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May Be Related to Translocation of DMT-1 at the Apical
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Many studies show that calcium reduces iron absorption from single meals, but the underlying mechan-
ism is not known. We tested the hypothesis that calcium alters the expression and/or functionality of
iron transport proteins. Differentiated Caco-2 cells were treated with ferric ammonium citrate and cal-
cium chloride, and ferritin, DMT-1, and ferroportin were quantified in whole-cell lysate and cell-mem-
brane fractions. Calcium attenuated the iron-induced increase in cell ferritin levels in a dose-dependent
manner; a significant decrease was seen at calcium concentrations of 1.25 and 2.5 mM but was only
evident after a 16—24 h incubation period. Calcium and iron treatments decreased DMT-1 protein in
Caco-2 cell membranes, although total DMT-1 in whole cell lysates was unchanged by either iron or
calcium. No change was seen in ferroportin expression. Our data suggest that calcium reduces iron
bioavailability by decreasing DMT-1 expression at the apical cell membrane, thereby downregulating

iron transport into the cell.
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INTRODUCTION

Calcium is a well-documented inhibitor of iron absorption
from single meals (/ —5) and initially was thought to exert its effect
in the lumen of the gastrointestinal tract (4). However, results of
more recent studies suggest that inhibition may occur at both the
apical and basolateral membranes of the enterocytes (6, 7). Pote-
ntial mechanisms of action include alterations in the balance of
intraluminal ligands, changes in gastrointestinal transit time,
decreased iron uptake by receptor competition, and/or interfer-
ence with the transport of iron through the mucosal cells (3).
Although calcium and iron have to be consumed together for an
effect on iron absorption to be seen (8, 9), only small quantities of
calcium are needed to cause an inhibition; therefore, it is unlikely
that the effect is a simple direct competition between calcium and
iron ions for transporter proteins at the apical membrane of the
enterocytes (7, 10).

In contrast to the results from single meals, there is consistent
evidence from longitudinal studies that calcium does not interfere
with long-term iron absorption from whole diets (/7) or signifi-
cantly alter iron status in men and women (/2—15). Although
several explanations have been proposed, the most attractive hypo-
thesis is that homeostatic mechanisms have evolved in mammals
that are designed to cope with fluctuations in the supply of dietary
iron and that these are manifest through changes in the efficiency
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of absorption (12, 14). In support of this homeostatic adaptation
hypothesis, studies have shown that a high calcium intake did not
affect either iron absorption or status in piglets consuming a high
calcium diet. [t was suggested by the authors that the high calcium
intake might have induced upregulation of iron transfer across
the epithelial membrane (possibly via ferroportin) (16).

The objective of our present study was to test the hypothesis
that calcium alters the expression and/or functionality of the iron
transport proteins, DMT-1 and ferroportin, in a manner that
would result in a lower intestinal iron transport. Caco-2 cells were
used as a model system in which to explore the possible modes of
action of calcium. A series of experiments were performed to mea-
sure the time course and dose—response effect of calcium on iron
absorption, using ferritin as a surrogate measure of iron uptake
into cells (17). Experiments were also undertaken to examine the
effect of different iron and/or calcium treatments on subcellular
localization of DMT-1 and ferroportin.

MATERIALS AND METHODS

Cell Culture. Caco-2 cells (HTB37) were purchased from American
Type Culture Collection (ATCC) and grown in Dulbecco’s modified Eagle’s
medium containing 4 mM L-glutamine, 50 units/mL penicillin, 50 ug/
mL streptomycin, and 10% (v/v) fetal calf serum. Medium was changed
every 3 days. Cells were seeded at a density of 3 x 10* cell/cm” and used for
experiments 12 days post-seeding. At 1 day prior to experiments, cells were
placed in serum-free medium.

To determine the temporal effects of calcium on iron absorption, cells
were incubated for up to 24 h in serum-free medium supplemented with
either 2.5 mM calcium chloride (CaCl,), 30 M ferric ammonium citrate,
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or 2.5 mM CaCl, plus 30 uM ferric ammonium citrate. A dose—response
experiment was performed to determine the concentrations of calcium
required to exert an inhibitory effect on iron absorption. Caco-2 cells were
incubated in serum-free medium supplemented with 30 uM ferric ammo-
nium citrate and 0, 0.156, 0.313, 0.625, 1.25, and 2.5 mM CaCl,.

Cell Ferritin Concentration. At the end of each experiment, the
incubation medium was aspirated and the cells were washed twice with
piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES) buffer (130 mM NaCl,
5mM KCI, and 5 mM PIPES at pH 6.7). A total of 2 mL of Milli-Q water
was then added, and the monolayers were scraped using an inverted 200 L
pipet tip. The resulting lysate was suspended evenly, sonicated, and stored
at —20 °C for analysis. The total protein content of the cell lysates was ana-
lyzed using the BCA protein assay kit (Pierce, U.K.) according to the
protocol of the manufacturer.

The total ferritin content of the cell lysates was analyzed using the spec-
troferritin enzyme-linked immunosorbent assay (ELISA) kit (Ramco, Staf-
ford, TX) according to the protocol of the manufacturer. A standard curve
was created using 0, 6, 20, 60, 150, and 200 ng of standard/mL, and 30 uL of
the unknown samples was loaded into the 96-well plate in triplicate.

Subcellular Fractionation. To determine the effect of calcium on sub-
cellular localization of DMT-1 and ferroportin, Caco-2 cells were incu-
bated in serum-free media containing either 30 M ferric ammonium
citrate, 2.5 mM CaCly, or 30 uM ferric ammonium citrate plus 2.5 mM
CaCl,. After 4 h, the medium was removed and the cells were rinsed twice
with phosphate-buffered saline (PBS) before being scraped gently from the
flask. Cells were pelleted by centrifugation, and each pellet was resus-
pended in 1 mL of homogenization buffer [S0 mM mannitol and 10 mM
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) at pH
7.2—7.4] and homogenized using a T25 UltraTurax (Janke and Kunkel,
Germany) with a 0.5 mm probe attached on three-quarters speed for 2x
30 s, with a 10 s pause between each interval. After homogenization, a
250 uL aliquot was taken as a whole-cell lysate sample and the remainder
was centrifuged at 1500g for 15 min. The supernatant was then removed
and centrifuged at 15000g for 30 min. The plasma-membrane-rich pellet
was resuspended in PBS. Protein pellets were stored at —20 °C until used
for western blotting studies.

Western Blot Analysis Protocol. The cell protein lysates from the
ferritin protein time course were separated by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE) under reducing condi-
tions. After the total cell protein was quantified using the BCA assay
(Pierce, U.K.), the samples were loaded onto a 10% Bis-Tris gel, along
with 25% sample loading buffer and 10% 0.5 M p,L-dithiothreitol as a
reducing agent (Invitrogen, U.K.). Where necessary, 2 uL of biotinylated
marker (Sigma, U.K.) was also added, and the gel was run for 55 min at
200 V in 3-(N-morpholino)propanesulfonic acid (MOPS) buffer (Invitrogen,
U.K.). After separation, the protein was transferred to a 0.45 um
polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA)
at 30V for 1 h before being blocked with protein-free blocking buffer (Pierce,
U.K\) for 1 h at room temperature. The membrane was then incubated in
protein-free blocking buffer (Pierce, UK) with the primary antibody for 1 h
at room temperature, with rocking. After this, the membrane was washed
briefly 3 times in TBS-Tween solution before being incubated with the
secondary antibody, again in protein-free blocking buffer (Pierce, U.K.) for
1 h at room temperature, with rocking. To this second incubation, if
biotinylated markers were used, 0.5 uL of ExtrAvidin—peroxidase conjugate
(Sigma, U.K.) was added to attach to the biotinylated marker. After the
second incubation, to prepare the membrane for chemiluminescence, the
membrane was again washed briefly 3 times in TBS-Tween before a quick
rinse in Milli-Q water. The bands were visualized using a SuperSignal West
Pico chemiluminescent substrate kit (Pierce, U.K.) according to the instruc-
tions of the manufacturer and a Fluor Multilmager (BioRad, U.K.) along
with Quantity One (BioRad, U.K.) band analysis software.

Statistical Analysis. All statistical analyses were performed with
SPSS version 16.0.0 software (SPSS, Inc., Chicago, IL), using the analysis
of variation (ANOVA) general linear model with Tukey’s post hoc
analysis. Data are presented as mean = standard error of the mean (SEM).

RESULTS

Calcium Inhibits Iron-Induced Ferritin Formation. Incubation
with iron (30 uM) significantly increased cell ferritin levels in a time-
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Figure 1. (a) Effect of calcium on ferritin formation over 24 h in cells
exposed for 2 h to 30 «M ferric ammonium citrate (@), 2.5 mM calcium
chloride (M) or calcium chloride plus ferric ammonium citrate in combina-
tion (). Error bars indicate mean values =+ standard deviation (SD) (n=
6). (a, b, and ¢) Significant differences (p < 0.05) between groups at each
time point. (b) Dose—response effect of calcium on ferritin formation for
24 h after 2 h of exposure to 30 «M ferric ammonium citrate. Error bars
indicate mean £ SD (n=6). () Values that are significantly different to the
Fe positive control (p < 0.05).

dependent manner (Figure 1a). The addition of calcium (2.5 mM)
attenuated this response; calcium reduced ferritin formation at both
the 16 and 24 h time points by approximately half (p < 0.001 and
p < 0.05, respectively). There was no significant effect of calcium
alone on cell ferritin formation over the 24 h incubation period.

To determine the dynamics of the inhibitory effects of calcium
on iron-induced ferritin formation, studies were carried out using
a range of calcium concentrations (Figure 1b). Inhibition of
ferritin formation was only observed at the highest calcium
concentrations employed (1.25 and 2.5 mM; p < 0.05 and p <
0.005, respectively).

Effect of Calcium on Iron Transporter Expression. The data
presented in panels a and b of Figure 1 suggest that calcium may
compete with iron for uptake into the cell. However, we have
shown previously that even a 100-fold excess of calcium does not
inhibit iron transport through DMT-1 (18). We therefore exam-
ined the possibility that calcium might alter Caco-2 cell iron
transporter expression. Cells were exposed to iron, calcium, or
calcium plus iron for 4 h and processed to produce a whole-cell
lysate and a crude plasma-membrane fraction. DMT-1 levels
determined in the subsequent Western blots were normalized to
the structural protein villin.

There was no effect of any of the metal treatments on total
cellular DMT-1 expression determined in whole-cell lysates
(Figure 2a). However, in the cell-membrane fraction samples,
DMT-1 levels were significant decreased following exposure to
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Figure 2. (a) Western blot showing the effect of different 30 M ferric
ammonium citrate and/or 2.5 mM calcium chloride treatments on whole-cell
lysate DMT-1 levels. Error bars indicate mean values = SD (n = 3).
(A) There were no significant differences between the treatment groups.
(b) Western blot showing the effect of different 30 «M ferric ammonium
citrate and/or 2.5 mM calcium chloride treatments on cell-membrane
fraction DMT-1 levels. Error bars indicate mean values &= SD (n = 3).
(A and B) Significant differences (p < 0.05) between treatment groups.

iron, calcium alone, or iron plus calcium (p < 0.05, <0.005,
and <0.05, respectively) (Figure 2b).

The effects of calcium and iron on iron transporter expression were
restricted to DMT-1; western blots probed with ferroportin anti-
bodies revealed no changes in ferroportin levels following exposure to
iron, calcium, or iron plus calcium in whole-cell lysates (p = 0.72,
0.42, and 0.40) or in cell-membrane fractions (p = 1.00, 0.90, and
0.75) compared to untreated controls (panels a and b of Figure 3).

DISCUSSION

Calcium has repeatedly been shown to be an inhibitor of non-
heme iron absorption, but the mechanisms underlying these
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Figure 3. (a) Western blot showing the effect of different 30 uM ferric
ammonium citrate and/or 2.5 mM calcium chloride treatments on whole-cell
lysate ferroportin levels. Error bars indicate mean values &= SD (n = 3).
(A) There were no significant differences between the treatment groups.
(b) Western blot showing the effect of different 30 «M ferric ammonium
citrate and/or 2.5 mM calcium chloride treatments on cell-membrane
fraction ferroportin levels. Error bars indicate mean values + SD (n = 3).
(A) Significant differences (p < 0.05) between treatment groups.

observations are not fully understood. In the present study, we
have demonstrated that calcium significantly decreased iron-
induced ferritin formation (a surrogate marker of iron
absorption) in Caco-2 cells. The calcium effect was dose-depen-
dent with a threshold concentration of 1.25 mM and was only
evident after a 16—24 h incubation period; shorter time treat-
ments had no effect on ferritin formation. The inhibitory effect of
calcium on iron absorption supports data from single-meal
studies in human volunteers (/8 —20). Recent in vitro Caco-2 cell
data (21) also show a significant inhibitory effect of calcium on
cell ferritin; however, this contrasts with a previous study, where
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the addition of different calcium salts to human milk, including
calcium glycerophosphate and calcium gluconate, had no effect
on ferritin levels in Caco-2 cells (22).

Because calcium has been reported to influence iron transport
across both apical and basolateral membranes of enterocytes, we
investigated the effects of calcium on the expression of the iron
transporters DMT-1 and ferroportin. In whole-cell lysates, expo-
sure to calcium, iron, or calcium plus iron did not alter the total
cellular protein levels of either DMT-1 or ferroportin. However,
all treatments resulted in a significant decrease in DMT-1 levels in
the Caco-2 cell-membrane fraction compared to untreated con-
trol cells, indicating that DMT-1 was removed from the cell sur-
face to reduce subsequent iron uptake. In contrast, there was no
effect of any treatment on ferroportin levels in the same mem-
brane samples. This contrasts with a study in rats, in which calc-
ium loading did not influence iron uptake into intestinal epithelial
cells, whereas transfer across the basolateral membrane of the
cells was reduced (7). Conversely, results from a different study
using electron microscopy and quantitative measurements of iron
revealed that calcium reduces the uptake of iron at the apical
membrane of the microvilli (6). Our data suggest that calcium
exertsits inhibitory effect on intestinal iron absorption by altering
the cellular localization of DMT-1. While exposure to iron has
previously been shown to cause rapid internalization of DMT-1
protein from the apical membrane of rat intestinal entero-
cytes (23—25) and Caco-2 cells (26), this is the first report of
changes in DMT-1 subcellular localization in response to cal-
cium. While no significant changes were seen in the levels of
ferroportin protein following exposure to metals, we cannot rule
out an effect of calcium on the function of this transporter, which
might in turn explain the inhibitory effects of calcium on iron
efflux observed in earlier studies (7).

In summary, the data from the present study support the hypo-
thesis that calcium exerts an inhibitory effect at the apical cell
membrane by decreasing DMT-1 expression at the cell membrane
and thereby downregulating iron transport into the cell.
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