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Inflammation influences iron balance in the whole organism. A
common clinical manifestation of these changes is anemia of
chronic disease (ACD; also called anemia of inflammation).
Inflammation reduces duodenal iron absorption and increases
macrophage iron retention, resulting in low serum iron
concentrations (hyposideremia). Despite the protection
hyposideremia provides against proliferating microorganisms,
this ‘iron withholding’ reduces the iron available to maturing red
blood cells and eventually contributes to the development of
anemia1. Hepcidin antimicrobial peptide (Hamp) is a hepatic
defensin-like peptide hormone2,3 that inhibits duodenal iron
absorption and macrophage iron release4–7. Hamp is part of the
type II acute phase response8 and is thought to have a crucial
regulatory role in sequestering iron in the context of ACD7,9.
Mice with deficiencies in the hemochromatosis gene product,
Hfe, mounted a general inflammatory response after injection of
lipopolysaccharide but lacked appropriate Hamp expression and
did not develop hyposideremia. These data suggest a previously
unidentified role for Hfe in innate immunity and ACD.

Hamp expression is induced in response to iron overload and inflam-
mation4,6. Hfe is known to be required for this induction in response
to iron overload10,11, and we tested whether it is also required for
induction of Hamp in response to inflammation. We used Hfe-defi-
cient mice homozygous with respect to either a null allele of Hfe
(Hfe–/–) or the 882G→A mutation (Hfe882A/882A), which is ortholo-
gous to the hereditary hemochromatosis founder mutation in humans
(845G→A in HFE)12. We treated 8-week-old female 129S6/SvEvTac
wild-type or Hfe-deficient mice with 5 µg of lipopolysaccharide (LPS)
to elicit the acute phase response and then killed the mice after 1.5 h.
Northern-blot analysis of liver total RNA confirmed that Hamp
expression was induced by a factor of 1.8 in wild-type mice treated
with LPS (Fig. 1). In Hfe-deficient mice (Fig. 1), Hamp expression was

not substantially induced in response to LPS, suggesting that Hfe is
required to mediate an appropriate Hamp response to inflammation.

Tumor necrosis factor-α (Tnf) and Interleukin-6 (Il6) are proin-
flammatory cytokines that are induced in response to LPS. They trig-
ger the expression of acute phase genes13. Il6 induces Hamp expression
in isolated hepatocytes8. To determine whether the type I and type II
acute phase responses14,15 were intact in Hfe–/– mice, we assayed Tnf
and Il6 expression by enzyme-linked immunosorbent assays (ELISAs)
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Figure 1  Hamp expression is not increased in response to LPS in Hfe-deficient
mice. We used northern blotting to analyze Hamp expression in the livers of 8-
week-old female mice that were untreated or treated with LPS (n = 4 mice in
each group), compared the amounts of Hamp and Gapd mRNA and plotted
this ratio. Bars represent s.d. Hamp expression was 1.8 times higher in wild-
type (WT) mice but not in Hfe-deficient mice 1.5 h after treatment with LPS.
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in 8-week-old female mice either left untreated or treated with LPS
and killed after 1.5 h (Fig. 2a,b). As in wild-type mice, Tnf expression
was more than 275 times higher (Fig. 2a) and Il6 expression was more
than 775 times higher (Fig. 2b) in Hfe–/– mice in response to LPS. We
confirmed this induction of Tnf and Il6 by quantitative RT-PCR (Fig.
2c,d). These data suggest that LPS is equally efficient at cytokine
induction in Hfe-deficient and wild-type mice. Therefore, the lack of
appropriate Hamp expression in Hfe-deficient mice is not due to an
insufficient acute phase response. More importantly, these data indi-
cate that Hfe acts downstream, or independent of, Il6 in the inflamma-
tory cascade that induces Hamp expression.

LPS-induced inflammation mimics ACD in that it induces

hyposideremia in mice16. To assay for hyposideremia, we analyzed serum
iron concentrations in 8-week-old female mice treated with LPS. Serum
iron concentrations were not substantially lower in wild-type or Hfe-
deficient mice 1.5 h after LPS treatment (data not shown). But 24 h after
treatment with LPS, serum iron concentrations in wild-type mice
dropped significantly from 185 mg dl–1 to 99 mg dl–1 (Table 1). Il6 and
Tnf levels returned to baseline 24 h after treatment in wild-type mice,
and Hamp expression was no longer increased (data not shown).
Transferrin (Trf) saturation decreased from 68% to 39% in wild-type
mice 24 h after treatment with LPS (Table 1), owing to the decrease in
serum iron concentration; accordingly, the total iron binding capacity
did not change significantly (Table 1). In contrast to wild-type controls,
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Figure 2 Tnf and Il6 levels increase in
response to LPS in wild-type and Hfe–/– mice.
We assayed cytokine expression in the serum of
8-week-old female mice that were untreated or
treated with LPS and killed after 1.5 h. WT,
wild-type. In each panel, bars represent s.d.
(a) Because Tnf expression in untreated mice
was less than the lowest standard of 23.4 pg
ml–1, we used the concentration of the lowest
standard to calculate significance of
differences between untreated and LPS-treated
mice (n = 4 in each group). Tnf levels
increased to 7,673.4 pg ml–1 in wild-type mice
treated with LPS and to 6,473.0 pg ml–1 in
Hfe–/– mice treated with LPS. (b) Il6 levels
increased from 39.4 pg ml–1 to 30,823.9 pg
ml–1 in wild-type mice treated with LPS and
from 41.2 pg ml–1 to 29,062.8 pg ml–1 in
Hfe–/– mice treated with LPS. n = 4 in each
group. (c) We further assessed Tnf mRNA
expression by quantitative RT-PCR. Tnf mRNA
expression increased by a factor of 30.5 in
wild-type mice treated with LPS, by a factor of
82.3 in Hfe–/– mice treated with LPS and by a
factor of 99.1 in mutant Hfe882A/882A mice
treated with LPS. n = 4–6 in each group.
(d) We further assessed Il6 mRNA expression
by quantitative RT-PCR. Il6 mRNA expression
increased by a factor of 7.1 in wild-type mice
treated with LPS, by a factor of 8.9 in Hfe–/–

mice treated with LPS and by a factor of 13.3
in Hfe882A/882A mice treated with LPS. n = 4–6
in each group.

Table 1  Serum and tissue iron concentrations

Genotype Treatment Serum iron (mg dl–1) TIBC (mg dl–1) Trf saturation (%) Liver iron (mg per g wet tissue)

Wild-type Untreated (n = 9) 185 ± 74 243 ± 70 68 ± 16 185 ± 17

LPS (n = 8) 99 ± 50 249 ± 62 39 ± 12 196 ± 26

P (untreated versus <0.001 0.802 <0.001 0.340
LPS-treated wild-type mice)

Hfe–/– Untreated (n = 12) 233 ± 65 246 ± 71 93 ± 10 780 ± 208

P (untreated wild-type 0.036 0.877 <0.001 <0.001
versus untreated Hfe–/– mice)

LPS (n = 13) 216 ± 47 263 ± 34 79 ± 13 987 ± 406

P (untreated versus 0.285 0.353 <0.001 0.123
LPS-treated Hfe–/– mice)

We measured iron parameters (mean ± s.d.) in 8-week-old female mice that were untreated or treated with LPS and analyzed after 24 h. Serum iron concentrations decreased
significantly in response to LPS in wild-type mice but not in Hfe–/– mice. Trf saturation decreased substantially in response to LPS in wild-type mice and, to a lesser extent, in
Hfe–/– mice. In wild-type mice, this was attributable to decreased serum iron, but in Hfe–/– mice, it resulted from an increase in total iron binding capacity. We observed no change
in liver nonheme iron concentration during this relatively short time course. The increased nonheme liver iron concentrations in Hfe–/– mice are consistent with the hereditary
hemochromatosis phenotype12,30.
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Hfe–/– mice did not develop hyposideremia in
response to LPS (Table 1). Hfe–/– mice had
higher Trf saturation than wild-type mice
(Table 1), as previously reported12. Trf satura-
tion decreased from 93% to 79% (Table 1) 24 h
after treatment with LPS, and unlike in wild-
type mice, this decrease was due to an LPS-
induced increase in total iron binding capacity
from 246 mg dl–1 to 263 mg dl–1. A cytokine-
induced increase in serum Trf has been
reported previously in mice17. We did not
observe a significant change in liver nonheme
iron concentrations in either group of mice
after treatment with LPS. As expected12, liver
nonheme iron concentrations were signifi-
cantly higher in Hfe–/– mice than in wild-type
mice (Table 1). Our results suggest that Hamp
mediates hyposideremia in response to inflam-
mation in an Hfe-dependent manner. The
changes in iron cycling that we attribute to
Hamp persist even after Hamp expression has
returned to basal levels.

To test whether differential expression of
other iron metabolic genes is required for the
induction of hyposideremia, we treated 8-
week-old female mice with LPS, killed them
after 1.5 h and analyzed liver-derived cDNA
by microarray. We interrogated multiple
genes involved in iron metabolism, oxidative
stress, hypoxia and inflammation using
IronChip (version 4.0), a sensitive and accu-
rate cDNA-based microarray platform for
analyzing mouse tissue samples11. Gene sym-
bols and accession numbers are given in the
Methods section and in Table 2, and specific
changes in gene expression are given in
Supplementary Table 1 online.

The gene-response patterns of wild-type and Hfe-deficient mice
treated with LPS were similar and consistent with innate immunity and
stress responses (Fig. 3). Expression of Tnf and genes that are induced by
or participate in feedback loops with Tnf increased in response to LPS,
independent of genotype. Expression of hepatic Tlr2 (encoding toll-like
receptor 2) mRNA increased in mice treated with LPS, consistent with a
response to Tnf and Il6 (ref. 18) and signaling through the LPS receptor
Tlr4 (ref. 19). Other Tnf-induced genes were Zfp36 (encoding zinc finger
protein 36), Jun, Hmox1 (encoding heme oxygenase 1) and Mt1 and Mt2
(encoding metallothionein 1 and 2). Stress-induced genes included Ldh1
(encoding lactate dehydrogenase 1) and Por (encoding NADH
cytochrome P450 oxidoreductase). Arntl (encoding aryl hydrocarbon
receptor, nuclear translocator-like) and Clock (encoding circadian loco-
moter output cycles kaput), two genes that regulate circadian rhythm,
were downregulated in response to LPS in wild-type and Hfe-deficient
mice. We observed no substantial changes in expression of Slc39a1
(encoding solute carrier 39a1), Slc11a2 (encoding solute carrier 11a2),
Heph (encoding hephaestin), Cp (encoding ceruloplasmin), Hfe, Trfr2
(encoding transferrin receptor 2), Ftl or Fth (encoding light or heavy
chains of ferritin) mRNA in wild-type and Hfe-deficient mice treated
with LPS (Supplementary Table 1 online). Expression of Trfr (encoding
transferrin receptor) mRNA was lower in Hfe-deficient mice, regardless
of LPS treatment, probably owing to regulation by the iron-responsive
element in response to hepatic iron overload11. These findings suggest

Table 2  Accession numbers

Mouse GenBank Human Mouse
gene symbol accession number gene symbol gene name

Arntl AB014494 ARNTL Aryl hydrocarbon receptor,
nuclear translocator-like

Clock AF000998 CLOCK Circadian locomoter output
cycles kaput

Cp U49430 CP Ceruloplasmin

Fth X12812 FTH1 Ferritin, heavy chain

Ftl J04716 FTL Ferritin, light chain 1

Hamp AF297664 HAMP Hepcidin, antimicrobial
peptide

Heph AF082567 HEPH Hephaestin

Hfe U66849 HFE Hemochromatosis

Hmox1 M33203 HMOX1 Heme oxygenase

(decycling) 1

l6 X54542 IL6 Interleukin 6

Jun J04115 JUN Jun oncogene

Lcn2 X14607 LCN2 Lipocalin 2

Ldh1 U13687 LDHA Lactate dehydrogenase 1,
A chain

Mt1 AK007983 MT1A Metallothionein 1

Mt2 AA409533 MT2A Metallothionein 2

Por D17571 POR NADH cytochrome P450
oxidoreductase

Slc11a2 AA463173 SLC11A2 Solute carrier 11a2;
Nramp2; DMT1

Slc39a1 AF231120 SLC40A1 Solute carrier 39a1; Ireg1;
Ferroportin

Tlr2 BC014693 TLR2 Toll-like receptor 2

Tnf NM_013693 TNF Tumor necrosis factor alpha

Trf AF440692 TF Transferrin

Trfr X57349 TFRC Transferrin receptor

Trfr2 AF207741 TFR2 Transferrin receptor 2

Zfp36 M57422 ZFP36 Zinc finger protein 36

L E T T E R S

that Hfe-deficient mice mount a general inflammatory response to LPS
without an alteration in the expression of many key iron metabolic genes.

Both Hamp and lipocalin-2 (Lcn-2) have been postulated to be
involved in ACD20,21. Hamp blocks cellular iron egress5,9 and Lcn-2
may reduce free iron and participate in siderophore-mediated iron
uptake22,23. Hamp expression was not substantially higher in Hfe–/–

mice treated with LPS (Figs. 1 and 3), but Lcn2 expression increased in
an Hfe-independent fashion (Fig. 3). This difference further distin-
guishes Hamp expression from the general inflammatory response.

In the past, it has been difficult to differentiate between factors that
induce inflammation and factors that induce hyposideremia in response
to inflammation. For example, antibodies against Tnf can ameliorate
the anemia associated with rheumatoid arthritis, but they also reduce
the severity of the underlying inflammatory condition24. Hfe–/– mice
allow us to uncouple inflammation and hyposideremia. Hfe–/– mice
mount the expected inflammatory response to LPS but do not develop
hyposideremia. We attribute this difference to inappropriately low
expression of Hamp. These data suggest a new role for Hfe as a mediator
of innate immunity by regulating Hamp in response to inflammation.
Inhibition of HFE function may be a new therapeutic approach to treat-
ing ACD, particularly because inhibition of Hfe and Hamp expression
does not abrogate the full inflammatory response. Decreased HFE activ-
ity and decreased HAMP expression are unlikely to have deleterious
consequences in the short term, although longstanding iron overload
has been associated with an increased incidence of infection25.
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METHODS
Animal care. The Hfe–/– and Hfe882A/882A mice that we used in this study have
been previously described12. All mice were born and housed in the barrier facil-
ity at Children’s Hospital (Boston, Massachusetts, USA). We weaned pups at
∼21 days and maintained them on Prolab RMH 3000 LabDiet (PMI
Richmond), which has 380 parts per million of iron. All of our mouse proce-
dures are in compliance with the guidelines of the Institutional Animal Care
and Use Committee at Children’s Hospital, Boston.

Induction of inflammation. We gave mice one intraperitoneal injection of 5 µg
of LPS (serotype O111:B4; Sigma) in pyrogen-free phosphate-buffered saline
(Invitrogen). We killed the mice 1.5 h (ref. 4) or 24 h after injection and col-
lected tissues for extraction of RNA. Alternatively, we extracted blood from the
mice to collect serum for ELISA and serum iron assays and then killed them
and collected liver for analysis of nonheme iron.

RNA preparation. We collected liver tissue and immediately stored it in
RNAlater (Ambion). Then we transferred the tissue from the RNAlater to 5 ml
of Trizol (Invitrogen) and homogenized it three times for 20 s each using a

Polytron PT2100 (Novodirect). We extracted RNA according to the manufac-
turer’s instructions.

Northern-blot analysis. We separated 10 µg of total RNA from individual Hfe-
deficient or wild-type mice on a 1% formaldehyde agarose gel and blotted it
onto a Nylon membrane (Nytran N; Schleicher and Schuell). We hybridized the
membrane to radioactively labeled probes specific for Hamp and Gapd mRNA.
We quantified the signals on a fluoroimager (Molecular Dynamics, now
Amersham Biosciences).

Quantitative RT-PCR. We denatured 1 µg of total RNA at 70 °C for 10 min
in the presence of 70 pmol of oligo d(T) and then chilled it on ice. We syn-
thesized cDNA using the Superscript II First Strand Synthesis System
(Invitrogen) in a 20-µl reaction. We carried out an identical reaction without
reverse transcriptase to verify the absence of genomic DNA. We conducted
PCR on duplicate samples using the 2× SYBR Green PCR Master Mix
(Applera), 1 µl of cDNA reaction, and 0.3 µM of each primer using an ABI
PRISM 7000 Sequence Detection System (Applied Bioscience) with the fol-
lowing cycle parameters: 50 °C for 2 min, 95 °C for 10 min and 40 cycles of
15 s at 95 °C and 1 min at 60 °C (for Il6 and Gapd) or 65 °C (for Tnf). Primer
sequences are available on request.

ELISA. We carried out ELISAs for Il6 and Tnf (R&D Systems) according to the
manufacturer’s instructions.

Iron assays. We assayed serum iron concentrations using the Serum Iron/UIBC
kit (ThermoDMA) according to the manufacturer’s instructions and nonheme
liver iron concentrations as previously described26.

cDNA microarray analysis. The mouse IronChip (Version 4.0) contains 365
genes that encode proteins that are directly involved in iron metabolism or in
interlinked pathways such as copper metabolism, nitric oxide metabolism,
inflammation or the oxidative stress pathway. We verified the sequences of
all genes represented on our arrays from both ends. We spotted each gene at
least six times in different locations of the chip, and many genes are repre-
sented by up to five independent cDNA clones. This redundancy, together
with the use of positive (spike-in) controls and negative controls in every
subgrid of the array, assures high data quality27,28. Redundancy of the genes
at different positions of the microarray also assures that we can accurately
recognize small changes in gene expression. We described technical details of
the microarray analysis elsewhere28,29. We also previously described the use
of negative hybridization controls to determine the background noise of a
microarray experiment and the use of spike-in controls to determine signifi-
cant ratio cut-off values28,29.

Table 2 summarizes the gene symbols mentioned in the text or shown in the
figures; it includes the gene name according to the International Committee on
Standardized Genetic Nomenclature for Mice or the Human Genome
Organization Gene Nomenclature Committee, the GenBank accession num-
bers and the common gene name.

Experimental strategy. We pooled total RNA from four to six experimental
mice, and analyzed it in comparison with pooled total RNA from the same tis-
sue from four wild-type mice on the IronChip. We incorporated Cy3 fluores-
cent dyes into the cDNA synthesized from total RNA from wild-type mice and
Cy5 fluorescent dyes into cDNA synthesized from total RNA from the experi-
mental mice, or vice versa (dye switch). We scored only those genes that were
differentially expressed in a consistent way in both experiments. We analyzed
the data in Excel (Microsoft). For each individual chip, we averaged all spots
representing one cDNA. For genes represented by multiple cDNA clones on the
microarray platform, we calculated the average of ratios and their standard
deviation. Finally, we averaged the ratios of those genes that were scored as dif-
ferentially expressed in each dye switch experiment.

Statistics. We calculated all P values using Student’s t-test using Microsoft Excel.

URL. The complete list of genes and corresponding gene accession numbers is
available at http://www.embl-heidelberg.de/ExternalInfo/hentze/suppinfo.html.
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Figure 3 Gene expression profile of wild-type (WT) and Hfe-deficient mice
treated with LPS. We analyzed pools of total liver RNA from six Hfe–/– mice,
six Hfe882A/882A mice or four wild-type mice challenged with LPS on
IronChip (version 4.0) in comparison with pooled total liver RNA from four
untreated isogenic wild-type mice. Genes that were differentially expressed
between the different mice are listed. For brevity, we omitted some genes of
lesser importance. The average expression changes of all differentially
expressed genes with their respective standard deviations are shown in
Supplementary Table 1 online.

©
20

04
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/w

w
w

.n
at

u
re

.c
o

m
/n

at
u

re
g

en
et

ic
s



L E T T E R S

Accession numbers. GenBank: Gapd, M32599. ArrayExpress: microarray chip,
features, location, associated sequences and annotation., A-MEXP-61; samples,
treatments and results (raw and normalized data), E-MEXP-95.

Note: Supplementary information is available on the Nature Genetics website.
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