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Hypoferremia, associated with immune system activation, involves a marked reduction in the levels of
circulating iron, coupled with iron sequestration
within macrophages. Toll-like receptor (TLR) signaling plays an important role in the development of the
hypoferremic response, but how downstream signaling events affect genes involved in iron metabolism is
incompletely understood. We investigated the involvement of MyD88-dependent (MyD88) and MyD88independent (TRIF) TLR signaling in the development
of hypoferremia. Using MyD88-deficient and TRIF-deficient mice, we show that MyD88 and TRIF signaling
pathways are critical for up-regulation by lipopolysaccharide (LPS) of the iron regulator hepcidin. In
addition, MyD88 signaling is required for the induction of lipocalin 2 secretion and iron sequestration in
the spleen. Activation of TLR4 and TLR3 signaling
through LPS and polyinosinic:polycytidylic acid
[poly(I:C)] treatments resulted in rapid down-regulation of HFE protein [encoded by the hemochromatosis gene (Hfe)] and ferroportin [encoded by solute
carrier family 40 (iron-regulated transporter), member 1 (Slc40a1)] expression in the spleen, independent of MyD88 or TRIF signaling and proinflammatory cytokine production. However, lack of MyD88
signaling significantly impaired the hypoferremic response triggered by LPS, indicating that ferroportin
and HFE protein down-regulation alone are insufficient to maintain hypoferremia. The extent of the
hypoferremic response was found to be limited by
initial, basal iron levels. Together, these results suggest
that targeting specific TLR signaling pathways by affecting the function of adaptor molecules may provide new
strategies to counteract iron sequestration within mac-
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rophages during inflammation. (Am J Pathol 2012, 180:
2340–2350; http://dx.doi.org/10.1016/j.ajpath.2012.01.046)

Inflammation is viewed as a protective response by the
body necessary to remove, control, or neutralize injurious
stimuli.1 Examples of harmful stimuli that can trigger an
acute inflammatory response include invading pathogens, damaged cells, and irritants. Acute inflammation is
triggered by the innate immune system, which represents
the first line of defense in response to invading pathogens or tissue damage and plays a major role in host
defense.2 The innate immune response is activated
through germline-encoded receptors, called pattern recognition receptors (PRRs). The PRRs recognize molecular patterns conserved throughout evolution in a wide range of
microorganisms; these patterns are collectively termed
pathogen-associated molecular patterns (PAMPs). Among
the best characterized PRR families are the Toll-like receptors (TLRs), which are responsible for sensing invading
pathogens both outside the cell and in intracellular endosomes and lysosomes.2 Each TLR recognizes specific
PAMPs. For example, together with myeloid differentiation factor 2 (MD2), TLR4 recognizes extracellular lipopolysaccharide (LPS), which is a component of the outer
membrane of Gram-negative bacteria. In addition, TLR4
is also involved in the recognition of viruses by binding to
viral envelope proteins. TLR3 detects viral doublestranded RNA (dsRNA) in the endolysosome and is involved in the recognition of polyinosinic:polycytidylic acid
[poly(I:C)], a synthetic dsRNA analog.
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After ligand binding, TLRs dimerize and undergo a
conformational change required for the recruitment of
downstream signaling molecules, which include a variety
of adaptor molecules. Two major pathways have been
identified, based on the usage of the distinct adaptor
molecules MyD88 and TIR domain-containing adaptor
inducing IFN-␤ (TRIF; alias TICAM-1).2 The MyD88 adaptor protein is essential for the downstream signaling of
most TLRs. One exception is TLR3, which recruits TRIF
adaptor protein in response to stimulation with dsRNA.
The end result of these signaling cascades is the stimulation of gene expression and subsequent activation of
antimicrobial and inflammatory activities.
Several of the genes that modify their expression levels
during the TLR-mediated innate immune response are
intrinsically linked to the control of iron metabolism. They
are involved in the regulation of cellular iron uptake, release, and storage and play a pivotal role in the hypoferremic response.3 The hypoferremic response involves a
marked reduction in the levels of extracellular iron associated with circulating iron levels and has been regarded
as an important defense mechanism by which the host
limits iron acquisition by invading pathogens. Iron is sequestered within macrophages during the hypoferremic
response, resulting in limited iron availability for erythropoiesis.3 Although a transient hypoferremic response
may be viewed as beneficial, long-term iron sequestration within macrophages becomes a critical factor contributing to the development of anemia of chronic disease
or anemia of inflammation.4 Anemia of chronic disease is
frequently found in patients with infections, malignancies,
and autoimmune disorders and can substantially contribute to the morbidity of the underlying disease. In many
instances, anemia of chronic disease is a predictor of
adverse outcomes.
Mechanistically, iron diversion from the circulation into
storage has been attributed to the production of proinflammatory cytokines such as TNF-␣ and IL-6 after immune activation.3 These proinflammatory cytokines regulate the levels of several iron metabolism genes,
including the transferrin receptor (an iron importer),5,6
ferroportin (an iron exporter),7–9 and ferritin (an iron storage protein).10 Ferroportin binds to hepcidin, an antimicrobial peptide11,12 that induces ferroportin endocytosis
and degradation.13 Hepcidin thus plays a pivotal role in
controlling iron efflux from macrophages during the hypoferremic response.
In previous studies, we found that mice deficient in
TLR4 are unable to regulate hepatic hepcidin expression
in response to LPS, indicating that hepcidin induction in
the liver is dependent on the signaling pathways mediated by TLR4.14 TLR4-deficient mice retained the ability
to mount a hypoferremic response, however, which suggests that acute changes in iron homeostasis elicited by
LPS may occur through both TRL4-dependent and TRL4independent mechanisms.15 These studies led us to ask
whether genes involved in iron metabolism may be regulated via divergent adaptor proteins and downstream
signaling pathways triggered by TLR ligands.
In the present study, to gain further insight into the
mechanisms involved in the acute hypoferremic re-

sponse, we investigated the role of the alternative TLR
adaptors MyD88 and TRIF, by using MyD88⫺/⫺ and TRIFdeficient mice. In addition, HFE protein and lipocalin-2
(Lcn2), two important proteins in iron metabolism16,17
and iron sequestration during infection,18,19 were also
examined for their potential role during the acute hypoferremic response using Hfe⫺/⫺ and Lcn2⫺/⫺ mice.

Materials and Methods
Animals
All procedures were performed in accordance with the
Canadian Council on Animal Care guidelines after approval by the institutional Animal Care Committee of the
CHUM Research Center. C57BL/6 (B6) WT (WT) female
mice aged between 6 and 8 weeks were purchased from
Charles River Laboratories (Wilmington, MA). TRIF-deficient mice (C57BL/6J-Ticam1Lps2/J) were purchased
from Jackson Laboratories (Bar Harbor, ME). MyD88⫺/⫺
mice and Lcn2⫺/⫺ mice with the B6 genetic background
were kindly provided by Dr. Shizuo Akira (Research Institute for Microbial Diseases, Osaka University, and Japan Science and Technology Agency, Tokyo, Japan) and
were maintained as described previously.18,20 Hfe⫺/⫺
mice in the 129/SvEvTac background were kindly provided by Dr. Nancy C. Andrews (Howard Hughes Medical Institute and Harvard Medical School, Children’s Hospital, Boston, MA)21 and were backcrossed onto the B6
background for 10 generations at our animal facility.14 All
animals used in the experiments were female and were
permanently housed under specific pathogen-free conditions.

Animal Treatments
Mice were fed a commercial diet (Teklad Global 18%
protein rodent diet; Harlan Teklad, Madison, WI). Where
indicated, dietary iron overload was produced by giving
8-week-old mice the same commercial diet supplemented with 2.5% (w/w) carbonyl iron (Sigma-Aldrich, St.
Louis, MO) for 2 weeks.22
Acute inflammation was produced by a single intraperitoneal injection of different TLR ligands: LPS, poly(I:C), or
zymosan. The LPS (Escherichia coli serotype 055:B5; 1
g/g unless otherwise indicated) was purchased from
Sigma-Aldrich); Sterile poly(I:C), 12.5 g/g (Endotoxin
level: EndoFit ⬍ 0.001 endotoxin units (EU)/g endotoxin); and zymosan (250 g/g; Endotoxin level: EndoFit ⬍
0.001 EU/g endotoxin) were purchased from InvivoGen
(San Diego, CA). In other experiments, mice were injected
with recombinant mouse IL-6 (1 g/g i.p.; Cedarlane Laboratories, Burlington, ON, Canada). Control mice were injected with an equivalent volume of sterile saline solution
(0.9% NaCl).

IL-6 Assay
IL-6 protein levels in serum were measured using mouse
IL-6 enzyme-linked immunosorbent assay kits according
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to the manufacturer’s instructions (R&D Systems, Minneapolis, MN).

SDS-PAGE and Western Blot Analysis
Protein concentrations were measured using a Pierce
BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL). Equivalent amounts of protein from tissue extracts were loaded to perform electrophoresis. For analysis of Lcn2 in serum, 1.5 L of serum was boiled in
loading buffer containing 4% SDS, 20% glycerol, and
bromophenol blue for 5 minutes. Proteins were resolved
on 12% SDS-PAGE gels and then were transferred onto
nitrocellulose membranes (GE Healthcare; Amersham
Biosciences, Baie d’Urfé, QC, Canada). The membranes
were blocked with 5% nonfat dry milk solution and
incubated with antibodies against ferroportin (a kind
gift from Dr. Kostas Pantopoulos, McGill University),23
HFE protein (Alpha Diagnostic, San Antonio, TX), Lcn2
(R&D Systems), and ␤-actin (Abcam, Cambridge, MA).
To detect immunocomplexes formed, peroxidase-conjugated anti-rabbit IgG (Cell Signaling Technology, Danvers, MA), anti-mouse IgG (GE Healthcare, Little Chalfont, UK) or anti-goat IgG (R&D Systems) were used as
secondary antibodies. Staining intensity was developed
with an Amersham enhanced chemiluminescence system (GE Healthcare).

Quantitative RT-PCR
Total RNA from tissue samples was isolated by acid
phenol extraction24 (TRIzol; Invitrogen, Burlington, ON,
Canada) as recommended by the manufacturer, and reverse transcription was performed with an Omniscript
RT-PCR system (Qiagen, Mississauga, ON, Canada).
mRNA levels of selected genes were measured by realtime PCR with a Rotor Gene 3000 real-time DNA detection system (Montreal Biotech, Kirkland, QC, Canada)
and QuantiTect SYBR Green I PCR kits (Qiagen), as
described previously25 and using primer sequences
listed in Table 1. Expression levels were normalized to the
housekeeping gene ␤-actin (ACTB).

Serum Iron and Total Iron Binding Capacity
Serum iron and total iron-binding capacity were assessed by colorimetric assay with a Kodak Ektachem
DT60 system (Johnson & Johnson, Ortho Clinical Diagnostics, Mississauga, ON, Canada), and transferrin saturation was calculated from these data.22

Table 1.

Measurement of Iron Concentration in the
Spleen
Splenic iron concentration was assessed by acid digestion of tissue samples, followed by iron quantification with
atomic absorption spectroscopy.15

Statistical Analysis
All statistics were calculated using SigmaStat version 3.1
(Systat Software, Richmond, CA). Multiple comparisons
were evaluated by one-way analysis of variance, followed
by the Bonferroni multiple comparison test.

Results
TLR Agonists Trigger Hypoferremic Responses
in Mice
To investigate the involvement of TLRs and associated
signaling pathways in hypoferremia, we first studied hypoferremic responses to activation of TLR2 (MyD88 signaling), TLR3 (TRIF signaling), and TLR4 (MyD88 and
TRIF signaling) by treating mice with zymosan (TLR2
agonist), poly(I:C) (TLR3 agonist), or LPS (TLR4 agonist).
Serum iron levels and transferrin saturation were significantly lower in mice treated with TLR ligands, compared
with saline-treated controls (Figure 1, A and B). Thus,
stimulation with TLR ligands resulted in a significant reduction of circulating iron. These results indicate that
both MyD88 and TRIF signaling can generate an acute
hypoferremic response.

MyD88 Signaling Is Required for Sustained
LPS-Induced Hypoferremic Response
To further understand the involvement of MyD88 and
TRIF-mediated signaling in the hypoferremic response,
we next examined the role of these two major pathways
during LPS-induced acute hypoferremia using mice deficient in either MyD88 (MyD88⫺/⫺) or TRIF (Trif Lps2/Lps2)
protein. Mice were treated with LPS or saline solution,
and serum iron levels and transferrin saturation were
measured at 1.5, 3, 6, 12, and 24 hours after injection
(Figure 2, A and B). The hypoferremic response in
Trif Lps2/Lps2 mice was very similar to that observed in WT
mice, with a sharp drop in circulating iron that reached
maximum reduction at 6 hours after treatment and persisted for up to 24 hours. However, although MyD88⫺/⫺
mice responded with an initial drop of serum iron param-

Genes and Primer Sequences Used in Quantitative Real-Time PCR

Gene (protein)

Forward

Reverse

Actb (␤-actin)
Hamp (hepcidin)
Slc40a1 (ferroportin)
Hfe (HFE protein)
Lcn2 (lipocalin-2)

5=-TGTTACCAACTGGGACGACA-3=
5=-AGAGCTGCAGCCTTTGCAC-3=
5=-CCCATCCCCATAGTCTCTGT-3=
5=-TCTTGGATCCTCCACGTTTC-3=
5=-CCTCAAGGACGACAACATCA-3=

5=-GGTGTTGAAGGTCTCAAA-3=
5=-GAAGATGCAGATGGGGAAGT-3=
5=-CTTGCAGCAACTGTGTCACC-3=
5=-TCATCCACATAGCCCCTAGC-3=
5=-ACCCATTCAGTTGTCAATGC-3=
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Figure 1. Distinct TLR ligands trigger acute hypoferremia in mice. Serum iron levels (A) and transferrin saturation (B) were measured in WT mice at
6 hours after treatment with zymosan, poly(I:C), or
LPS. Data are expressed as means ⫾ SEM. Results
are representative of two similar experiments. *P
⬍ 0.05, **P ⬍ 0.001 versus saline-treated mice
(Ctrl). n ⫽ 6 mice per group.

eters up to 3 hours after LPS injection, they were unable
to sustain this response. In fact, serum iron levels in
MyD88-deficient mice started rising again after 3 hours and
even increased significantly above basal levels after 24
hours (P ⬍ 0.05). Thus, lack of MyD88 signaling significantly
impairs the hypoferremic response triggered by LPS.

Dual Signaling of MyD88 and TRIF Is Critical for
Activation of the Iron Regulator Hepcidin during
LPS-Induced Hypoferremia
Having established that MyD88 is important for maintaining low circulating iron levels during the acute response
to LPS, we investigated the mechanism associated with
the suppressed hypoferremic response in MyD88⫺/⫺
mice. To this end, we assessed levels of hepcidin, the
major regulatory hormone involved in iron metabolism.4
Hepcidin levels rose significantly in WT mice 3 and 6
hours after LPS treatment (Figure 2C), confirming previous work demonstrating the ability of LPS to induce hepcidin.14,26 Unexpectedly, both MyD88⫺/⫺ and Trif Lps2/Lps2
mice failed to up-regulate their hepatic hepcidin mRNA
levels, with hepcidin levels remaining constant for up to
24 hours.
To further confirm the need for both MyD88 and TRIF
signaling to activate hepcidin, we measured hepatic hepcidin levels in WT and MyD88⫺/⫺ mice stimulated with
poly(I:C) to activate the TRIF pathway. Poly(I:C) caused a
significant reduction in circulating iron, as judged by the
reductions in serum iron and transferrin saturation seen at
6 hours after injection (Figure 3, A and B). In the liver and

spleen, however, hepcidin mRNA levels remained unchanged in both mouse strains (Figure 3, C and D).
Taken together, these results indicate that signaling
through both adaptor molecules (ie, both MyD88 and
TRIF) is necessary to achieve hepcidin induction, suggesting that there may be hepcidin-independent pathways participating in the acute hypoferremic response
in mice.

IL-6 Production Is Suppressed in MyD88⫺/⫺
and Trif Lps2/Lps2 Mice, But the Ability to Induce
Hepcidin in Response to IL-6 Is Retained
Given that hepcidin elevation during inflammatory conditions has been shown to be mediated mainly by IL-6,27
we examined whether IL-6 production stimulated by LPS
in MyD88⫺/⫺ and Trif Lps2/Lps2 mice was compromised
and could thus explain the lack of hepcidin activation
in these mice. Serum IL-6 levels, which peaked at 6
hours after treatment in WT mice, were indeed severely
impaired in both MyD88⫺/⫺ and Trif Lps2/Lps2 mice
(Figure 4A), with the lowest levels being observed in
MyD88⫺/⫺ mice. Next, to test whether MyD88⫺/⫺ and
Trif Lps2/Lps2 mice maintain the ability to elevate hepcidin
in response to IL-6, we treated mice with recombinant
mouse IL-6. In all mouse strains, IL-6 treatment led to a
mild but significant decrease in circulating iron, as well as
to induction of hepcidin (Figure 4, B and C), indicating
that MyD88⫺/⫺ and Trif Lps2/Lps2 mice retain the ability to
regulate hepcidin levels in response to IL-6.

Figure 2. MyD88-deficient mice are unable to sustain the acute hypoferremic response induced by LPS. Serum iron levels (A), transferrin saturation (B), and
hepatic hepcidin mRNA levels (C) were measured in WT, MyD88⫺/⫺, and Trif Lps2/Lps2 mice at 1.5, 3, 6, 12, and 24 hours after LPS or saline (Ctrl) injection. Data
are expressed as means ⫾ SEM. Results are representative of three independent experiments. *P ⬍ 0.05, **P ⬍ 0.001 versus saline-treated mice (Ctrl). †P ⬍ 0.001
MyD88⫺/⫺ versus WT or Trif Lps2/Lps2 mice. n ⫽ 4 mice per group.
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Figure 3. TLR3 activation induces acute hypoferremia in WT and MyD88⫺/⫺ mice without hepcidin induction. Serum iron levels (A), transferrin saturation (B),
and hepcidin mRNA levels in liver (C) and in spleen (D) of WT and MyD88⫺/⫺ mice were measured at 1.5, 3, and 6 hours after saline (Ctrl) or poly(I:C) treatment.
Data are expressed as means ⫾ SEM. Results are representative of three similar experiments. *P ⬍ 0.05, **P ⬍ 0.001 versus saline-treated mice (Ctrl). n ⫽ 4 mice
per group.

Suppression of the Iron Exporter Ferroportin
by LPS Is Independent of MyD88 and TRIF
Signaling
Ferroportin, which is most likely the only cellular iron
exporter in mammals,28 also plays a major role during the
hypoferremic response.7–9 Ferroportin mRNA levels have
been reported to be down-regulated in macrophages
during inflammation, thereby limiting iron efflux and increasing iron sequestration within macrophages.29,30 We
therefore measured ferroportin levels during the acute
response to LPS in the spleen, a macrophage-rich organ
that expresses high ferroportin levels.8 Both WT and
MyD88⫺/⫺ mice exhibited a sharp reduction of mRNA
ferroportin expression between 1.5 and 12 hours after
LPS treatment (Figure 5A). Furthermore, ferroportin protein levels also decreased in the spleens of both WT and
MyD88⫺/⫺ mice (Figure 5, B–D). To further investigate the
requirement for TRIF signaling for ferroportin mRNA
down-regulation, we elicited TRIF signaling through TLR3
by treating WT and Trif Lps2/Lps2 mice with poly(I:C). Both
mouse strains were able to significantly down-regulate
ferroportin mRNA in the spleen at 6 hours after poly(I:C)
injection (Figure 5E). Taken together, these results indicate that ferroportin down-regulation during acute hypoferremia is independent of MyD88 or TRIF signaling.
Next, we measured iron concentrations in the spleen,
which represents a major site of iron storage during in-

flammation.31 Iron levels rose significantly in WT and
Trif Lps2/Lps2 mice at 12 and 24 hours after LPS injection,
albeit to a lesser extent in Trif Lps2/Lps2 mice at 24 hours,
compared with WT mice, but remained unchanged in
MyD88⫺/⫺ mice (Figure 5F).

The Hereditary Hemochromatosis Gene (Hfe) Is
Down-Regulated during the Acute Hypoferremic
Response without Requiring MyD88 and TRIF
Signaling
HFE protein is involved in cellular iron uptake, at least in
cell culture models,16,17 through regulation of transferrin
receptor 1 (TfR1)-mediated uptake of transferrin-bound
iron,32 as well as in iron release.33 Because hypoferremia
is associated with removal of iron from circulation, we
reasoned that HFE protein may participate in the development of hypoferremia by enhancing the ability of macrophages to take up iron via their interaction with TfR1.
We therefore investigated whether HFE protein levels
change in the spleens of mice treated with LPS. Hfe
mRNA and HFE protein levels in the spleen were significantly down-regulated in both WT and MyD88⫺/⫺ mice
(Figure 6, A and B). Similarly, poly(I:C) treatment significantly reduced Hfe mRNA expression in the spleen of
both WT and Trif Lps2/Lps2 mice (Figure 6C). These results
suggest that, similarly to ferroportin, HFE protein down-

Figure 4. MyD88⫺/⫺ and Trif Lps2/Lps2 mice fail to produce IL-6 after LPS treatment, but retain the ability to respond to IL-6 stimulation. A: IL-6 serum levels in
WT, MyD88⫺/⫺, and Trif Lps2/Lps2 mice were measured at 1.5, 3, 6, 12, and 24 hours after LPS or saline (Ctrl) injection. Results are representative of three
independent experiments. Serum iron levels (B) and hepcidin mRNA levels in the liver (C) of WT, MyD88⫺/⫺, and Trif Lps2/Lps2 mice were measured at 3 hours
after saline (Ctrl) or IL-6 treatment. Data are expressed as means ⫾ SEM. *P ⬍ 0.05, **P ⬍ 0.001 versus saline-treated mice (Ctrl); †P ⬍ 0.05 WT versus MyD88⫺/⫺
or Trif Lps2/Lps2 mice. n ⫽ 4 mice per group.
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Figure 5. MyD88 and TRIF signaling are not
required for ferroportin down-regulation, but
MyD88 is critical for iron storage in the spleen.
Ferroportin mRNA (A) and protein levels (B) in
the spleen of WT and MyD88⫺/⫺ mice treated
with saline (Ctrl) or LPS. Ferroportin protein expression levels were calculated relative to ␤-actin in WT (C) and MyD88⫺/⫺ (D) mice using
Western blots from two independent experiments. E: Ferroportin mRNA levels in the spleen
of WT and Trif Lps2/Lps2 mice at 6 hours after
treatment with saline (Ctrl) or poly(I:C). Data are
expressed as means ⫾ SEM. Results are representative of three similar experiments. F: Splenic
iron concentration in WT, Trif Lps2/Lps2, and
MyD88⫺/⫺ mice was measured at 1.5, 3, 6, 12,
and 24 hours after LPS or saline (Ctrl) injection.
Data are expressed as means ⫾ SEM. Results are
representative of three similar experiments. *P ⬍
0.05, **P ⬍ 0.001 versus saline-treated mice (Ctrl).
n ⫽ 4 mice per group or time point.

regulation during the acute hypoferremic response
occurs independent of MyD88 and TRIF signaling
pathways.

The Reduction in Circulating Iron during the
Hypoferremic Response Is Limited by Basal
Iron Levels but Not by HFE Protein
To further elucidate the potential role of HFE protein during hypoferremia, we used Hfe⫺/⫺ mice and followed
their response to LPS treatment. Hfe⫺/⫺ mice retained the
ability to lower their circulating iron after LPS treatment,
albeit their serum iron values were consistently more elevated than those found in WT mice measured at the
same time point (Figure 6D). Because HFE-deficient mice
have higher basal levels of circulating iron than WT
mice, we wondered whether the inability of Hfe⫺/⫺
mice to reduce serum iron to approach values seen in
WT mice in response to LPS was due to their higher
initial iron levels. To address this question, we placed
WT mice on an iron-enriched diet for 2 weeks and then
treated them with LPS. Similarly to what we had observed in Hfe⫺/⫺ mice, iron-loaded WT mice were still
able to significantly reduce serum iron levels; however,
levels remained consistently above those observed in
mice that were not iron loaded (Figure 6D). Importantly,

when data were analyzed in terms of fold changes, the
reduction of serum iron levels was indistinguishable
among WT mice maintained on the standard diet, ironloaded WT mice, and Hfe⫺/⫺ mice (Figure 6E). These
results suggest that the initial, basal serum iron level
(rather than the absence of Hfe expression) is the principal factor determining the differences observed between WT and Hfe⫺/⫺ mice.

MyD88 Signaling Is Critical for the Induction of
the Iron Siderophore Binding Protein Lcn2
During bacterial infection, mammalian spleen and
macrophages synthesize abundant amounts of Lcn2,
an antimicrobial protein that has been shown to mediate an innate immune response to bacterial infection
by sequestering circulating iron.18,19 To determine
whether iron sequestration by Lcn2 may contribute to
the rapid drop in serum iron observed during acute
inflammation, we first measured splenic mRNA and
serum protein levels of Lcn2 in LPS-treated WT and
MyD88⫺/⫺ mice. Lcn2 production upon LPS stimulation
was severely impaired in MyD88-deficient mice (Figure
7, A and B), indicating that Lcn2 induction requires
MyD88 signaling.
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Figure 6. The role of HFE protein in the hypoferremic response. Hfe mRNA (A) and HFE protein levels (B) in the spleen of WT and MyD88⫺/⫺ mice treated with
saline (Ctrl) or LPS. C: Hfe mRNA levels in the spleen of WT and Trif Lps2/Lps2 mice at 6 hours after poly(I:C) treatment. Data are expressed as means ⫾ SEM. Results
are representative of three independent experiments. Serum iron levels were measured as concentration (D) and as fold change (E) at 1.5, 3, 6, 12, and 24 hours
after LPS (0.1 g/g) or saline (Ctrl) injection in WT and Hfe⫺/⫺ mice fed a standard diet and in WT mice fed a standard diet supplemented with 2.5% carbonyl
iron (WT ⫹ CI). Data are expressed as means ⫾ SEM. Results are representative of two similar experiments. *P ⬍ 0.05, **P ⬍ 0.001 versus saline-treated mice (Ctrl)
(A–D); †P ⬍ 0.05 WT versus WT ⫹ CI or Hfe⫺/⫺ mice (D). n ⫽ 4 mice per group (A–C); n ⫽ 6 mice per group (D and E).

Next, we sought to evaluate the importance of Lcn2 in
the acute hypoferremic response triggered by LPS by
using Lcn2-deficient mice. Serum iron levels in Lcn2⫺/⫺
mice were indistinguishable from those of WT mice
treated with LPS at each time point examined (Figure 7C).
Thus, Lcn2 is not involved in the acute hypoferremic
response elicited by LPS.
Taken together, these results show that Lcn2 is regulated by a pathway largely dependent on MyD88 signaling. In the absence of bacterial siderophores, however, Lcn2 does not participate in iron sequestration
during the acute hypoferremic response elicited by
LPS.

Discussion
The present study was undertaken to clarify the role
played by the TLR signal adaptor molecules MyD88
and TRIF in regulating the coordinated expression of
genes involved in iron metabolism during the acute
hypoferremic response. Here, we show that signaling
through TLRs leads to acute hypoferremia and that
mice with targeted disruption of MyD88 were unable to
maintain this hypoferremic response. Furthermore,
MyD88⫺/⫺ mice manifested impairment in appropriately regulating the expression of hepcidin and Lcn2,
as well as in the ability to store iron in the spleen during
hypoferremia.

Iron Uptake and HFE Protein-TfR1 Interaction
Here we show for the first time that Hfe expression in
the spleen is down-regulated during the acute hypoferremic response in vivo. Earlier studies have shown

that HFE protein and transferrin compete for the same
binding sites on TfR1,33,34 and that the expression of
Hfe in macrophages and monocytes inhibits iron uptake, an effect that depends on the ability of HFE
protein to bind to TfR1.33 Although it is difficult to
extrapolate these previous observations to in vivo systemic effects during inflammation, reduction of HFE
protein levels during hypoferremia may allow for more
iron-bound transferrin to associate with TfR1, thereby
enhancing the iron uptake capability of the cells. Thus,
our results may suggest a novel mechanism, HFE protein suppression, by which macrophages may enhance transferrin-mediated iron uptake during the hypoferremic response. The proposed role for HFE
protein in regulating in vivo iron uptake is in line with
recent studies showing that Hfe expression impairs iron
uptake in erythroid cells.35 Further investigations are
needed to understand whether the expression levels of
Hfe can affect iron uptake via TfR1 in macrophages in
response to inflammation.
TfR1, on the other hand, has been shown to be
up-regulated through a pathway dependent on NF-B
induction in the early phases of hypoferremia6 and
down-regulated at later stages by proinflammatory cytokines.5,36 HFE protein down-regulation was also observed in the MyD88-deficient mice (which have impaired NF-B activation and induction of NF-Bdependent proinflammatory cytokines37); this finding
suggests that HFE protein suppression in response to
inflammation is MyD88-independent. We also found
that HFE protein down-regulation is TRIF-independent,
because Trif Lps2/Lps2 mice treated with poly(I:C) also
down-regulate HFE protein expression in the spleen.
Ultimately, the coordinated up-regulation of TfR16 and
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additionally be affected by the standard commercial
diet used.27 Furthermore, our results suggest that only
a limited amount of iron can be removed from the
circulation during the immediate acute hypoferremic
response.

Iron Storage and Sequestration
The inability to maintain the hypoferremic response in
MyD88⫺/⫺ mice may be associated with failure to appropriately store iron in macrophages, judging from the
differences observed in iron accumulation in the
spleen, a response that we found to be dependent on
MyD88 signaling.
Lcn2, an important protein involved in iron sequestration, is rapidly induced on TLR activation by a pathway that we show here to be dependent on MyD88
signaling. Although iron sequestration by Lcn2 has
been shown to play an important role in limiting bacterial growth during the innate immune response,18
here we show that the hypoferremic response triggered by LPS is very similar in Lcn2-deficient and WT
mice. This result suggests that Lcn2 action during infection is directly related to its ability to bind ironloaded bacterial siderophores and that, in contrast,
binding of Lcn2 to endogenous siderophores42,43 does
not contribute to iron removal from the circulation. The
importance of sequestering iron-siderophore complexes to limit iron availability to invading pathogens
during the initial phase of the innate immunity response
is highlighted by the finding that mice deficient in Lcn2
show substantially accelerated lethality when infected
with E. coli.18

Iron Release and the Ferroportin-Hepcidin Axis
Figure 7. The role of Lcn2 in the hypoferremic response. Lcn2 mRNA in the
spleen (A) and Lcn2 protein levels in the serum (B) of WT (⫹/⫹) and
MyD88⫺/⫺ (⫺/⫺) mice after LPS treatment. Data are expressed as means ⫾
SEM. Results are representative of three independent experiments. C: Serum
iron levels in WT and Lcn2⫺/⫺ mice after LPS treatment. Data are expressed
as means ⫾ SEM. *P ⬍ 0.05, **P ⬍ 0.001 versus saline-treated mice (Ctrl);
†
P ⬍ 0.05 WT versus MyD88⫺/⫺ mice. n ⫽ 4 mice/group (A and B); n ⫽ 6
mice per group (C).

down-regulation of HFE protein may contribute to the
early development of hypoferremia by increasing
transferrin-mediated iron uptake from the blood.
In the present study, circulating iron dropped significantly from basal levels in Hfe⫺/⫺ mice treated with
LPS. However, at each time point examined, Hfe⫺/⫺
mice exhibited markedly higher serum iron levels, compared with WT mice. A similar outcome could be reproduced when WT mice were fed an iron-enriched
diet, indicating that the reduction in circulating iron
during the hypoferremic response is limited by the
initial basal iron levels (rather than by the presence or
absence of HFE protein). These results may help explain inconsistent findings among previous studies investigating the role of HFE protein during acute hypoferremia,14,38 – 40 because the severity of iron
accumulation in Hfe⫺/⫺ mice has been shown to differ
considerably with genetic background14,41 and may

In contrast to WT mice, both MyD88- and TRIF-deficient mice were unable to up-regulate hepcidin expression on stimulation with LPS, but still retained the
ability to induce hepcidin when injected with recombinant IL-6. Thus, the lack of hepcidin induction in the
mutant mice seems to be attributable to the severe
impairment in cytokine production (notably IL-6 in
MyD88-deficient mice), as shown here and in previous
studies.37 Similarly, previous report indicates that
TRIF-deficient mice exhibit impaired inflammatory cytokine production after LPS stimulation, and it has
therefore been proposed that cooperation between the
MyD88-dependent and MyD88-independent (TRIF-dependent) signaling pathways is required for TLR4-mediated inflammatory cytokine production.44
Although poly(I:C) treatment did not induce hepcidin
expression in the liver or spleen in WT mice, splenic
hepcidin has been shown to be induced in rainbow
trout.45 Despite the lack of hepcidin induction, TRIFdeficient mice developed acute hypoferremia in response to LPS and to poly(I:C). These findings further
support previous studies suggesting that hepcidin-independent mechanisms likely contribute to the development of acute hypoferremia induced by TLR agonists.14
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In contrast to hepcidin regulation, ferroportin suppression during the acute hypoferremic response occurs largely independent of MyD88 and TRIF signaling.
In macrophages, ferroportin expression is regulated at
several levels, including transcriptional regulation,9,46 – 48 translational regulation,8,13,49 and posttranslational regulation by hepcidin.13 Earlier studies
have shown that ferroportin expression in macrophages is regulated at the level of mRNA stability during inflammation. This has been reported to occur by a
mechanism involving iron regulatory protein 1 (IRP1)
binding to the iron-responsive element (IRE)30,50 found
at the 5= site of the ferroportin transcript.9 The IRP1/IRE
translation block of ferroportin was found to be mediated by nitric oxide,50 an important physiological regulator produced by macrophages during inflammation.
However, ferritin genes, which also have an IRE located at the 5= site, are regulated in the opposite
direction by nitric oxide; that is, ferritin synthesis substantially increases and leads to increased sequestration of intracellular iron in ferritin.51 Thus, it is not clear
how the IRP1/IRE mechanism may contribute to ferroportin mRNA repression during the initial phase of the
inflammatory response. Nevertheless, once intracellular iron levels rise, deactivation of IRPs by iron would
be expected to promote translation of ferroportin, and
it is at this later phase of the inflammatory response
that hepcidin may be envisioned to play a critical role
in maintaining ferroportin repression.13
Ultimately, as with HFE protein, the ability to rapidly
down-regulate ferroportin mRNA levels, which is retained in both MyD88⫺/⫺ and Trif Lps2/Lps2 mice, may
contribute to the initial drop in serum iron levels seen in
these mice.

MyD88-Dependent and -Independent
Regulation of Iron Homeostasis during
Inflammation
The present results suggest that the acute hypoferremic response may be regulated in at least two phases.
The immediate phase allows for a rapid decrease in
circulating iron and, because it is also observed in
MyD88⫺/⫺ mice, it does not depend on NF-B activation (MyD88- and TRIF-independent) and subsequent
proinflammatory cytokine production. Iron removal
from the circulation during this early phase may be
mediated by the coordinated control of augmented
cellular iron uptake via TfR1 due to HFE protein downregulation, and limited iron efflux through direct suppression of ferroportin expression. Indeed, suppression of HFE protein and ferroportin expression was also
observed in MyD88⫺/⫺ mice; however, because hypoferremia is not maintained in MyD88⫺/⫺ mice compared with WT mice, these reductions are not sufficient
to sustain the hypoferremic response.
The second phase is largely MyD88- and TRIF-dependent and requires NF-B activation. Binding of LPS
to TLR4 initially transmits signals for the early-phase
activation of NF-B by recruiting MyD88 (MyD88-de-

pendent pathway). The TLR4-LPS complex is then internalized and retained in the endosome, where it triggers signal transduction by recruiting TRIF, which
leads to activation of late-phase NF-B and IRF3 for
induction of type I interferon (TRIF-dependent pathway).2 Both early- and late-phase activation of NF-B
are required for the induction of inflammatory cytokines
(eg, IL-6 and TNF-␣), which in turn activate the expression of genes involved in the regulation of iron export
(hepcidin) and sequestration (Lcn2). Binding of
poly(I:C) to TLR3 activates the TRIF-dependent pathway to induce type I interferon and proinflammatory
cytokines.
Additional removal of circulating siderophoreloaded iron from invading pathogens may ensue by
compatible binding of bacterial siderophores to Lcn2,
and further repression of ferroportin protein can be
achieved through hepcidin induction. Progressive accumulation of iron within macrophages becomes detectable by 12 hours after LPS injection, as measured
in spleen samples using atomic absorption spectroscopy. When sustained over long periods of time, this
response may lead to the development of functional
iron deficiency, with consequent limited erythropoiesis
(as seen in anemia of chronic disease).
In summary, the present study provides evidence
that it may be possible to interfere with the progression
of hypoferremia by suppressing TLR-induced inflammatory pathways. We propose that targeting specific
TLR signaling pathways by affecting the function of
adaptor molecules may provide new and complementary strategies to counteract iron sequestration within
macrophages triggered by immune system activation.
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