
cytosis, which was mediated by DMT1 and incubated for 20 min.
In some experiments, after adding Fe-ascorbate, DPD (200 μM)
was added into the upper chamber and incubated for 5 min. After
the indicated time, the monolayer was fixed in paraformaldehyde
(2%) and mounted with ProLong Antifade kit after extensive
washing with PBS. Fluorescent images were obtained by a confocal
microscope from Bio-Rad.

Live cell imaging by laser scanning confocal microscopy.
Before each experiment, the cell monolayer was incubated with
serum-free DMEM overnight. In addition, the monolayer was
washed three times with HEPES buffered isotonic solution, then
incubated for 30 min with DRAQ 5 (10 μM) in a CO2 incubator.
After the Millicell 6-well cell culture insert with the Caco-2 cell
monolayer was transferred onto the glass-bottom dish, we observed
the living cells under a laser scanning confocal microscope (LSM
510 META) with temperature control. Images were collected
using a 63× dipping objective. Calcein (200 μM) and Alexa 546-
conjugated dextran (M.W. 10,000) (2.5 μM) were added into the
basal chamber. After 1, 5, 10 and 20 min, kinetic images were

taken. 20 min later, this chamber was extensively washed three
times with HEPES-buffered isotonic solution. After 30 min of
incubation on a temperature-controlled stage, we added the iron-
ascorbate complex (5 μM Fe, 500 μM ascorbate) into the apical
chamber; then we took images at the 1-, 5- and 10-min time points.
After this kinetic study, we washed the chamber three times, as in
the previous step. Then, we added DPD (200 μM) into the apical
chamber. We took images at the 1-, 5- and 10-min time points. In
some experiments, we mechanically loosened the monolayers,
which scratched the membrane causing the monolayer of Caco-2 to
float in the buffer, to investigate the functional role of basolateral
tight junction.

Labile iron pools studied with calcein, after hemin
feeding. Caco-2 was described above. After the administration
of calcein and extensive washing, hemin (50 μM) was added into
the upper chamber. After the indicated time, the monolayer was
fixed and fluorescent images were examined with a confocal
microscope.

Immunohistochemical staining. Caco-2 grown on cover-
slips were fixed with 2% paraformaldehyde for 10 min at room
temperature (RT). After extensive washing with PBS for 15 min,
these sections were permeabilized with Triton X-100 (0.1%, v/v)
and blocked with blocking solution (5% BSA and 1% goat serum
in PBS) for 30 min at RT. Subsequently, these sections were
incubated with anti-DMT1 (IRE) serum (1:500) for 2 h at RT.
Following extensive washing with PBS, the samples were incu-
bated with Alexa 488-labeled goat anti-rabbit IgG (1:500) and
TOPRO-3 (1:1,000) for 1 h at RT. Samples were mounted with a
ProLong Antifade kit after extensive washing with PBS. Fluorescent
images were obtained with a confocal microscope from Bio-Rad.

Statistics. Fluorescent signal intensities and areas were calcu-
lated using MetaMorph. Where indicated, statistical comparisons
were made with an unpaired Student’s t test.

Results

Calcein highlighted basolateral vesicles and fused with
apical ferrous iron. Calcein rapidly underwent endocytosis
and co-localized with apo-Tf, which was labeled with Alexa 594
in the sub-apical cytoplasm with a coefficient of co-localization of
26.8 ± 3.6% (Fig. 1A and D). The green signal from calcein was
quenched by adding iron ascorbate complex (5 μM Fe, 500 μM
ascorbate) into the apical chamber (Fig. 1B and D). This result
clearly demonstrated that vesicles from the BLM and BBM con-
taining ferrous iron had fused in the cytoplasm. This ferrous iron
was reduced by DPD, which can decrease LIP. After adding DPD
to the apical chamber, the green signal from calcein and the co-
localization ratio were restored (Fig. 1C and D). These results
demonstrated that calcein and apo-Tf were localized in close
compartment.

Dynamic vesicles visualized by calcein in live cell
imaging. Calcein and dextran, which are markers of endo-
cytosis, were taken up by the BLM (Fig. 2A). These signals were
observed, even 1 min after adding dye into the basal chamber.
Under these conditions, we could detect fluorescent signals with
low laser-emission power. After washing and waiting for the
cytoplasmic spread of calcein, we observed cytoplasmic calcein
signals with higher laser-emission power (Fig. 2B). Adding iron
ascorbate complex (5 μM Fe, 500 μM ascorbate) into the apical
chamber quenched the fluorescent green signals (Fig. 2B), indi-
cating that the vesicles from the apical and basolateral compart-
ments fused and formed a new vesicle to transmit iron. After
administration of DPD into the apical chamber, green signals were
restored (Fig. 2B). Only high laser-emission, leading to photo-
bleaching, enabled us to detect these signals. Our initial attempt
to monitor the kinetic variation of calcein was not a quantitative
result. However, the conventional method and the real-time
monitoring agreed in the localization of the fluorescent probe and



 J. Clin. Biochem. Nutr. | January 2018 | vol. 62 | no. 1 | 51

©2018 JCBN
Y. Ma et al.

the response to iron feeding. We observed the same localization
of fluorescent probes in the intestinal monolayer model, using T84
cell lines (alternative polarized intestinal model) (data not shown).
To investigate the physiological role of basolateral tight junctions
in polarized Caco-2 cells, we tried to loosen the monolayer
mechanically. We observed basolateral localization in the
adherent layer and junctional area (Fig. 2C). In the floating layer,
although some Caco-2 monolayer showed basolateral localization,
a few Caco-2 cells in the same setting contained calcein
throughout the cytoplasm (Fig. 2C).

Immunofluorescent staining of DMT1 (IRE) after feeding
with hemin. Internalization of DMT1 (IRE) was observed in
polarized Caco-2 cells after being fed hemin for 2 h (Fig. 3A).
These images clarified that DMT1 (IRE) migrated into the sub-
apical compartment after the hemin feeding. This result implied

that hemin-induced internalization of DMT1 (IRE) required at
least 2 h for the degradation of hemin into carbon monoxide,
biliverdin and ferrous iron.

Determination of the labile iron pools by calcein after
hemin feeding. Based on these findings, we performed a
fluorescent study to see the effects on LIP imposed by hemin. We
observed that the green signal was significantly quenched 120 min
later, but not at 30 and 60 min (Fig. 3B and C). These results
suggested that Caco-2 cells needed time to turn hemin into the
available ferrous iron.

Discussion

Iron is essential for the cellular growth and survival of all living
cells. This pivotal element is absorbed from dietary sources by the

Fig. 1. Co�localization of the metallosensor calcein and apo�transferrin (Tf) were examined in different iron conditions by confocal microscopy. (A)
Observation without iron feeding. After calcein and apo�Tf were added into the basal chamber and incubated for 20 min, the Caco�2 monolayer
was extensively washed and fixed. (B) Observation with iron feeding. After extensive washing, iron�ascorbate complex (5 µM Fe, 500 µM ascorbate)
was added into the apical chamber and incubated for 20 min with the Caco�2 monolayer. (C) Observation of 2,2'�dipyridyl (DPD) addition after iron
feeding. After iron feeding, DPD (200 µM) was added into the apical chamber and incubated for 5 min. Shown images are representative of the
fluorescent probes. (D) Digital analysis of fluorescent signals. Images, which were collected in (A), (B) and (C) experimental conditions, were
analyzed by counting the signal intensity and area in digital pixels by MetaMorph. These analyses are expressed in co�localized area/image (%)
mean ± SD for at least three independent experiments. * indicates a significant difference (p<0.05). See color figure in the on�line version.
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gut. The duodenum is the critical site for iron absorption that
maintains iron homeostasis in mammals. In the duodenum, DMT1
(IRE) plays a central role in iron transport across the duodenal
BBM.(5–14) The iron was stored in enterocytes and exited across the
duodenal BLM, which is mediated by hephaestin and FPN. This
iron flux was thought to be triggered by the LIP in enterocytes.
Here, we employed a polarized Caco-2 model using a Transwell
chamber with the metallosensor calcein, which helps visualize the
LIP to investigate transcytosis in the intestinal epithelial cells. In
this study, we provide evidence that BBM-derived vesicles, which
contained iron, fused with BLM-derived vesicles, which contained

calcein. This quenching was restored by the addition of DPD in the
apical chamber. These studies are suggesting that iron is trans-
ported in Caco-2 cells by transcytosis with apical-derived vesicles
fusing to BLM-derived vesicles.

To determine the kinetic movement of vesicles in iron absorp-
tion, we observed Caco-2 monolayers with a live cell imaging
technique. Calcein was quenched by iron feeding and restored
with the addition of DPD. This Transwell model was too distant
from the laser and detector, so it was necessary to discharge the
high-emission laser power, causing photobleaching of calcein
(data not shown). These results were consistent with the conven-

Fig. 2. Live cell imaging of the Caco�2 monolayer. (A) Uptake of fluorescent probes by endocytosis from basolateral membrane. Nuclei of the
Caco�2 monolayer were stained with DRAQ 5 (10 µM) in a CO2 incubator for 30 min. Calcein (200 µM) and Alexa 546�conjugated dextran (M.W.
10,000) (2.5 µM) were added into the basal chamber. After 5 min, confocal images were collected. (B) Dynamic change of calcein after iron feeding
and 2,2'�dipyridyl (DPD) addition. In images without Fe, cytoplasmic signals were visualized after extensive washing with HEPES�buffered isotonic
solution. In images with Fe, addition of the iron�ascorbate complex (5 µM Fe, 500 µM ascorbate) quenched the fluorescent signals of calcein. In
images with Fe, then, DPD (200 µM), after extensive washing with HEPES�buffered isotonic solution, DPD (200 µM) was added into the apical
chamber. The green signals derived from calcein were restored. (C) Mechanically loosened monolayer during the uptake of calcein. We scratched
the monolayer to break the tight junctions and float the monolayer in the buffer. In the floating layer, a few Caco�2 cells contained calcein probe in
the entire cytoplasm; however, the remainder of the Caco�2 monolayer demonstrated basolateral localization. Both the junctional area and
adherent layer demonstrated basolateral localization. See color figure in the on�line version.
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tional method, described above, although this method was not
sufficiently quantitative. Previously, live cell imaging of calcein
was effective at determining the coefficients of physiological iron
influx and stained the whole cytoplasm in K562, HepG2, H9C2
and J774 cell lines, which do not have polarization.(21,25) The other
colorimetric and fluorescent dyes for the detection of iron, such as
RhoNox-1, are summarized.(26) The application of RhoNox-1 in
clinical samples, including maternal samples has been carried to
demonstrate the biological significance of ferrous iron.(27)

We speculated that tight junctions between the polarized
intestinal epithelial cells play essential roles in endocytosis from
the BLM. To challenge this hypothesis, we used mechanically
loosened monolayers to damage the tight junctions. In this model,
we observed staining of the whole cytoplasm in a few Caco-2
cells in the floating monolayer, however, BLM localized in the
remainder of the Caco-2 cells (Fig. 2C). This suggested that tight

junctions between polarized cells were important for endocytosis
and for the delivery of the vesicles to specific compartments.

To investigate the intestinal iron absorption from dietary iron
resources, we observed the effect of hemin feeding on the LIP in
enterocytes. We observed the internalization of DMT1 (IRE) after
hemin feeding at 2 h later (Fig. 3A). We confirmed that calcein did
not spontaneously exit from the cytoplasm for 240 min in this
model (data not shown). The quenching of calcein was observed
at 120 min later but was not significant at 30 or 60 min later,
which was not enough time for hemin-derived iron to quench the
fluorescence. This suggested that there was a time-lag before
hemin-derived iron could recruit DMT1 (IRE) and enter into the
LIP for further bioavailability. The vesicles containing non-heme
iron would have fused with BLM-derived vesicles, leading to exit
iron from the BLM. The system transporting iron-containing
vesicles from the BBM to BLM still remains to be elucidated. To

Fig. 3. Impact of hemin feeding on DMT1 (IRE) internalization and labile iron pools. (A) Immunofluorescent staining of DMT1 (IRE) in the Caco�2
monolayer. (Left) Before feeding, DMT1 (IRE) was localized in the BBM. (Right) After feeding with hemin (50 µM) for 2 h, DMT1 (IRE) migrated into
the subapical compartment. These images were reconstructed to be viewed from a lateral perspective by taking sections along the z�axis with a step
size of 2 µm to give ~12 sections per imaged field. (B) Determination of the labile iron pools by calcein after hemin feeding. After feeding with
hemin (50 µM), Caco�2 monolayers were stained with calcein (200 µM). Quenching of these fluorescences were observed 120 min later but were not
significant 30 and 60 min later. (C) Digital analysis of fluorescent signals. Images, which were collected after hemin feeding, were analyzed for
signal intensity and area in digital pixels by MetaMorph. These analyses were expressed in fluorescence mean ± SD for at least three independent
experiments. * indicates a significant difference (p<0.05). See color figure in the on�line version.
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find a clue to understand the systematic endocytosis of DMT1,
proteins that interact with DMT1 have been explored. The inter-
action of the N-terminus of DMT1 with PCBP2, which also binds
to FPN and heme oxygenase-1, is shown.(18,28) The interaction of
the C-terminus of DMT1 (IRE) with PAP7 was shown in PC-12,
Caco-2, K562 cells and in the duodenal tissue of rats.(29,30)

Although PAP7 and PCBP2 may affect vesicular travel in the
cytosol, detailed mechanisms are still unknown.

DMT1 is also known as a metal transporter for Cadmium2+,
Cobalt2+, Manganase2+ and Zinc2+. An intestine-specific ablation
of DMT1 mouse model disclosed that DMT1 was not critical for
copper, manganese and zinc transport.(11) Mutations in human
DMT1 cause the onset of microcytic anemia and hepatic iron
overload, thus, alternative pathways of iron uptake in the liver
were hypothesized to be involved, including alternate activation of
heme-iron absorption and/or the activation of residual DMT1
isoforms.(12) Zrt-like Irt-like protein 14 (ZIP14) was shown to be
alternative transporter in cellular uptake of iron.(31) However, the
optimal condition of ZIP14 was pH 7.5 in contrast to DMT1
(pH 5.5).(11) The activity of ZIP14 as an iron transporter is thought
to be suppressed in the duodenum under acidic conditions.

In conclusion, we have provided evidence that two forms of
dietary iron resources were transported by the fusing of vesicles
from the BBM and BLM in the Caco-2 cells. This study high-
lighted the concept that iron is absorbed by transcytosis in
polarized enterocytes.

Author Contributions

J. G. designed this study. Y. M. and Y. O. acquired the data. J. G.,
Y. M. and Y. O. analyzed and interpreted the data. Y. O. drafted
the manuscript and J. G. revised the manuscript.

Acknowledgments

This study was supported by the National Institute of Diabetes
and Digestive and Kidney Diseases Research Grants DK43785
(J Glass), by the Carroll W. Feist Professorship and the Feist-
Weiller Cancer Center, Louisiana University Health Sciences
Center, Shreveport, LA and was partially supported by KAKENHI
(15K08398). The authors wish to thank Kwo-yih Yeh and Mary
Yeh for critical discussion, Kathleen Lorens in the Core Facility
Lab for her help in operating the LSM 510 META confocal micro-
scope for live cell imaging, and Emiko Okazaki for technical
assistance in cell culture.

Abbreviations

BBM brush border membrane
BLM basolateral membrane
DMT1 divalent metal transporter 1
DPD 2,2'-dipyridyl
FBS fetal bovine serum
FPN ferroportin
IRE iron responsive element
LIP labile iron pool
PCBP2 poly(rC)-binding protein 2
RT room temperature
TEER transepithelial electrical resistance
Tf transferrin

Conflict of Interest

No potential conflicts of interest were disclosed.

References

1 Kakhlon O, Cabantchik ZI. The labile iron pool: characterization, measure-

ment, and participation in cellular processes. Free Radic Biol Med 2002; 33:

1037–1046.

2 Toyokuni S. Role of iron in carcinogenesis: cancer as a ferrotoxic disease.

Cancer Sci 2009; 100: 9–16.

3 Yamamoto N, Yamasaki T, Takami T, et al. Deferasirox, an oral iron

chelator, prevents hepatocarcinogenesis and adverse effects of sorafenib. J

Clin Biochem Nutr 2016; 58: 202–209.

4 Yamasaki T, Terai S, Sakaida I. Deferoxamine for advanced hepatocellular

carcinoma. N Engl J Med 2011; 365: 576–578.

5 Fleming MD, Trenor CC 3rd, Su MA, et al. Microcytic anaemia mice have a

mutation in Nramp2, a candidate iron transporter gene. Nat Genet 1997; 16:

383–386.

6 Gunshin H, Fujiwara Y, Custodio AO, Direnzo C, Robine S, Andrews NC.

Slc11a2 is required for intestinal iron absorption and erythropoiesis but

dispensable in placenta and liver. J Clin Invest 2005; 115: 1258–1266.

7 Gunshin H, Mackenzie B, Berger UV, et al. Cloning and characterization of

a mammalian proton-coupled metal-ion transporter. Nature 1997; 388: 482–

488.

8 Ma Y, Specian RD, Yeh KY, Yeh M, Rodriguez-Paris J, Glass J. The trans-

cytosis of divalent metal transporter 1 and apo-transferrin during iron uptake

in intestinal epithelium. Am J Physiol Gastrointest Liver Physiol 2002; 283:

G965–G974.

9 Ma Y, Yeh M, Yeh KY, Glass J. Iron Imports. V. Transport of iron through

the intestinal epithelium. Am J Physiol Gastrointest Liver Physiol 2006; 290:

G417–G422.

10 Mackenzie B, Garrick MD. Iron Imports. II. Iron uptake at the apical

membrane in the intestine. Am J Physiol Gastrointest Liver Physiol 2005;

289: G981–G986.

11 Shawki A, Anthony SR, Nose Y, et al. Intestinal DMT1 is critical for iron

absorption in the mouse but is not required for the absorption of copper or

manganese. Am J Physiol Gastrointest Liver Physiol 2015; 309: G635–G647.

12 Shawki A, Knight PB, Maliken BD, Niespodzany EJ, Mackenzie B. H(+)-

coupled divalent metal-ion transporter-1: functional properties, physiological

roles and therapeutics. Curr Top Membr 2012; 70: 169–214.

13 Shirase T, Mori K, Okazaki Y, et al. Suppression of SLC11A2 expression is

essential to maintain duodenal integrity during dietary iron overload. Am J

Pathol 2010; 177: 677–685.

14 Yeh KY, Yeh M, Watkins JA, Rodriguez-Paris J, Glass J. Dietary iron

induces rapid changes in rat intestinal divalent metal transporter expression.

Am J Physiol Gastrointest Liver Physiol 2000; 279: G1070–G1079.

15 Mackenzie B, Hediger MA. SLC11 family of H+-coupled metal-ion trans-

porters NRAMP1 and DMT1. Pflugers Arch 2004; 447: 571–579.

16 Yeh KY, Yeh M, Glass J. Interactions between ferroportin and hephaestin in

rat enterocytes are reduced after iron ingestion. Gastroenterology 2011; 141:

292–299, 299.e291.

17 Shi H, Bencze KZ, Stemmler TL, Philpott CC. A cytosolic iron chaperone

that delivers iron to ferritin. Science 2008; 320: 1207–1210.

18 Yanatori I, Richardson DR, Imada K, Kishi F. Iron export through the

transporter ferroportin 1 is modulated by the iron chaperone PCBP2. J Biol

Chem 2016; 291: 17303–17318.

19 Núñez MT, Tapia V, Rojas A, Aguirre P, Gómez F, Nualart F. Iron supply

determines apical/basolateral membrane distribution of intestinal iron trans-

porters DMT1 and ferroportin 1. Am J Physiol Cell Physiol 2010; 298: C477–

C485.

20 Yeh KY, Yeh M, Mims L, Glass J. Iron feeding induces ferroportin 1 and

hephaestin migration and interaction in rat duodenal epithelium. Am J Physiol

Gastrointest Liver Physiol 2009; 296: G55–G65.

21 Shvartsman M, Fibach E, Cabantchik ZI. Transferrin-iron routing to the

cytosol and mitochondria as studied by live and real-time fluorescence.

Biochem J 2010; 429: 185–193.

22 Alvarez-Hernandez X, Smith M, Glass J. The effect of apotransferrin on iron

release from Caco-2 cells, an intestinal epithelial cell line. Blood 1998; 91:

3974–3979.

23 Moriya M, Linder MC. Vesicular transport and apotransferrin in intestinal

iron absorption, as shown in the Caco-2 cell model. Am J Physiol Gastrointest

Liver Physiol 2006; 290: G301–G309.

24 Uc A, Stokes JB, Britigan BE. Heme transport exhibits polarity in Caco-2



 J. Clin. Biochem. Nutr. | January 2018 | vol. 62 | no. 1 | 55

©2018 JCBN
Y. Ma et al.

cells: evidence for an active and membrane protein-mediated process. Am J

Physiol Gastrointest Liver Physiol 2004; 287: G1150–G1157.

25 Glickstein H, El RB, Shvartsman M, Cabantchik ZI. Intracellular labile iron

pools as direct targets of iron chelators: a fluorescence study of chelator

action in living cells. Blood 2005; 106: 3242–3250.

26 Hirayama T, Nagasawa H. Chemical tools for detecting Fe ions. J Clin

Biochem Nutr 2017; 60: 39–48.

27 Hattori Y, Mukaide T, Jiang L, et al. Catalytic ferrous iron in amniotic fluid

as a predictive marker of human maternal-fetal disorders. J Clin Biochem

Nutr 2015; 56: 57–63.

28 Yanatori I, Richardson DR, Toyokuni S, Kishi F. The iron chaperone

poly(rC)-binding protein 2 forms a metabolon with the heme oxygenase 1/

cytochrome P450 reductase complex for heme catabolism and iron transfer. J

Biol Chem 2017; 292: 13205–13229.

29 Cheah JH, Kim SF, Hester LD, et al. NMDA receptor-nitric oxide trans-

mission mediates neuronal iron homeostasis via the GTPase Dexras1. Neuron

2006; 51: 431–440.

30 Okazaki Y, Ma Y, Yeh M, et al. DMT1 (IRE) expression in intestinal and

erythroid cells is regulated by peripheral benzodiazepine receptor-associated

protein 7. Am J Physiol Gastrointest Liver Physiol 2012; 302: G1180–G1190.

31 Pinilla-Tenas JJ, Sparkman BK, Shawki A, et al. Zip14 is a complex broad-

scope metal-ion transporter whose functional properties support roles in the

cellular uptake of zinc and nontransferrin-bound iron. Am J Physiol Cell

Physiol 2011; 301: C862–C871.


