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Regulation of hepcidin transcription by interleukin-1

and interleukin-6
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Hepcidin is a peptide that regulates iron homeostasis by inhibiting
iron absorption by the small intestine and release of iron from
macrophages. Its production is stimulated by iron overload and by
inflammation. It has been suggested that IL-6 is the only cytokine
that stimulates hepcidin transcription. However, mice with tar-
geted disruption of the gene encoding IL-6 (IL-6=/~) respond to
endotoxin by increasing the expression of hepcidin transcripts in
the liver. We show that incubating murine hepatocytes with IL-6,
IL-1a, and IL-1B strongly stimulates hepcidin transcription. IL-10
has little or no stimulatory effect, and IFN-g inhibits transcription
of hepcidin. All of the hepcidin stimulatory activity of macrophages
from IL-6~/~ mice can be accounted for by IL-1 that they secrete.
Hepatocytes from IL-6—/~ mice, hfe~/~ mice, and mice with a
hypomorphic transferrin receptor 2 mutation responded to IL-6 and
IL-1 by up-regulating hepcidin transcription. Nitric oxide does not
seem to be involved in the stimulation of hepcidin transcription by
cytokines: aminoguanidine does not inhibit the stimulation of
hepcidin transcription by cytokines. IL-1 may play a significant role
in the anemia of inflammation by up-regulating hepcidin.

HFE | iron | liver | nitric oxide

epcidin has emerged as a central regulator of iron ho-
meostasis. First described as a 25-amino acid antimicrobial
peptide (1, 2), it was subsequently found to be a powerful
negative regulator of iron absorption (3, 4). Befitting its role as
an antimicrobial peptide, hepcidin is up-regulated in intact
animals by the injection of endotoxin or turpentine.
Moreover, culture media conditioned by treatment of mac-
rophages with LPS stimulate hepcidin transcription in cultures
of primary hepatocytes (5). Because this stimulation was
entirely blocked by anti-IL-6 antibody, it was concluded that
the stimulation was due to IL-6 and that stimulation did not
occur with IL-1 and TNF-« (6). Our data suggested, however,
that some stimulation of hepcidin production occurred in
IL-67/~ mice treated with LPS (7). These data have recently
been confirmed by Rivera et al.” Accordingly, there must be
substances other than IL-6 that stimulate hepcidin production.
We now show that hepatocytes can be stimulated directly to
produce hepcidin message by the cytokines IL-6, IL-1«, and
IL-1B and that the stimulation of hepcidin production by
macrophage-conditioned media can be accounted for entirely
by these three cytokines.

Materials and Methods

All cytokines and cytokine-specific antibodies were obtained
from R & D Systems. Aminoguanidine hemisulfate was pur-
chased from Calbiochem. IL-6~/~ mice were on a background
of C57BL/6J (002650) and were obtained from The Jackson
Laboratory. hfe™/~ mice and transferrin receptor 2 (tfr2)
mutant mice were kind gifts from Dr. William Sly (Saint Louis
University, St. Louis) and Dr. Robert Fleming (Saint Louis
University), respectively. The hfe~/~ mice had been back-
crossed into the 129 strain for 10 generations; the #fr2 mutant
mice, transgenic mice with a hypomorphic mutation found in
humans, were on an AKR background. Primary hepatocytes
were isolated from perfused mouse livers as described in ref.
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7. Peritoneal macrophages were isolated from IL-6"/~ mice 4
days after i.p. injection of 1 ml of 3.85% thioglycollate Brewer’s
medium (Becton Dickinson). These macrophages were har-
vested by rinsing the peritoneal cavity twice with 5 ml of PBS.
The peritoneal macrophages were placed in a 15-ml tube
containing 5 ml of tissue culture medium (98% Williams
medium, 2% human serum, penicillin, and streptomycin). The
cells were pelleted by centrifugation at 300 X g and resus-
pended in Williams medium containing 2% human serum and
plated at a density of 1 X 10° cells per ml. After 2 h,
nonadherent cells were removed. The adherent macrophages
were washed once, and fresh Williams medium containing 2%
human serum was added. After 24 h in culture, conditioned
media from the IL 67/~ macrophages were collected, passed
through a 0.2-um filter, and used to treat hepatocytes.

Incubation of primary mouse hepatocytes was carried out in
2.0% human serum with 0.5 pug/ml anti-human IL-6 antibody,
unless otherwise indicated. Human serum was used instead of
bovine serum because serum contains small amounts of 1L-6,
and anti-human IL-6 antibodies were available to neutralize this
potentially confounding source of stimulatory activity. Twenty-
four hours after isolation, the hepatocytes were treated with
cytokines or conditioned media for 20-24 h.

Total RNA was extracted from hepatocytes by using the Ver-
sagene RNA Purification Kit (Gentra Systems). cDNA first-strand
synthesis was performed with Moloney murine leukemia virus
reverse transcriptase (Invitrogen) and oligo(dT) primer.

Real-time PCR was carried out on a Bio-Rad iCycler.
Primers for analysis of murine hepcidin 1 (hepcl; GenBank
accession no. AF503444) and murine ribosomal protein S18
(GenBank accession no. AK050626) as a housekeeping gene
control were designed with the help of BEACON DESIGNER
(Bio-Rad). The hepcidin primers were designed to specifically
amplify only hepcidin 1 and not hepcidin 2 (hepc2). All
amplification primers and probes are listed in Table 1. The
iCycler amplification system contained 20 mM TrissHCI1 (pH
8.4), 50 mM KCI, 4.0 mM MgCl,, 200 uM dNTP, 0.625 units
of iTaq DNA polymerase (Bio-Rad), 300 nM sense primer, 300
nM antisense primer, and 300 nM 6-carboxy fluorescein-
labeled probe. Two microliters of synthesized cDNA or stan-
dards were used in a 25-ul amplification system, and all
samples were analyzed in duplicate. After 40 amplification
cycles, threshold cycle values were automatically calculated,
and attomoles of starting cDNA were calculated from a
standard curve ranging over 4 orders of magnitude. The
hepcidin 1 standard curve ranged from 0.0136 to 136 attomoles
per 25-ul reaction, and the ribosomal protein S18 standard
curve ranged from 0.013 to 130 attomoles per reaction. The
results were expressed as the ratio of hepcidin 1 to ribosomal
protein S18 cDNA.

Abbreviations: NOS, NO synthase; tfr2, transferrin receptor 2.
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Table 1. Primers and fluorescent-labeled probes used in real-time PCR experiments

Gene Sense primer 5'-3’

Antisense primer 5'-3’ 5'-6-FAM/3BHQ 1-3’ probe

TTGCGATACCAATGCAGAAGA
ACTTTTGGGGCCTTCGTGTC

Hepcidin 1
Ribosomal protein $18

GATGTGGCTCTAGGCTATGTT
GCCCAGAGACTCATTTCTTCTTG

AGAGACACCAACTTCCCCATCTGC
ACACCAAGACCACTGGCCGCAG

6-FAM, 6-carboxy fluorescein; 3BHQ 1, 3-black hole quencher-1.

Results

IL-6 and IL-1 Stimulate, and IFN-B Inhibits, Hepcidin Transcription by
Murine Primary Hepatocytes. As shown in Fig. 1, IL-6 at a
concentration of 20 ng/ml consistently stimulated expression
of hepcidin in primary hepatocytes obtained from C57BI6,
IL-67/~, hfe™/~, and #fr2 mutant mice. Maximum stimulation
was attained in 24 h (data not shown). Anti-mouse IL-6
antibodies at a concentration of 2 ug/ml completely blocked
this stimulation of hepcidin expression. Similarly, IL-1a (20
ng/ml) and IL-18 (20 ng/ml) each increased hepcidin mRNA
expression, an increase that was completely blocked by the
addition of anti-mouse IL-1« and anti-IL-1B-specific antibod-
ies (2 pg/ml), respectively. Antibodies against mouse IL-6 did
not block the induction of hepcidin expression by IL-1a and
IL-1B, demonstrating that the IL-1« and IL-1 effects were not
due to downstream activation of IL-6 synthesis. IL-10 (20
ng/ul) had little or no effect on hepcidin expression. IFN-3

(250 units/ml), however, inhibited hepcidin expression by
~3-fold.

IL-1« and IL-18 Account for Stimulation of Hepcidin Expression by
Primary Hepatocytes by IL-6-/— Macrophage-Conditioned Media.
Hepatocytes from C57BIl6 wild-type mice were incubated for
20 h with 50% conditioned media from IL-6"/~ peritoneal
macrophages. As shown in Fig. 2, the IL-67/~ conditioned
medium in the presence of anti-mouse IL-6 antibody retained
the capacity to stimulate hepcidin expression, indicating that
there were substances other than IL-6 that stimulated hepcidin
transcription. Further addition of antibodies against mouse
IL-1a partially inhibited the hepcidin-stimulatory effect of
macrophage-conditioned media. In contrast, antibodies
against IL-1B had little or no effect on the capacity of
macrophage-conditioned media to induce hepcidin expression.
The addition of all three anti-cytokine antibodies, those
against IL-6, IL-1a, and IL-1B, abolished the stimulatory
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Fig. 1. The effect of IL-6, IL-1¢, IL-1, IL-10 (20 ng/ml), IFN-B (250 units/ml), and cognate antibodies against these cytokines on the expression of hepcidin by

primary murine hepatocytes. The target hepatocytes were derived from CB57BI6, IL-6/—, hfe ™/, and tfr2-mutant mice, as indicated. Each symbol represents one
experiment in which two to four samples of primary murine hepatocytes were incubated with culture medium (control) or with the cytokine and antibody
combination indicated.
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The effect of adding 50% conditioned medium (CM) from IL-6~/~ macrophages with and without antibodies against mouse IL-6, IL-1a, and/or IL-18 to

primary murine hepatocytes derived from the strains of mice indicated in the boxes. Each symbol represents one experiment in which two to four samples of
primary murine hepatocytes were incubated with culture medium (control) or with the antibody combination indicated for 24 h.

effect of macrophage-conditioned media on hepcidin
expression.

hfe™~ and fr2 mutant hepatocytes were also induced to
express more hepcidin mRNA in the presence of conditioned
media from IL-6/~ peritoneal macrophages. The stimulation by
IL-6~/~ macrophage-conditioned media was only partially in-
hibited by IL-1« antibodies but was completely inhibited by the
addition of all three antibodies.

Inhibition of Nitric Oxide Synthase (NOS) Does Not Abrogate the
Cytokine-Induced Stimulation of Hepcidin Transcription. To deter-
mine whether the induction of hepcidin expression by cytokines was
mediated through nitric oxide, we examined the effect of amino-
guanidine, a nonspecific inhibitor of NOSs. At a concentration of
1 mM, this NOS inhibitor had no effect on the stimulation of
hepcidin expression by IL-6, IL-1e, and IL-18 in C57BI6, IL-6/,
hfe~'~, or tfr2-mutant mouse hepatocytes (Fig. 3).

1908 | www.pnas.org/cgi/doi/10.1073/pnas.0409808102

Discussion

Derived from an antimicrobial peptide, hepcidin appears to
assume twin roles in the regulation of iron homeostasis (9). On
one hand, it regulates the total body iron content. Animals that
are loaded with iron produce increased amounts of hepcidin,
which serves to inhibit absorption of iron from the bowel and
its release into the circulation from macrophages. The fact that
defects in hfe, tfr2, and hemojuvelin all result in suboptimal
hepcidin levels has led to the suggestion that the various
heritable forms of hemochromatosis (iron storage disease) are
due, at least in part, to the inability of iron to stimulate the
production of hepcidin (10-12). How iron overload stimulates
hepcidin production remains unknown; treatment of isolated
hepatocytes with iron (3, 6) or with iron-laden macrophages
(unpublished data) decreases hepcidin production.

On the other hand, hepcidin plays a role in the innate
immune system. For example, its production in experimental

Lee et al.
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The effect of aminoguanidine (AG), a nonspecific inhibitor of NOS, on hepcidin transcription in C57 BL, IL-6 /-, hfe /-, and tfr2-mutant mice. Each bar

represents the average results obtained from two to four samples of primary murine hepatocytes derived from the indicated strains of mice. Hatched bars

represent hepcidin transcription in the presence of the inhibitor.

animals is stimulated by inflammation caused by the injection
of endotoxin (3). It is likely that in this instance, hepcidin
serves to deprive invading microorganisms of iron, again by
inhibiting its absorption from the bowel and its release from
macrophages. More is known about the regulation of hepcidin
by inflammation than about its regulation by iron overload, but
many of the data are contradictory. It has been suggested that
the only cytokine that stimulates hepcidin production by
human hepatocytes (6) and in HepB3 cells (5) is IL-6 and that
IL-1 has no stimulatory effect, but we have shown that
IL-6-deficient mice retain the ability to respond to endotoxin
injections (7). It was suggested in one study that Afe™/~ mice
are unable to respond to endotoxin (13), but in other studies,
a normal response to endotoxin was documented in such
animals (7, 14).

The present study clarifies the spectrum of cytokines that have
the capacity to stimulate hepcidin transcription. We show that
hepcidin transcription was stimulated in murine hepatocytes not
only by IL-6 but also by IL-la and IL-1B. Indeed, hepcidin
stimulation by both forms of IL-1 was consistently greater than
stimulation by IL-6. When antibodies to these three cytokines
were added to macrophage-conditioned media made in IL-67/~
mice, all stimulation of hepcidin transcription was abolished,
indicating that these cytokines are responsible for virtually all of
the stimulating effect of macrophage-conditioned media. IFN-f3
inhibited hepcidin transcription, confirming results previously
reported by Nemeth et al. (6). Afe and tfr2, each of which seems
to be required for the stimulation of hepcidin production by iron
overload, are not required for cytokine-stimulated signaling. The
response to cytokines in the ife™~ and #fr2 mutant hepatocytes
was unmistakable, but the degree of stimulation in these mutant
mice seemed to be modestly less than in the C57BIl6 control mice.
Although one cannot rule out with certainty that the response
may be slightly blunted in hepatocytes bearing these mutations,

Lee et al.

as has been suggested (13), the difference observed was small
and could easily have been due to strain differences or experi-
mental variation.

How cytokines simulate hepcidin transcription is unknown. The
cytokine that is most potent in up-regulating hepcidin, IL-1, has the
capacity to increase synthesis of nitric oxide (15, 16). Nitric oxide
can modulate iron homeostasis by increasing binding of iron
regulatory protein (IRP) 1 to its iron-responsive element (IRE)
targets and by accelerating the degradation of IRP2, preventing its
binding to its IRE targets. It therefore seemed possible that nitric
oxide might serve as a mediator in increasing hepcidin transcrip-
tion, common to both the iron-overload and inflammatory path-
ways. However, we found that the addition of aminoguanidine, a
nonspecific NOS inhibitor, had no effect on the stimulation of
hepcidin transcription in hepatocytes.

The previous reports that found IL-1 does not stimulate
hepcidin transcription were based on studies carried out in
human primary hepatocytes or in a human hepatocyte cell line,
but we regard it unlikely that a major species difference exists.
We have observed that HepG2 cells show a response to IL-1;
it is a smaller response than that observed in primary murine
hepatocytes, but immortalized hepatocytes cell lines, in gen-
eral, respond less robustly to cytokine stimulation than do
primary cultures (unpublished data). Northern blots from
human hepatocytes published previously do show stimulation
of hepcidin production by IL-1« at 24 h (6). It was suggested
that this IL-1 effect was an indirect one, IL-1 having stimulated
hepatocytes to produce IL-6 (6). Our studies show clearly that
indirect stimulation of IL-6 by IL-1 is not the case. A robust
IL-1 stimulating effect was demonstrated by using IL-67/~
cells; such cells could not have produced IL-6. Moreover, the
addition of anti-IL-6 antibody did not ablate the IL-1 effect.
IL-1 induces hypoferremia (17), up-regulates ferritin (18), and
has been thought to play a primary role in the anemia of
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chronic inflammation (8). It may well be that it is stimulation
of hepcidin by IL-1 that plays a more important role in the
anemia of inflammation than does IL-6.
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