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Effects of developmental iron deficiency and post-weaning iron
repletion on the levels of iron transporter proteins in rats
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BACKGROUND/OBIJECTIVES: Iron deficiency in early life is associated with developmental problems, which may persist until
later in life. The question of whether iron repletion after developmental iron deficiency could restore iron homeostasis is not
well characterized. In the present study, we investigated the changes of iron transporters after iron depletion during the
gestational-neonatal period and iron repletion during the post-weaning period.

MATERIALS/METHODS: Pregnant rats were provided iron-deficient (< 6 ppm Fe) or control (36 ppm Fe) diets from gestational
day 2. At weaning, pups from iron-deficient dams were fed either iron-deficient (ID group) or control (IDR group) diets for
4 week. Pups from control dams were continued to be fed with the control diet throughout the study period (CON).
RESULTS: Compared to the CON, ID rats had significantly lower hemoglobin and hematocrits in the blood and significantly
lower tissue iron in the liver and spleen. Hepatic hepcidin and BMP6 mRNA levels were also strongly down-regulated in the
ID group. Developmental iron deficiency significantly increased iron transporters divalent metal transporter 1 (DMT1) and ferroportin
(FPN) in the duodenum, but decreased DMT1 in the liver. Dietary iron repletion restored the levels of hemoglobin and hematocrit
to a normal range, but the tissue iron levels and hepatic hepcidin mRNA levels were significantly lower than those in the
CON group. Both FPN and DMT1 protein levels in the liver and in the duodenum were not different between the IDR and
the CON. By contrast, DMT1 in the spleen was significantly lower in the IDR, compared to the CON. The splenic FPN was
also decreased in the IDR more than in the CON, although the difference did not reach statistical significance.
CONCLUSIONS: Our findings demonstrate that iron transporter proteins in the duodenum, liver and spleen are differentially
regulated during developmental iron deficiency. Also, post-weaning iron repletion efficiently restores iron transporters in the
duodenum and the liver but not in the spleen, which suggests that early-life iron deficiency may cause long term abnormalities

in iron recycling from the spleen.
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INTRODUCTION

Iron deficiency is by far the most common nutritional
deficiency throughout the world. It can affect more than 400
million individuals and is most prevalent in infants, young
children, and pregnant women. Iron deficiency has been
associated with hematological changes, stunted growth, and
decreased cognitive and motor function [1-3]. Iron is especially
crucial during development, as it is required for cell growth
and differentiation and proper central nervous system
metabolism, such as myelination and neurotransmitter synthesis
[4-6]. The disturbances of iron metabolism during the develop-
mental period, therefore, have significant clinical consequences,
which may persist in early childhood and even into adolescence.

Iron metabolism in the body is mainly regulated by modula-
ting iron transports in the duodenum, liver, and reticuloendo-
thelial system, such as macrophages in the spleen [7]. Two

major transmembrane proteins that are involved in iron
transport are ferroportin (FPN) and divalent metal transporter
1 (DMT1). FPN (also known as IREG1 or SLC40A1) is located
at the basolateral membrane of the enterocytes in the brush
border of the duodenal epithelium, where iron is transported
out of the enterocyte and into portal blood circulation. Also,
highly expressed in macrophages, FPN plays a crucial role in
the export of iron from macrophages to circulation for reutili-
zation of iron derived from phagocytosed senescent erythrocytes.
On the other hand, DMT1 is located in the apical membrane
of the enterocytes, where dietary iron is taken up from the
lumen of the duodenum. In non-intestinal cells, DMT1 is also
involved in intracellular iron transport across the endosomal
membrane.

Previous studies have reported that several factors, including
dietary iron deficiency, hypoxia, and erythropoietic activity,
influence iron absorption [8-11], which was mainly associated
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with changes in duodenal DMT1 [12,13]. However, the
consequences of dietary iron deficiency very early in life on the
regulation iron transporters have not been well characterized.
In the present study, therefore, we investigated the effects of
iron deficiency during the developmental period on the
expression of DMT1 and FPN in key tissues related to iron
homeostasis, such as those of the duodenum, liver and spleen.
Also, the issue of whether iron repletion during the
post-weaning period could reverse changes in iron transporters
and restore body iron homeostasis was examined.

MATERIALS AND METHODS

Animals and treatment

Male and female Sprague-Dawley rats (7- to 9-week-old) were
purchased from Japan SLC incorporation (SLC, Hamamatsu,
Japan). Animals were separately housed in polycarbonate cages
at 22 +2°C, at 50-60% humidity, and with a 12h light/dark cycle,
and all animals were permitted free access to food and
deionized distilled water. On the third day of acclimation, one
male rat and one female rat were mated overnight. Pregnant
rats were randomly assigned to two treatment groups and fed
either an iron-sufficient control diet (36 ppm Fe, CON) or
iron-deficient diet (<6 ppm Fe, ID) from gestation day 2 until
weaning on the postnatal day 21 (PN21). At weaning, rat pups
from iron-deficient dams were either fed the same iron-deficient
diet (ID) or switched to the iron-sufficient control diet (IDR) for
4 weeks. Pups from control dams were continued to be fed
with the iron-sufficient control diet throughout the study period
(CON). At the end of the feeding treatment, rats were
anaesthetized with ethyl ether, and blood samples were
collected. The liver, spleen, and duodenum were collected,
washed with 0.9% saline, and stored -80°C until further analysis.
All procedures were approved by the Institutional Animal Care
and Use Committees at Kyung Hee University. (KHUASP(SE)-
10-011)

Determination of blood index and tissue iron concentrations

Hematocrit was measured by centrifugation, and hemoglobin
concentrations in whole blood were measured by the cyanme-
themoglobin method [14]. Serum iron concentration and total
iron binding iron capacity were determined according to the
standard method of the International Committee for Standardi-
zation in Hematology [15]. The percentage of transferrin
saturation was calculated from the serum iron and total iron
binding capacity.

Liver and spleen tissue nonheme iron concentrations were
determined using the method introduced by Torrance and
Bothwell [16]. Briefly, for tissue digestion, 0.05g tissues were
incubated in an acid solution (10% trichloroacetic acid in
concentrated HCl) for 20 hours at 60°C. Digested samples were
centrifuged, and supernatants were collected and mixed with
a chromogen reagent (0.1% bathophenanthrolin sulphonate
and 1% thioglycolic acid). After incubation for 10 min at room
temperature, the absorbance at 535 nm was measured. A
commercially available iron standard was diluted to various
concentrations in deionized water and used for the develop-
ment of a standard curve.

Real-time PCR analysis

Total RNA was isolated from liver tissue using the Trizol®
reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer's instructions [17]. Reverse transcription was
carried out with 1ug of total RNA by using PrimeScript™ RT
reagent kit (TaKaRa Bio, Otsu, Japan). Real-time PCR was
performed using a SYBR® Premix Ex TaqTM Il kit (TaKaRa) in a
real-time PCR instrument (Bio-Rad, Hercules, CA, USA). Primer
sequences for hepcidin were 5'-TGC GCT GCT GAT GCT GAA-3'
(forward) and 5-AGC ATT TAC AGC AGA AGA GGC AT-3'
(reverse); for BMP6 (bone morphogenetic protein 6) were
5'-CGC CGC AAT CCT CCT CTT-3' (forward) and 5-CTT TTG CAT
CTC CCG CTT CT-3' (reverse); and for GAPDH were 5'-TCC TGC
ACC ACC AAC TGC TTA G-3' (forward) and 5-TTC TGA GTG GCA
GTG ATG GCA-3' (reverse). The following real-time cycling
conditions were applied: initial denaturation at 95°C for 5
minutes and continued with cycles of 95°C for 15 seconds and
60°C for 1 minute. Cycle threshold numbers for HAMP and BMP6
were normalized to those of GAPDH, and relative gene
expressions in the ID and in the IDR group were presented as
a fold difference compared to the CON group.

Western blot analysis

Western blotting was performed with a whole-cell homogenate
of the liver, spleen, and duodenum tissue [18]. Briefly, each
tissue was homogenized in a lysis buffer [25 mM Tris-HCl (pH
7.6), 1% NP-40, 1% sodium deoxycholate, 150 mM NadCl, 1%
SDS] containing 1T mM phenylmethanesulfonylfluoride and a
cocktail of protease inhibitors (Roche, Madison, WI, USA). After
centrifugation at 14,000 rpm for 20 min at 4°C, supernatants
were collected in a microcentrifuge tube and protein concen-
trations were assayed by using a BCA protein assay kit (Thermo
Fisher Scientific, Rockford, IL, USA). Fifty micrograms of the
whole-cell homogenate was separated by 10% SDS/polyacry-
lamide gel electrophoresis, and transferred to a PVDF membrane
(Millipore, Billerica, MA, USA). The membranes were stained with
a Ponceau S solution to visualize and confirm equal loading
and transfer of proteins among wells. The membrane was then
blocked with 5% skim milk in Tris-buffered saline containing
0.01% Tween 20 (TBS-T) for 40 minutes at room temperature
and incubated with primary antibodies overnight at 4°C. The
primary antibodies used in this study were DMT1 (Alpha
Diagnostic International, Owings Mills, USA), FPN, ferritin (Binding
site, Birmingham, UK), transferrin receptor (TfR, Invitrogen), and
B-actin (Santa Cruz Biotechnology, CA, USA). After being
washed 5 times in TBS-T for 5 min each, the membranes were
incubated in a secondary anti-rabbit IgG peroxidase-linked
antibody (Bio-Rad), anti-mouse IgG peroxidase-linked antibody
(Bio-Rad), or anti-sheep IgG peroxidase-linked antibody (Santa
Cruz Biotechnology) in TBS-T with 1.25% milk for 40 min at room
temperature. The bands were detected using Clarity Western
ECL substrate (Bio-Rad), and the image was captured and
intensities of each band were quantified by using a chemi-doc
imaging system (CLINX science Instrument, Shanghai, China).

Statistical analysis
Statistical analysis was performed by using the SAS systems
(ver. 9.1). Differences between groups were tested by ANOVA
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followed by Duncan’s multiple comparison tests. All data were
expressed as mean+SEM. P values less than 0.05 were
considered significant.

RESULTS

Changes in iron status by developmental iron deficiency and
post-weaning iron repletion in rats

Iron deficiency from the gestational period resulted in severe
anemia (Table 1); the ID rats had significantly lower hemoglobin
and hematocrit than that of the CON rats. Serum iron
concentrations and the percentage of transferrin saturation
were significantly decreased, and the total iron binding capacity
was significantly increased in the ID rats, as compared to the
CON rats. Liver iron concentration in the ID rats was only 7.8%
of that in the CON rats. Similarly, iron concentrations in the
spleen were significantly lower in the ID rats, compared to the
CON rats.
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Table 1. Effects of developmental iron deficiency and repletion on blood iron
index and tissue iron concentration in rats

CON ID IDR
Hematocrit (%) 473+16° 181+12° 45206
Hemoglobin (g/dl) 150+ 1.0° 60+05°  16.1%05
Serum iron (ug/dl) 1456+121° 71.8+14° 1559+6.6°
Total iron binding capacity (ug/dl) 130.1+4.1° 2115+36° 141.0+36°
Transferrin saturation (%) 1141£124° 340+10° 1115+67°
Liver iron (ug/g tissue) 1602+258° 132+32° 867+96°
Spleen iron (ug/g tissue) 1764+434° 224+73° 638+64°

Data represent means = SEM, Within rows, groups not sharing the same superscript
are significantly different from each other,

CON: control group, ID: iron-depletion group, IDR: iron-depletion followed by
iron-repletion group

Iron repletion from P21 normalized hematology, and no

significant difference was found in the hemoglobin, hematocrit,
serum iron, total iron binding capacity, and transferrin saturation
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Fig. 1. Effects of developmental iron deficiency and the post-weaning iron repletion on the protein levels of ferritin and transferrin receptor (TfR) in the liver (A)
and spleen (B). CON: control diet, ID: iron-deficient diet, IDR: iron-deficient diet followed by control diet. Upper panels: representative blots, Lower panels. Densitometric analyses. Data

are means = SEM, n =6-8/group. Different superscript means significant difference, ~<0.05,
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Fig. 2. Effects of developmental iron deficiency and the post-weaning iron repletion on the mRNA levels of hepcidin (A) and BMP6 (B]
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diet, IDR: iron-deficient diet followed by control diet, B-actin was used as the housekeeping gene, Data are means + SEM, n = 6-8/group. Different superscript means significant difference,

P<0.05,
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Fig. 3. Effects of developmental iron deficiency and the post-weaning iron repletion
on the protein levels of FPN and DMT1 expression in the duodenum (A), liver
(B), and spleen (C). CON: control diet, ID: iron-deficient diet, IDR: iron-deficient diet followed
by control diet, Upper panels. representative blots, Lower panels. Densitometric analyses,
Data are means + SEM, n = 6-8/group. Different superscript means significant difference,
P<0.05,

between the CON and IDR groups (Table 1). Hepatic iron
concentrations in the IDR rats were significantly higher
compared with the ID rats, but still significantly lower compared
with the CON rats. The splenic iron concentrations in the IDR
rats were not significantly different from those in the ID rats,
and both groups had significantly lower splenic iron concent-
rations, compared to the CON rats.

In the ID rats, the levels of TfR were significantly increased,
and the levels of iron storage protein ferritin were significantly
decreased in both liver (Fig. 1A) and spleen (Fig. 1B) tissues,
as compared to the CON rats. The TfR and ferritin levels are
reciprocally regulated in response to iron status [19-21]. Similar
to changes in tissue iron concentrations, iron repletion signifi-
cantly increased the ferritin protein levels in both liver and
spleen tissues compared with the ID rats, but did not reach
to the levels found in the CON rats (Fig. 1A and Fig. 1B).

Effects of developmental iron deficiency and post-weaning iron
repletion on the mRNA levels of hepatic hepcidin and BMP6
signaling molecules in rats

The hepatic mRNA level of hepcidin was markedly decreased
in the ID rats compared with the CON rats (Fig. 2A). Hepatic
hepcidin mRNA of the IDR rats was significantly higher
compared with the ID rats but still significantly lower compared
with the CON rats. The hepatic BMP6 mRNAs were significantly
decreased in the ID rats (0.33 + 0.04) to about 30% of the levels
in the CON rats (Fig. 2B). Hepatic BMP6 mRNA levels were not
statistically different between the CON and IDR rats.

Effects of developmental iron deficiency and post-weaning repletion
on FPN and DMTI proteins in duodenum, liver, and spleen

Western blot analyses showed that the duodenal levels of
FPN protein were significantly higher in the ID rats compared
with the CON rats (Fig. 3A). Duodenal DMT1 proteins in the
ID rats were also significantly higher by 11-fold compared with
the CON rats. On the other hand, iron repletion decreased FPN
and DMT1 protein levels in the duodenum, and no significant
differences were found in the duodenal FPN and DMT1 protein
levels between the CON and IDR rats (P> 0.05).

In the liver, FPN protein levels did not differ among the three
groups (Fig. 3B). By contrast, hepatic DMT1 levels were
significantly lower in the ID rats compared with the CON rats.
The hepatic DMT1 levels in the IDR rats were significantly
increased and were not significantly different from those in the
CON rats.

In the spleen, DMT1 protein levels in the ID rats were
significantly lower compared with the CON rats. The DMT1
protein levels in the spleens of the IDR rats remained signifi-
cantly lower compared with the CON rats (Fig. 3C). Similarly,
the FPN protein levels in the spleens were lower in the IDR
rats than those in the CON rats, although the difference did
not reach statistical significance.

DISCUSSION
In this study, iron deficiency from the gestational period

resulted in severe depletion of tissue iron storages as well as
hematological changes, which were associated with altered
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levels of iron transporter proteins in the duodenum, liver, and
spleen. In the duodenum, both DMT1 and FPN were significantly
increased by iron deficiency. As DMT1 and FPN are responsible
for the uptake of dietary iron in the duodenum [22], it appears
that the expression levels of DMT1 and FPN were up-regulated
to increase the absorption rate of the dietary iron in the ID
group. On the other hand, in the liver and spleen, only DMT1
was significantly decreased by iron deficiency. In these tissues,
the DMT1 is mainly involved in transporting iron across the
endosomal membrane into the cytosol after TfR-mediated
endocytosis of the transferrin bound iron in the blood [23,24].
In our study, the percentage of transferrin saturation in the ID
group was only one-third of that in the CON group. This
reduction of circulating transferrin-bound iron levels could
contribute to the significant down-regulation of DMT1 levels
in the liver and the spleen.

In the current study, we demonstrated that iron repletion
during the post-weaning period was able to correct the severe
iron deficiency observed throughout the fetal period. The four
weeks of iron repletion were sufficient enough to restore the
levels of serum iron, hematocrit, and hemoglobin to a normal
range. Our findings reveal that the basic machinery for
erythropoiesis (i.e., the proliferation of blood forming cells,
hemoglobin synthesis, etc.) remains intact under developmental
iron deficiency, and the body has the capacity to respond
quickly to changes in dietary iron levels during the post-
weaning period. Also, the changes in the blood iron parameters
were paralleled with the up-regulation of the iron transporters
DMT1 and FPN in the duodenum, where most of dietary iron
absorption occurs [13].

Iron is unique in that the amounts of iron absorbed daily
(1-2 mg) are only a fraction of the total iron required for the
production of hemoglobin and other iron-dependent carriers
and enzymes (18-24 mg/day) in the body [25]. Splenic macrop-
hages phagocytize and degrade senescent erythrocytes to recycle
iron, and therefore, iron flux from macrophages contributes to
the majority of daily body iron needs [26]. It is important to
note that, in our study, the reduced levels of DMT1 in the spleen
due to gestational iron deficiency were not restored to a normal
range despite iron repletion afterward. Given the key role of
DMTT1 in iron-recycling macrophages to transport iron across
phagosomal membranes, the failure of recovering DMT1 in the
spleen may result in pathological consequences associated with
altered iron homeostasis. Moreover, we observed that FPN, the
iron exporter protein, also tended to be decreased in the spleen.
Further studies are warranted as to the long-term consequences
of developmental iron deficiency to the iron recycling and
associated pathological changes in the spleen and other tissues.

It is well known that iron homeostasis at the systemic level
is mainly regulated by a peptide hormone called hepcidin.
Hepcidin decreases circulating iron concentrations by suppressing
iron uptake from enterocytes as well as iron release from
macrophages and hepatocytes [27]. It was proposed that
hepcidin acts by binding to FPN, inducing its internalization and
degradation [28,29]. We found that the hepatic expression of
hepcidin was strikingly down-regulated by about 1000-fold in
the ID group as compared to the CON group. As hepcidin is
mainly expressed in the liver, the suppression of hepcidin

expression in the liver tissue results in a significant reduction
of serum hepcidin [30]. When iron is replete in the diet, hepcidin
mMRNA levels were significantly higher in the IDR group than
the ID group, but still significantly lower than the CON group.
Considering the fact that serum iron concentrations were not
significantly different between the IDR and the CON groups,
our results suggest that the degree of hepcidin expression in
the liver is more responsive to tissue iron levels rather than
circulating iron levels.

We also showed that hepatic BMP6 mRNA levels were
significantly down-regulated in the ID group as compared to
the CON, indicating that BMP6 mRNA levels correlate positively
with hepcidin levels under iron deficiency. BMP6 acts as an
upstream regulator for the hepcidin gene transcription, as the
hepcidin gene contains BMP responsive elements in the promoter
region [31-33]. Consequently, BMP6 is a key positive regulator
of hepcidin production, and BMP6 administration has been
shown to increase hepcidin mRNA levels and reduce serum iron
concentrations in mice [34]. Interestingly, when iron is supple-
mented in the diet (IDR group), the mean level of BMP6 mRNA
was significantly increased to a level that is comparable to that
of the CON group despite the fact that hepcidin mRNA was
still significantly low. This observation indicates that factors
other than BMP6 mediate the regulation of hepcidin expression
during iron repletion. While the BMP6 signaling pathway
represents one of the major regulatory mechanisms, the
up-regulation of hepcidin expression by BMP6 can be negatively
modulated by soluble hemojuvelin (sHjv). Expressed highly in
muscle tissue, sHJV acts as an antagonist of hepcidin expression
by inhibiting the binding of BMP6 to its receptor [35]. Also,
it was shown that membrane proteins, such as HFE and TfR2,
trigger the ERK1/2 pathway which led to hepcidin expression
[36,371.

In conclusion, the current study demonstrates that iron
transporter proteins in the duodenum, liver, and spleen are
differentially regulated during developmental iron deficiency.
Moreover, the post-weaning iron repletion efficiently restores
iron transporters in the duodenum and the liver but not in the
spleen, which suggests that the early-life iron deficiency may
cause the long-term abnormalities in the iron recycling from
the spleen.
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