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Interaction of estrogen with iron at the systemic level is long suspected, but direct evidence linking
the two is limited. In the present study, we examined the effects of 173-estradiol (E2) on hepcidin,
a key negative regulator of iron absorption from the liver. We found that transcription of hepcidin
was suppressed by E2 treatment in human liver HuH7 and HepG2 cells, and this down-regulation was
blocked by E2 antagonist ICI 182780. Chromatin immunoprecipitation, deletion, and EMSA detected
afunctional estrogen responsive element half-site thatis located between —2474 and —2462 upstream
from the start of transcription of the hepcidin gene. After cloning the human hepcidin promoter into
the pGL3Luc-Reporter vector, luciferase activity was also down-regulated by E2 treatment in HepG2
cells. E2 reduced hepcidin mRNA in wild-type mice as well as in hemochromatosis Fe gene knockout
mice. In summary, our data suggest that hepcidin inhibition by E2 is to increase iron uptake, a mech-
anism to compensate iron loss during menstruation. This mechanism may also contribute to increased

iron stores in oral contraceptive users. (Endocrinology 153: 3170-3178, 2012)

steoporosis and breast cancer are two most common

diseases that affect women’s health. Estrogen defi-
ciency as a result of menopause is considered the main
cause of postmenopausal osteoporosis (1). Highly accu-
mulated exposure to estrogens due to early menarchy, late
menopause, and nulliparity is a well-established risk fac-
tor for breast cancer (2). However, studies on clinical out-
comes, disease characteristics, and molecular mechanisms
indicate that development of osteoporosis and breast can-
cer cannot be solely explained by changes in estrogens
alone (3, 4). Variations in iron levels from deficiency in
young women to oversufficiency in older postmenopausal
women have recently been postulated to play important
roles in the two diseases (3, 4).

Iron is essential for fundamental metabolic processes in
cells and organisms. Similar to estrogens, disruptions in
iron homeostasis from both iron deficiency and overload
account for some of the most frequent human diseases (35).
Iron deficiency anemia is a widespread malady in young
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women (6). Indeed, we have shown that iron deficiency in-
creases hypoxia-inducible factor-1e, vascular endothelial
growth factor, and angiogenesis (7). These results suggest
that systemic iron deficiency might contribute to breast tu-
mor malignancy and high recurrence rate in this young age
group of breast cancer patients (8, 9). On the other hand, we
have found that increased iron inhibits preosteoblast cell dif-
ferentiation and suppresses alkaline phosphatase activities in
maturing osteoblasts (10). These data imply that in addition
to increased bone resorption caused by estrogen deficiency,
increased iron could be a factor that slows down bone for-
mation in postmenopausal women.

Menstruation and insufficient dietary iron uptake
are considered main causes of iron deficiency in young
women. On the other hand, cessation of menstruation
is viewed as a main cause of iron accumulation in older
postmenopausal women. We have previously observed
that although levels of 17B-estradiol (E2) are high in
young women, levels of iron in the form of ferritin

Abbreviations: AP-1, Activator protein 1; ChIP, chromatin immunoprecipitation; DMT-1,
divalent metal transporter-1; E2, 17g-estradiol; ER, estrogen receptor; ERE, estrogen re-
sponsive element; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Hfe, hemochro-
matosis Fe; PTTG, pituitary tumor transforming gene; qPCR, quantitative real-time PCR;
SP-1, specificity protein-1; TfR1, transferrin receptor-1; WT, wild type.
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are low (Supplemental Fig. 1, published on The Endo-
crine Society’s Journals Online web site at http://endo.
endojournals.org) (4). In older postmenopausal women,
the reverse is true, with low E2 and high iron levels. These
concurrent but inverse changes in E2 and iron levels during
menopausal transition prompted us to investigate whether
changes in E2 levels could lead to changes in iron levels. In
the present study, we investigated whether E2, the most
active form of estrogens, affects expression of hepcidin, a
key iron regulatory hormone, and, thus, may alter body
iron homeostasis.

Hepcidin is a 25-amino acid peptide produced by hepa-
tocytes (11). It binds to ferroportin, an iron exporter, and
causes internalization (12). Hepcidin inhibits intestinal
iron absorption by blocking ferroportin to transport iron
from the gastrointestinal system to the circulatory system.
It prevents iron release from ferroportin-containing cells,
such as macrophages and recycling senescent erythro-
cytes, resulting in iron accumulation in local tissues, such
as fat (13). Hepcidin transcription can be up-regulated by
iron, IL-6,1L-1a, IL-1B8, and bone morphogenetic proteins
and down-regulated by anemia and hypoxia (14, 15). In
this study, we have identified a functional estrogen re-
sponsive element (ERE) half-site in the promoter region of
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hepcidin gene. The role of E2 appears to inhibit hepcidin
and to increase iron uptake, a mechanism to compensate
iron loss during menstruation.

Materials and Methods

Cell culture

Cell culture reagents were purchased from Invitrogen (Carls-
bad, CA) unless otherwise stated. The human liver cell lines,
HuH7 and HepG2, both having male DNA, were obtained from
American Type Culture Collection (Manassas, VA). They were
maintained in «-MEM containing 10% charcoal/dextran-
stripped fetal bovine serum, penicillin (100 U/ml), streptomycin
(100 pg/ml), and L-glutamine (2 mMm). They were grown at 37 C
in a humidified atmosphere containing 5% CO,.

Plasmids cloning and deletion

The human hepcidin promoter (—3038/+21) was cloned
from human genome (Promega, Madison, WI) into a pGL3-basic
reporter plasmid. The pGL3 plasmid containing ERE-deleted
hepcidin mutant was constructed by a QuikChange Site-Di-
rected Mutagenesis kit (Stratagene, Santa Clara, CA). Primer
sequences used for this study are listed in Table 1, and all of the
constructs were verified by sequencing.

TABLE 1. The primer sequences of the oligonucleotides used for ChIP, RT-PCR, gRT-PCR, and cloning
Name Gene ID  Application Sequences
Human hepcidin, first 57817 ChlP Forward, 5'-CAGTGGTTGGTTGGATGGAT
from the left of Fig. 1A Reverse, 5'-TTGTGGGAAGAGACGAGTGC
Human hepcidin second 57817 ChipP Forward, 5'-AACCGGCTCCCCAAAAAC
site Reverse, 5'-CCCCGTCGGACACTCATT
Human hepcidin third site 57817  ChlIP Forward, 5'-CGCCGTGTGGAGTCTTATTC
Reverse, 5'-GCTTATGGGGGCTTCCTCT
Human hepcidin fourth 57817 ChIP Forward, 5'-GTCCCCTCCCTTCCTTATTT
site Reverse, 5'-CTTTCATCCCCTATTATTGCAAC
Human hepcidin 57817 RT-PCR Forward, 5'-CCTGACCAGTGGCTCTGTTT
Reverse, 5'-CACATCCCACACTTTGATCG
Human GAPDH 2597 RT-PCR Forward, 5'-TGGTATCGTGGAAGGACTC
Reverse, 5'-AGTAGAGGCAGGGATGATG
Mouse GAPDH 14433 gPCR Forward, 5'-GGCATTGCTCTCAATGACAA
Reverse, 5'-CCCTGTTGCTGTAGCCGTAT
Mouse hepcidin-1 84506 qPCR Forward, 5'-AGAAAGCAGGGCAGACATTG
Reverse, 5'-GATGCAGATGGGGAAGTTGG
Mouse hepcidin-2 66438 qPCR Forward, 5'-AGAAAGCAGGGCAGACATTG
Reverse, 5’-TCTGCAGATGGGGAAGTTGA
Human hepcidin 57817 Luciferase activity Forward, 5'-TCTCGAGCTCAAGCTTGTCTGTCTGTCGCCCTTCTC

promoter (3171 bp)

Reverse, 5'-GGCGACCGGTGGATCCGTCTGGGACCGAGTGACAGT
Forward, 5'-AGGGTGTGGGGAGCTGGAGGACATGTCCCATGTTG
Reverse, 5'-CAACATGGGACATGTCCTCCAGCTCCCCACACCCT
Forward, 5'-AGGGTGTGGGGAGCTGGGGTCAAGGACATGTCCCATGTTG
Reverse, 5'-CAACATGGGACATGTCCTTGACCCCAGCTCCCCACACCCT
Forward, 5'-AGGGTGTGGGGAGCTGGAAAAAAGGACATGTCCCATGTTG
Reverse, 5'-CAACATGGGACATGTCCTTTTTTCCAGCTCCCCACACCCT

Human hepcidin 57817  ERE deletion
promoter
Human hepcidin probe 57817 EMSA
with WT ERE
Human hepcidin probe 57817 EMSA
with mutated ERE
TfR1 22042 gPCR
DMT-1 18174 gPCR

Forward, 5'-CATGAGGGAAATCAATGATCG
Reverse, 5'-ACATAGGGCGACAGGAAGTG
Forward, 5’-TGGGTCTGTCTTTCCTGGAC
Reverse, 5'-CATCCACGGTGTTCAGAAGAT
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RNA isolation and PCR analyses

Human liver HuH7 and HepG2 cells were cultured on six-
well plates until 80% confluency. After starving in serum-free
a-MEM for 24 h, cells were pretreated with ICI 182780 at 1
uM for 0.5 h and then treated with E2 (Sigma, St. Louis, MO)
at 100 nM for 4 and 24 h, respectively. Total RNA was ex-
tracted using TRIzol (Invitrogen). The first-strand cDNA was
synthesized with 1 pg of the total RNA using the Thermo-
Script Reverse Transcription kit (Invitrogen). Two PCR tech-
niques were used in this study: RT-PCR and quantitative real-
time PCR (qPCR). Using one twentieth of the cDNA as a
template, the RT-PCR was carried out for each transcript
under these conditions: 15-235 cycles of 94 C for 30 sec, 58 C
for 30 sec, and 72 C for 30 sec to determine the exponential
phase of amplification. As an internal control, amplification
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA was carried out with similar cycle optimization.

The cDNA, used as template for gPCR, was mixed with SYBR
Green Supermix (Bio-Rad, Hercules, CA) and the primers of the
target genes (Table 1). The qPCR was run in a 384-well plate
(ABI 7900 series; Applied Biosystems, Foster City, CA). The
mRNA expression levels of the target genes were first normalized
to the housekeeping gene, GAPDH. Data were then expressed as
fold change over the untreated control.

Luciferase assays

To examine the promoter activities in response to water soluble
E2 HepG2 cells were grown at a density of 1 X 10° cells/ml in
24-well plates and cotransfected with 0.8 ug of the luciferase con-
structs, 50 ng of Renilla luciferase plasmid by Lipofectamine 2000
(Invitrogen). After 24 h, cells were starved with serum-free e-MEM
for 24 h and treated with E2 for various times. Relative luciferase
activities were first normalized to Renilla and then expressed as fold
change over the untreated control. Each experiment was performed
in triplicate and repeated at least three times.

Chromatin immunoprecipitation (ChiP)

HuH?7 cells starved in serum-free MEM overnight were
treated with 100 nM E2 for 24 h, and ChIP assay was carried out
following the manufacturer’s instructions (Upstate, Lake Placid,
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NY). In brief, formaldehyde cross-linking was quenched by adding
glycine. The cell lysates were sonicated to shear DNA and further
diluted in ChIP dilution buffer. To reduce nonspecific binding, the
cell pellet suspension was precleared with salmon sperm DNA/pro-
tein A agarose-50% slurry. ChIP assays were performed overnight
at 4 C with antibodies against estrogen receptor (ER)a (EMD Mil-
lipore, Billerica, MA) or normal mouse IgG (Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA). Protein A agarose-50% slurry was
added to collect the antibody/histone complex. Input and immu-
noprecipitated chromatin were incubated at 65 C overnight to re-
verse cross-links. After proteinase K digestion, DNA was extracted
using a spin column kit (QIAGEN, Valencia, CA). An aliquot of
each sample was assayed by PCR. All primers used for this study are
listed in Table 1. The PCR product was electrophoresed on a 2%
agarose gel and visualized by ethidium bromide staining.

Electrophoretic mobility shift assay
HepG2 cells were treated with E2 at 100 nm for 24 h.
Nuclear extracts were prepared using NE-PER nuclear ex-
traction reagent (Pierce, Rockford, IL). Oligonucleotides con-
taining the wild-type (WT) and the mutant ERa binding site
within the hepcidin promoter were biotin labeled using a bi-
otin 3’-end DNA labeling kit (Pierce). Equal amounts of la-
beled and complementary oligonucleotides were gradually al-
lowed to cool to room temperature to allow the annealing of
double-stranded oligonucleotides. EMSA was performed ac-
cording to the LightShift Chemiluminescent EMSA kit
(Pierce). Briefly, 10 ug of the nuclear protein extracts were
incubated with 20 fmol biotin-labeled oligonucleotides for 20
min at room temperature. Competitive reaction was per-
formed under identical condition by adding 200-fold of the
amount of unlabeled oligonucleotides. For further identifica-
tion of the complexes by a supershift assay, the anti-ER«a
antibody was preincubated with the nuclear extract on ice for
30 min before EMSA. Normal IgG was used as the control.
Samples were separated by nondenaturing 5% polyacryl-
amide gel electrophoresis and transferred to Hybond-N" ny-
lon membrane (GE Healthcare, Piscataway, NJ). The mem-
brane was blocked and applied with streptavidin-horseradish
peroxidase conjugate for 15 min. After thorough washing, the
membrane was exposed to x-ray film after
incubation with the chemiluminescence

A reagents.
-2559  -2002 -1465  -1125 +661  +1290 +2557  +2825 i .
— ] — — ] r — In vivo experiment
All animal studies were approved by our
B Institutional Animal Care and Use Commit-
Consensus ERE GGTCANNNTGACC tee. Eight-week-old female 129/SvEv mice
Human Hepcidin: -2478 CTGGGGTCAaggACATGTCC -2459 (The ]ackson Laboratory, Bar Harbor’ ME)
human c-fos -1334 AGCGTGACCccgGCTGTCCT -1315 and hemochromatosis Fe (er) ene knock-
Human PTTGIIP -175 CCTCGGTCAcgcCTCGCCCC -156 X . ¢/&
Human CYP1Bl ~ -35  GCCAGGTCGcgeTGCCCTCC — -16 out mice with the same genetic background
(a gift from N. C. Andrews, Duke Univer-
sp1 APD ERE AP sity, Durham, NC) were randomized and

-2500 CGTGCATGAGGGTGTGGGGAGCTGGGGTCAAGGACATGTCC-(ny,)-CGTGTCAACA -2422

FIG. 1. Prediction of ERE in the promoter region of the hepcidin gene. A, The human
hepcidin promoter region contains four ERE. B, Comparison of the ERE sequence of the
hepcidin gene with the consensus sequence of human c-Fos, PTTG1IP, and CYP1B1 genes.
The invariant sequence is underlined. C, lllustration of ERE half-site, SP-1, and AP-1/2-binding
site sequences in human hepcidin promoter region between —2500 and —2422. Nucleotide

numbers are denoted with the transcription start site assigned as +1.

then ip injected with 100 nmol E2/kg body-
weight. The mice were allowed unrestricted
activity and food and water ad libitum. Af-
ter sacrificing the mice 24 h later, liver and
bone marrow samples were isolated, and
blood samples were collected by heart punc-
ture. The sera were analyzed for serum iron
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in WT mice using ferrozine assay (16). RNA from the liver and
from bone marrow of the tibia and femora were extracted. qPCR
was used for measurements of hepcidin mRNA (hepcidin-1 and
hepcidin-2) in liver and transferrin receptor-1 (TfR1) and diva-
lent metal transporter-1 (DMT-1) mRNA in bone marrow (Ta-
ble 1). Data were expressed as fold change over control after
normalizing to the housekeeping gene, GAPDH.

Statistical analyses

Statistical evaluations of the data were conducted by Stu-
dent’s ¢ test for paired comparison or by one-way ANOVA for
multiple comparisons, followed by a post hoc Newmann-Keuls
test. The results were presented as means * sp, and P values less
than 0.05 were considered to be significantly different.

Results

Prediction of ERE in the promoter region of
hepcidin promoter

The canonical ERE has a 13-base sequence of
GGTCAnnnTGACC where nnn are known as the tri-

A HuH7
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nucleotide spacer (17). We examined the sequence of the
5'-flanking region of the hepcidin gene and found four
ERE in the promoter using the web-based Genomatix/
Matlnspector and TESS software (Fig. 1A). Sequence
analyses show that one region of hepcidin gene contains a
consensus ERE half-site (GGTCA) at —2474 with an im-
perfect half-site (ACATG) at —2462 (Fig. 1A). This se-
quence is highly similar to the ERE found in genes for
human c-Fos (18), pituitary tumor transforming gene
(PTTG) binding factor (PTTG1IP) (19), and CYP1B1
genes (20), as shown in Fig. 1B. To explain the function-
ality of this imperfect consensus ERE, it has been shown
that approximately 50% of all ERa-bound loci do not
have a discernible ERE, and most ERa-bound ERE are not
perfect consensus ERE (21). ERa dimers are known to
bind to ERE half-site (22, 23), although binding can be
enhanced by other transcription factors, such as specificity
protein-1 (SP-1) or activator protein 1 (AP-1) (24). Further
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FIG. 2. Inhibition of hepcidin mRNA expression by E2 in human liver HuH7 and HepG2 cells. A, HuH7 cells were treated with 10 and 100 nm E2
and 10 ng/ml IL-6 and mRNA levels of hepcidin were measured by RT-PCR. One representative gel from three independent experiments was
shown. B, HepG2 cells were treated with E2 and hepcidin mRNA levels were measured by qPCR (n = 3). C, Inhibition of hepcidin mRNA by E2 and
ICI 182780 pretreatment abolished E2-mediated hepcidin inhibition in HepG2 cells at 4- and 24-h treatments, respectively (n = 3). Y-axis was
presented as a log scale. *, Significantly different from the untreated control.

220z 1snBny g1, uo sasn sonsnr Jo Juswiedaq 'S'N Ad L08EZFZ/0LLE/LIES L/I0IE/0PUS/WOD dNO DIWSpEoE)/:SA]Y WO} POPEOUMOQ



3174 Yang et al. Estrogen and Hepcidin

analyses display that the same region indeed contains SP-1
and AP-1/2-sequence elements (Fig. 1C).

Inhibition of hepcidin mRNA expression by
estrogen treatment

To assess estrogen-mediated hepcidin regulation, hu-
man liver HuH7 and HepG2 cells were grown in a medium
containing charcoal/dextran-stripped serum for 3 wk be-
fore E2 treatments. Semiquantitative RT-PCR and qPCR
were performed in HuH7 and HepG2 cells, respectively.
GAPDH was used as a internal loading control and IL-6 as
positive control for hepcidin induction (25). As shown in
Fig. 2A, E2 was found to inhibit mRNA levels of hepcidin
in HuH7 cells by about 50%. Figure 2B shows that hep-
cidin mRNA levels were significantly inhibited by 30%
after 24 h of treatment with E2 in HepG2 cells. As ex-
pected, the positive control IL-6 at 10 ng/ml significantly
induced hepcidin mRNA levels in both HuH7 and HepG2
cells. This E2-mediated inhibitory effect was effectively
abolished by pretreatment of a pure steroidal antiestrogen,
ICI 182780 (Fig. 2C). ICI 182780 alone increased mRNA
expression of hepcidin with or without E2 treatment. Be-
cause the antiestrogen activity of ICI 182780 is not caused
by its ability to competitively antagonize E2 binding to the
hormone binding site, but possibly by their ability to in-
duce ER-dependent transcription (26), these results sug-
gest that ER may have inhibitory effects on hepcidin with-
out its ligand E2.

Identification of functional ERE in the promoter
region of hepcidin

To identify which ERE responds to E2 treatment, ChIP
assays with an ERa antibody were performed in HuH7
cells. Only one PCR product with a primer set between
—2630 and —2072 was found after E2 treatment (Fig.
3A). All three other ERE (Fig. 1A) did not lead to the
recruitment of ERa to the software-predicted sequences
(data not shown). These results indicate that the ERE be-
tween —2630 and —2072 may be functional in E2-medi-
ated hepcidin gene regulation. To further confirm that this
ERE half-site is necessary for the response to E2 treatment
in the hepcidin promoter, WT and the ERE half-site-de-
leted mutant, which were cloned into the luciferase re-
porter vector, were transiently transfected into HepG2
cells. Figure 3B shows that luciferase reporter activities
were significantly decreased by E2 in a dose-dependent
manner compared with the untreated control. More im-
portantly, deletion of the ERE half-site completely abro-
gated the inhibition of hepcidin activity with E2 treatment.
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FIG. 3. Identification of functional ERE in the promoter region of
hepcidin. A, Recruitment of ERa by E2 to the ERE site between —2630
and —2072 of the human hepcidin gene. After treating HUH7 cells
with 100 nm E2 for 24 h, fragmented chromatin was
immunoprecipitated with anti-ERa antibody and amplified by PCR
using oligonucleotide primers flanking the ERE site. B, WT and the ERE
half-site-deleted mutant were transfected into HepG2 cells. These cells
were treated with E2 for 24 h and then analyzed for luciferase activity.
The luciferase activity was normalized to Renilla luciferase activity, and
the bar graph represents mean = sp of three independent
experiments. *, Significantly different from the untreated control.

Binding of ERE half-site to ER«

To determine whether the ERE half-site in the hepcidin
gene can be recognized by ER«, HepG2 cells were treated
with 100 nm E2. EMSA were performed using WT and
mutant oligonucleotides harboring the ERE half-site of the
hepcidin gene. Figure 4 shows efficient binding of nuclear
proteins from E2-treated HepG2 cells to the WT oligonu-
cleotide (lane 5) but not to the mutant oligonucleotide
(lane 2). Nuclear extracts from untreated control cells did
not show any bindings (lane 4). A nonspecific unlabeled
competitor did not result in any changes in binding (lane
6). However, the binding was competed by adding 200-
fold excess of unlabeled ERE probe (lane 7). More impor-
tantly, anti-ERa antibody (lane 9), but not normal IgG
(lane 8), caused a supershift of the binding complex. Col-
lectively, these data show that the ERE half-site of the
hepcidin gene behaves similarly as the consensus ERE and
that it can bind ERa.

In vivo inhibition of liver hepcidin mRNA by E2

To further demonstrate the inhibitory effects of E2 on
hepcidin promoter activity in vivo, WT and Hfe transgenic
mice were ip injected E2. Blood, liver, and bone marrow
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Nuclear protein with E2 treatment -+ - - o+ |+ o+ |+
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Competitor - - - - - -+ |-

1gG control - - - - - - _ +

Anti-Era - - | - - - |- - |-
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FIG. 4. Binding of nuclear proteins to the ERE of the hepcidin gene by EMSA. HepG2 cells
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- Similarly, mRNA levels of hepcidin-2
+ were significantly decreased by E2 in
- both WT and Hfe mice.

To relay this hepcidin inhibition to
body iron homeostasis, Fig. 6A shows
that there were no significant differ-
ences in serum iron between control
and mice 24 h after receiving E2. How-
ever, mRNA levels of TfR1, a mem-
brane receptor controlling cellular iron
uptake, were significantly increased by
E2 (Fig. 6B). Despite lower mRNA lev-
els of DMT-1 than those of TfR1,
DMT-1 mRNA was significantly in-
creased by E2 as well (Fig. 6C). These
results indicate an iron deficient status
in bone marrow.

<«— Supershift
<«— Complex

<«— Free probe

Discussion

were treated with or without 100 nm E2 for 24 h, and nuclear proteins were isolated and

incubated with biotin-labeled mutant and WT oligonucleotides containing the ERE half-site of
the hepcidin gene as described in Table 1. The resulting complexes were resolved by
nondenaturing polyacrylamide gel electrophoresis. For competition EMSA, a 200-fold excess
of unlabeled nonspecific or specific oligonucleotides harboring the ERE half-site of the
hepcidin gene was added during the preincubation period. For supershift EMSA, anti-ER«
antibody or normal human IgG was added. The arrows indicate supershift, ERE binding

complex, and free probe.

samples were collected after 24 h of treatment. Figure SA
shows that mRNA levels of hepcidin-1 were significantly
inhibited by E2 in WT mice. Hepcidin deficiency has been
reported in HFE mutation carriers (27). We found that in
Hfe knockout mice, background hepcidin mRNA levels
were lower than those of WT mice. Interestingly, hepcidin
mRNA was still inhibited by E2 in the Hfe knockout mice.

Hepcidin is the central regulatory mol-
ecule of systemic iron homeostasis (5).
In this study, we found that hepcidin
mRNA is inhibited in cells and in mice
by nanomolar concentrations of E2
(Figs. 2 and 5), which is physiologically
or pharmacologically relevant to young
women at the preovulatory phase or those taking contra-
ceptives (see GPnotebook Wikipedia article on estradiol
and Ref. 28). This inhibition is through a functional ERE
half-site in the hepcidin promoter (Figs. 1, 3, and 4).
The effects of E2 on cellular iron homeostasis have
been known to increase cellular iron uptake. E2 has
been shown to enhance the expression
of TfR1, in ER™ cells (29). E2 also in-
duced a novel transferrin binding pro-

tein and lactoferrin in the female repro-
ductive tract of mouse, rat, and hamster
(30, 31), as well as the ferroxidase ce-
ruloplasmin, the iron delivery protein
lipocalin 2, and the iron-exporter fer-
roportin in the mouse uterus (32). E2-
mediated transferrin gene expression in
MCE-7 cells was shown through a non-
consensus distal ERE (33).

+ E2 100nM At the systemic level, an interaction

A Hepcidin1 B Hepcidin2
? 1 T 1 I T T
o
s
z Il l
c
:-§ *
5]
a
[0} *
<
o *
=
©
[9]
© 0.1 -
’ 0.1 -
+ - + - +
WT HFE" WT HFE"

FIG. 5. Inhibition of hepcidin transcription in vivo by E2. WT and Hfe gene knockout mice
were ip injected with 100 nmol E2/kg bodyweight (six mice per group). After killing at 24 h,
liver samples were isolated and used for RNA extractions. Levels of mouse hepcidin-1 (A) and
hepcidin-2 (B) mRNA were measured by gPCR. Data were presented as means = sp. Y-axis
was presented as a log scale. *, Significantly different from the untreated controls.

of estrogen with iron has long been sus-
pected. This is exemplified by a concur-
rent but inverse change in estrogen and
iron levels during menopausal transi-
tion, with high estrogen and low iron in
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iron within hours was only reported by
IL-6 and bone morphogenetic proteins,

A B C

120 1, oos which up-regulate hepcidin (42). In ad-
09 | oois dition, the slow response may be caused
100 045 1 . ..
T 08 | oos by the existence of a positive response el-
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FIG. 6. Alteration of body iron homeostasis in vivo by E2. WT mice (n = 6) were treated with
E2 as described in the legend of Fig. 5. After killing at 24 h, blood samples were collected for
measurements of serum iron (A) by ferrozine assay. Bone marrow samples were isolated from
tibia and femora and used for gPCR analyses of TfR1 (B) and DMT-1 (C). Data were presented
as means =+ sp *, Significantly different from the untreated controls (ctr).

young women but low estrogen and high iron in older
postmenopausal women (4). Furthermore, a time-depen-
dent increase in iron stores has been shown in oral con-
traceptive users when compared with nonusers (34-36).
The increased iron stores are said to be attributable pri-
marily to reduced volume in menstrual blood loss. How-
ever, this cannot explain the animal data showing a sig-
nificant rise in body iron stores and uptake in estrogen-
treated ovariectomized rats, because rats do not have
menses (37, 38). Clearly, there is a direct link between
estrogen and systemic iron metabolism, although the mo-
lecular mechanism remains unclear.

In the present study, we showed that estrogen inhibited
hepcidin expression through an ERE half-site in the pro-
moter region of the hepcidin gene. Consistent with our
finding, it has been shown that E2 reduced constitutive
expression of hepcidin in fish (39). Like estrogen, a recent
report shows that high levels of testosterone markedly
suppressed serum hepcidin in men (40). Although we did
not observe an increase in serum iron within 24 h of E2
injection (Fig. 6A), this may be due to two factors: 1) food
intake significantly affects serum iron levels (16) (mice in
our study were allowed food and water ad libitum and,
thus, diminished our chance to detect a significant differ-
ence); and 2) others have shown that injection of E2 into
rats does result in increased serum iron levels but several
weeks after E2 injection (37, 38, 41). Thus, 24 h after E2
injection may be too short to allow us to observe an iron
increase. Moreover, this slow rise in serum iron could be
a result of hepcidin down-regulation by E2, an effect sim-
ilar to anemia and hypoxia (14). A fast response in serum

mobilization of various tissues through
ferroportin (12). The short-term effect
of hepcidin changes could lead to an
uneven iron distribution between se-
rum and tissues (41, 43). High hepatic
hepcidin mRNA was shown to be as-
sociated with an increase in splenic iron but a decrease in
serumiron (43). In the present study, we expected that low
hepcidin levels induced by E2 would lead to high ferro-
portin activity, resulting in an increased serum iron by
increasing uptake from the guts but a deficiency in tissue
iron through enhanced excretion. However, E2 did not
alter serum iron but induced a low iron status in bone
marrow, an important target of iron controlled by the
hepcidin-ferroportin axis (44, 45). This was reflected by
high levels of TfR1 and DMT-1 mRNA (Fig. 6). In con-
trast to our approach by injecting estrogen into the mice,
it has been shown that estrogen withdrawal in female rats
caused a significant decrease in serum iron but an in-
creased iron in adipose tissues several weeks after ovari-
ectomy surgery (41). These results suggest that estrogen
deficiency up-regulates hepcidin, which inhibits intestinal
iron absorption, leading to lower serum iron levels, as well
as prevents iron release from adipocytes by increasing iron
levels in the local adipose. These results are consistent with
our finding of an inhibitory effect of estrogen on hepcidin
regulation in WT as well as in Hfe transgenic mice. Hemo-
chromatosis is an inherited iron overload disease that is
caused by mutations in the HFE gene. Lowered hepcidin
over long periods is an important contributor of iron over-
load in the HFE mutation carriers (46). We have shown
that Hfe mutation leads to lower levels of hepcidin in Hfe
transgenic mice compared with WT mice, and E2 further
down-regulates hepcidin in the Hfe transgenic mice (Fig.
5). Because hepcidin has been shown to reverse iron over-
load in Hfe transgenic mice (47), our results suggest that
down-regulation of hepcidin by E2 could increase iron
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levels not only in the WT mice but also in Hfe transgenic
mice.

In conclusion, our results suggest that E2 could increase
iron absorption and iron stores at the systemic levels dur-
ing the proliferative phase (ovulation) to compensate iron
losses, which occur during the menstruation phase in pre-
menopausal women. Our present study also provides a
novel mechanism of increased iron stores through direct
inhibition of hepcidin by estrogens in contraceptive users.
On the other hand, our results imply that increased iron
observed in postmenopausal women is not a downstream
effect of decreased estrogens during and after menopause
(Supplemental Fig. 1).
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