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Abstract

The anemia of chronic disease (also called anemia of inflammation) is an acquired disorder of iron homeostasis associated
with infection, malignancy, organ failure, trauma, or other causes of inflammation. It is now widely accepted that induction
of hepcidin expression in response to inflammation might explain the characteristic hypoferremia associated with this
condition. To determine the role of hepcidin in acute inflammation and the regulation of its receptor, the iron exporter,
ferroportin, wild-type, heterozygote and hepcidin knockout mice (Hepc2/2) were challenged with sublethal doses of
lipopolysaccharide (LPS). Six hours after injection, ferroportin mRNA and protein levels were assessed in the duodenum and
the spleen and plasma iron was determined. Our results demonstrate that hepcidin is crucial, though not the sole mediator
of LPS-mediated acute hypoferremia, and also that hepcidin major contribution relies on decreased ferroportin protein
levels found in the spleen. Furthermore, we establish that LPS-mediated repression of the membrane iron transporter DMT1
and oxidoreductase Dcytb in the duodenum is independent of hepcidin. Finally, our results in the hepc+/2 mice indicate
that elevated hepcidin gene expression is not a prerequisite for the setting of hypoferremia during early inflammatory
response, and they highlight the intimate crosstalk between inflammatory and iron-responsive pathways for the control of
hepcidin.
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Funding: This work was supported by Institut National de la Santé et de la Recherche Médicale and Agence Nationale de la Recherche. The funders had no role
in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: sophie.vaulont@inserm.fr

Introduction

One of the most potent pathogen-derived inflammatory signals

is the Gram-negative bacterial cell wall component lipopolysac-

charide, LPS, which induces a massive release of cytokines and

other inflammatory mediators in the infected host. This release is

critical for the integration of the innate immune response, but

requires tight regulation to prevent subsequent inflammation,

which may lead to endotoxic shock, a condition that is still one of

the most frequent causes of mortality in the hospital intensive care

unit. It is now well established that LPS mediates its effects

through a member of the highly conserved Toll-like receptor

(TLR) family, TLR4, for the induction of proinflammatory genes

[1]. Endotoxic shock is not only associated with an extreme

proinflammatory response but is also accompanied by hypoferre-

mia, a primitive defensive mechanism which contributes to

allowing reducing circulating iron, while minimising its availability

to pathogens (for review, [2]). Hepcidin has emerged as the

possible pathogenic mediator of hypoferremia. Hepcidin functions

as the master regulator of cellular iron export by controlling the

amount of cell surface ferroportin, an iron exporter which is

present predominantly on the basolateral surface of intestinal

enterocytes and macrophages. Hepcidin binding to ferroportin

induces its internalization and degradation, resulting in cellular

iron retention, decreased iron export and hypoferremia (for

review, [3]). While hepcidin was found up-regulated by LPS in

several species (referenced in [4]), from mice [5] to humans [6],

the impact of this increase in the acute setting of inflammation-

induced hypoferremia remains to be established. Here, we take

advantage of the hepcidin knockout mouse model [7] to address

this question by using the well-described model of LPS injection.

Materials and Methods

Animals
Ethic statement. Mice were cared for in accordance with the

European convention for the protection of laboratory animals.

Animal studies received approval from the Regional Ethics

Committee for Animal Experimentation of University Paris

Descartes. Animals were given free access to tap water and a

standard laboratory mouse chow diet (AO3, iron content 280 mg/

kg, UAR, France). Age-matched wild-type (WT), heterozygote

(Hepc +/2) and homozygote (Hepc2/2) male mice of 8-13-

week-old on a C57BL/6 background were used in this study.

Plasma iron was determined as previously described [7].

Inflammation was induced by intra-peritoneal injection of LPS

(from E.coli O111:B4; 2 mg/kg). Control mice were injected with

sterile saline solution. Mice were sacrificed 6 hours later. Results

are presented for a series of n = 3 animals per group and has been

reproduced at least twice on different set of animals.
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RNA and protein analysis
RNA extraction and real-time quantification of transcripts were

performed as described [8]. mRNA expression was calculated

using the DDCt method and normalized to the expression of

cyclophilin. Primers used are outlined in Table S1.

Spleen microsomal and cytosolic fractions were prepared as

previously [9]. Briefly, spleens were ground with tungsten beads in

a TissueLyser in histidine/sucrose buffer with EDTA-free protease

inhibitor cocktail. The lysate was centrifuged at 5000 rpm for 10

min to eliminate nuclei and unbroken cells. The protein extracts

were then ultracentrifuged at 42000 rpm for 1hr at 4uC to separate

the crude membrane fractions from the cytosolic proteins.

Enterocytes from duodenum were enriched as follows. Proximal

duodenum was placed in a 1.5mM EDTA PBS supplemented with

PMSF and protease inhibitors and left to shake for 45 min at 4uC.

The remaining duodenal muscle was removed and detached

enterocytes spun down. The cells were treated with lysis buffer

(0.25M sucrose, 0.03M L-Histidine, pH = 7.2, 500mM PMSF and

protease inhibitors) for 30 min. The samples were then spun down,

the supernatant was removed and spun at 42000 rpm for 1hr to

obtain the cytosolic fraction (supernatant) and membrane fraction

(pellet).

Anti-ferroportin and anti-Dcytb antibodies were from Alpha

Diagnostics, anti-bactin antibodies from Sigma and anti-lipocalin-

2 antibodies from R&D Systems. Anti-DMT1 were kindly

provided by F Canonne-Hergaux [10,11]. Proteins were visualized

using Image Quant Las4000 mini (GE Healthcare) and quantified

with ImageJ.

Statistical analysis
Statistical analysis was performed using Student t test (unpaired,

2 tailed). P values less than .05 were considered statistically

significant.

Results and Discussion

Adequate inflammatory response to LPS in Hepc2/2
mice

To study the LPS response in Hepc2/2 mice, we first

determined whether the acute phase response to LPS was altered

in these mutant mice. For that, we measured the mRNA levels of

the pro-inflammatory cytokines Tumor necrosis factor-a (TNF-a)

and Interleukin-6 (IL6) that are induced in response to LPS to

trigger the expression of acute phase genes. Regardless the

genotype, expression of TNF-a and IL6 was dramatically

increased in response to LPS in both liver and spleen (Figure

S1). Similarly, mRNA levels of Heme oxygenase-1, a well-known

modulator of inflammation, were also enhanced in the liver of LPS

treated WT and Hepc2/2 mice (Figure S1). Finally, mRNA

levels of activin B, a member of the TGF-beta superfamily that was

recently described as crucial for hepcidin induction by inflamma-

tion [12] was examined and found up-regulated by LPS in both

WT and Hepc2/2 mice (Figure S1). Overall, these results

indicate that LPS is equally efficient at mounting an inflammatory

response in WT and Hepc2/2 mice. As expected, in WT mice,

LPS injection induced an increase of hepcidin mRNA level in the

liver of about 2 fold (Figure S2).

LPS treatment of Hepc2/2 mice results in a dramatic
decrease of ferroportin protein levels in the duodenum
but in not the spleen

The effect of LPS on ferroportin level was analyzed in the two

critical sites contributing to circulating iron, the duodenum (site of

dietary iron absorption) and the spleen (containing tissue

macrophages dedicated to iron recycling from hemoglobin

catabolism). After 6h of LPS treatment, ferroportin mRNA levels

were found decreased in both tissues, regardless the genotype

(Figure 1). In the duodenum, while mRNA decreased 2- and 4-fold

in WT and Hepc2/2 mice, respectively (Figure 1A), ferroportin

decrease was much more pronounced at the protein levels, in both

WT and mutant mice (almost 90%, Figure 1B), suggesting the

involvement of additional hepcidin-independent process to down-

regulate ferroportin protein levels in this tissue during acute

inflammation. Interestingly, we observed some differences in the

regulation of ferroportin in response to LPS in the spleen when

compared to the duodenum. In the spleen, decreased ferroportin

mRNA levels by LPS was much more dramatic, 50-and 36-fold, in

WT and Hepc2/2 mice, respectively (Figure 1C). However, in

WT mice, only a moderate but significant 40% reduction of

ferroportin protein level was observed. In addition, in Hepc2/2

mice, in contrast to the duodenum where ferroportin mRNA

decrease was accompanied by protein decrease, ferroportin

protein level was not altered by LPS treatment (Figure 1D).

Notably, and as previously reported in hepcidin deficient mice [9],

basal ferroportin protein level was found up-regulated in the

mutant duodenum and spleen due to the lack of hepcidin.

Together, these results confirm previous studies demonstrating

ferroportin inhibition by LPS [13,14] and further indicate that

LPS-mediated transcriptional repression or selected degradation of

RNA of ferroportin is independent of hepcidin both in the

duodenum and in the spleen. Noteworthy, the same inhibitory

effect of LPS was obtained for the two recently reported isoforms

of ferroportin 1A and 1B in the duodenum and in the spleen [15]

(Figure S3). TLR4 was reported to be critical for LPS-mediated

down-regulation of ferroportin in the spleen [13], independently of

MyD88, as recently suggested [16]. Whether TLR4/MyD88/

TRIF signaling is required in the duodenum remains to be

determined.

Second, our results establish that in the duodenum, ferroportin

protein levels seem highly sensitive to acute inflammation. In this

tissue, hepcidin deficiency is unable to counteract the inflamma-

tory signals, i.e. to upregulate ferroportin levels, suggesting that the

inflammatory signals are dominant over the lack of hepcidin in the

regulation of ferroportin levels. In contrast, the amount of

membrane ferroportin protein in the spleen is dependent on

hepcidin in the setting of acute inflammation, hepcidin deficiency

leading to reduce ferroportin degradation as compared to WT

mice (i.e. acute suppression of ferroportin protein by LPS being

efficient only in WT mice and not in Hepc2/2 mice).

LPS-induce hypoferremia relies on both hepcidin-
dependent and -independent mechanisms

The next step was to evaluate the physiological consequence of

hepcidin/ferroportin changes after LPS treatment in plasma iron

content. The moderate (spleen) and drastic reduction of

ferroportin (duodenum) proteins in the WT treated mice yielded

a 75% decrease of plasma iron (Figure 2). In the Hepc2/2 mice,

as expected [9], plasma iron level was signicantly high with regards

to WT mice. In these mutant mice, LPS-mediated hypoferremia

was largely blunted, although duodenum ferrorportin levels were

similarly reduced in comparison with WT treated mice. This result

suggests that ferroportin regulation in the spleen impacts more on

plasma iron concentrations than ferroportin regulation in the

duodenum. Interestingly, abrogation of hypoferremia in Hepc2/2

mice was not complete, LPS still inducing a significant 15%

decrease of plasma iron (Figure 2). This result clearly indicates the

involvement of other signals independent of hepcidin contributing

Inflammatory Response in Hepcidin Deficient Mice
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Figure 1. Ferroportin expression in duodenum, and spleen of WT and Hepc2/2 mice treated with PBS or LPS. Relative changes in
ferroportin mRNA levels were quantified by real-time qRT-PCR. Graphed are mean values that were obtained from mRNA expression analyses
regarding cyclophilin in the duodenum (duo), top panel, and the spleen, lower panel. Results are expressed relative to control PBS treated WT mice.
Western Blot of ferroportin on membrane extracts were performed with 5 mg/lane for the duodenum and 20 mg/lane for the spleen. Expression was

Inflammatory Response in Hepcidin Deficient Mice
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to the rapid hypoferremia. Since lipocalin-2 (Lcn2), a peptide

involved in bacterial iron sequestration, was recently described to

play a key role in hypoferremia of inflammation in a model of LPS-

induced sepsis [17], we asked whether a decrease in Lcn2 in the

Hepc2/2 would contribute to the reduction of hypoferremia as

observed in these mice. Although we confirmed that Lcn2 gene

expression was dramatically increased in the liver of WT LPS

treated animals, both at mRNA and protein levels, we found similar

activation of Lcn2 (or even higher activation) in Hepc2/2 treated

mice (Figure S4).

Similar regulation by LPS of iron-related gene expression
in WT and Hepc2/2 mice

A close examination of mRNA levels of liver iron-related gene

expression was performed. In brief, genes that were either

unaffected (ferritin L, Tfr2, Alk3), increased (ferritin H, Tfr1,

HFE), or decreased (BMP6, matriptase-2, hemojuvelin, neogenin,

Smad6 and Smad7) by LPS treatment in WT mice followed

exactly the same trend in Hepc2/2 mice (Figure 3, upper panel),

indicating that hepcidin was not required for these LPS-mediated

regulations. Interestingly, we found that, in the duodenum, LPS

triggered a decrease not only of ferroportin mRNA and protein

levels but also of the apical membrane proteins Dcytb, Duodenal

cytochrome b, and DMT1, divalent metal transporter 1 (both at

mRNA and protein levels, Figure 3, lower pannel), thus

confirming the general strategy of the body to decrease dietary

iron uptake during inflammation. However, in contrast to previous

assumptions [18,19], our results permit to exclude a role of

hepcidin in the short-term regulation of these iron-related proteins

by inflammation (since they were similarly down regulated in the

Hepc2/2 mice, Figure 3), and further support a role of the

inflammatory cytokines for the rapid repression of ferroportin,

Dcytb and DMT1 mRNA levels in the duodenum.

LPS response in Hepc+/2 mice: the hepatic iron load
may impact on LPS-mediated hepcidin induction

In this study, LPS was also injected in heterozygote Hepc+/2

mice. Surprisingly, hepcidin gene expression was not increased in

the liver of these mice (Figure S5) although LPS injection triggered

similar responses as compared to WT mice, i.e., a 75% reduction

of plasma iron (Figure S5) and similar changes in gene expression

(not shown). This result is reminiscent to the detected hypoferre-

mia despite the lack of hepcidin induction in other mouse models

of inflammation such as mycobacteria-infected mice [20]; LPS

treated TRIF-deficient mice [16]; TNF-a-injected mice [21]; and

a model of peritonitis induced by cecal ligation puncture [22].

Together, these results establish that elevated hepcidin gene

expression is not a prerequisite for the setting of hypoferremia

during the early inflammatory response and suggest that hepcidin

is necessary but that it is not the sole mediator for the development

of hypoferremia.

Why hepcidin does not increase in heterozygote Hepc+/2 mice

after LPS injection is not yet clear. One explanation might be the

mild but highly significant 1.5-fold increase in liver iron measured

in these heterozygote mice (85 613 mg/g wet tissue in WT mice

n = 11, vs 132 622 mg/g wet tissue in Hepc+/2 mice, n = 11,

p = 2.8E-05). Indeed, recent evidence suggested that the amount of

cellular hepatic iron could influence the response of the hepcidin

gene to LPS. Villarroel et al. demonstrated that LPS-induced

hepcidin gene expression in HepG2 cells was completely blunted

when the cells were preloaded with holo-Tf or Fe-NTA [23].

Conversely, Pagani et al. reported that the fold increase of LPS-

mediated hepcidin expression was significantly higher in iron

normalized to beta actin and quantified using Image J. Quantification of the blots are presented in % (100% set for Hepc+/+ and Hepc2/2 mice,
respectively). Error bars represent SD for n = 3 mice in each group. Statistical significance is indicated by * symbols (**p, 0.005, ***p, 0.0005).
doi:10.1371/journal.pone.0061050.g001

Figure 2. Plasma iron in WT and Hepc2/2 mice treated with PBS or LPS. Error bars represent SD for n = 3 mice in each group. Statistical
significance is indicated by * symbols (***p, 0.0005).
doi:10.1371/journal.pone.0061050.g002
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deficient animals as compared to controls [24]. This altered

hepcidin response in regards to iron levels is most likely due to the

activity of the signaling BMP6/HJV/SMAD pathway (and not

iron per se). Indeed, in the BMP6 KO mice presenting, similarly to

the iron deficient mice [25], a reduced activation of the pathway,

the hepcidin response to LPS is greatly enhanced despite the

important iron load [26]. Collectively, these results suggest that the

BMP/HJV pathway could alter the response of hepcidin to LPS,

an assumption that had already been anticipated by Niederkofler et

al. in 2005 who showed, as reported [27], a rapid and selective

extinction of hemojuvelin expression in the liver during acute

inflammation [28]. These authors suggested that the iron-sensing

pathway had to be switched off during inflammation as to prevent

interference and cross-regulatory interactions between individual

pathways. This finding is confirmed by the present study showing

a significant decrease of hemojuvelin but also of other genes

involved in the iron pathways such as BMP6, matriptase-2,

neogenin, Smad6 and Smad7. While TNF-a was shown to

mediate HJV transcriptional repression by LPS [29,30], a broader

role of this cytokine in this pathway remains to be investigated.

To conclude, our study shows that the development of

hypoferremia during acute inflammation involve both hepcidin-

dependent and -independent mechanisms. The rapid and

coordinate decrease of ferroportin expression (as well as that of

other iron-related genes, Figure 3) that is induced by LPS in the

major tissues which contributes to body iron delivery occurs

regardless of hepcidin. A close examination of the role of

endoplasmic reticulum (ER) stress and of how intracellular stress

and inflammatory responses interact together for the induction of

the acute phase response will deserve further investigations [31].

The major contribution of hepcidin in the immediate develope-

ment of hypoferremia relies on decrease ferroportin protein levels

in the spleen as ferroportin protein level in the duodenum is shown

to have been completely repressed by LPS, even without hepcidin.

Furthermore, elevated hepcidin is not necessary for LPS-mediated

hypoferremia (as shown in the Hepc+/2 mice), thus implying that

cooperative mechanisms have to operate to lead to iron

redistribution and hypoferremia in this condition. Finally, our

results highlight the intimate crosstalk between the inflammatory

and iron-responsive pathways in the liver leading to the control of

the hepcidin gene.

Supporting Information

Figure S1 Relative mRNA levels of indicated genes in
liver and spleen of WT and Hepc2/2 mice treated with

PBS or LPS. Error bars represent SD for n = 3 mice in each

group. Statistical significance is indicated by * symbols (*p, 0.05,

**p, 0.005).

(TIFF)

Figure S2 Relative hepcidin1 mRNA levels in the liver of
WT and Hepc2/2 mice treated with PBS or LPS. Error

bars represent SD for n = 3 mice in each group. Statistical

significance is indicated by * symbols (*p, 0.05).

(TIFF)

Figure S3 Relative mRNA levels of ferroportin A (FpnA)
and ferroportin B (FpnB) in the duodenum and spleen of
WT and Hepc2/2 mice treated with PBS or LPS. Error

bars represent SD for n = 3 mice in each group. Statistical

significance is indicated by * symbols (*p, 0.05, **p, 0.005,

***p, 0.0005).

(TIFF)

Figure S4 Relative lipocalin-2 (Lcn2) mRNA and protein
levels in the liver of WT and Hepc2/2 mice treated with
PBS or LPS. rror bars represent SD for n = 3 mice in each group.

Statistical significance is indicated by * symbols (**p, 0.005,

***p, 0.0005). For the Western blot, cytosolic proteins (20 mg/

lane) were separated on SDS-PAGE, electro-transferred onto

nitrocellulose membrane and analyzed with anti-Lcn2 antibody.

(TIFF)

Figure S5 Relative liver hepcidin1 mRNA levels and
plasma iron in Hepc+/2 mice treated with PBS or LPS.
rror bars represent SD for n = 3 mice in each group. Statistical

significance is indicated by * symbols (***p, 0.0005).

(TIFF)

Table S1 Primers sequences used for Real-time PCR.

(DOCX)

Acknowledgments

The authors would like to thank the hepcidin team at the Cochin Institute

as well as Cindy Roy (Johns Hopkins University School of Medicine) for

their fruitful discussions and critical readings of this manuscript. The

authors acknowledge François Canonne-Hergaux for the generous gift of

DMT1 antibody.

Author Contributions

Conceived and designed the experiments: JCD SV. Performed the

experiments: JCD. Analyzed the data: JCD SV. Wrote the paper: JCD SV.

References

1. Lu YC, Yeh WC, Ohashi PS (2008) LPS/TLR4 signal transduction pathway.

Cytokine 42: 145–151.

2. Weiss G (2009) Iron metabolism in the anemia of chronic disease. Biochim

Biophys Acta 1790: 682–693.

3. Ganz T, Nemeth E (2012) Hepcidin and iron homeostasis. Biochim Biophys

Acta 1823: 1434–1443.

4. Badial PR, Oliveira-Filho JP, Cunha PH, Araujo JP, Peiro JR, et al. (2011)

Influence of experimental inflammatory response on hepatic hepcidin gene

expression and plasma iron concentration in sheep. Vet Immunol Immuno-

pathol 141: 157–161.

5. Lou DQ, Lesbordes JC, Nicolas G, Viatte L, Bennoun M, et al. (2005) Iron- and

inflammation-induced hepcidin gene expression in mice is not mediated by

Kupffer cells in vivo. Hepatology 41: 1056–1064.

6. Kemna EH, Pickkers P, Nemeth E, van der Hoeven H, Swinkels D (2005) Time-

course analysis of hepcidin, serum iron, and plasma cytokine levels in humans

injected with LPS. Blood 106: 51864–51866.

7. Lesbordes-Brion JC, Viatte L, Bennoun M, Lou DQ, Ramey G, et al. (2006)

Targeted disruption of the hepcidin 1 gene results in severe hemochromatosis.

Blood 108: 1402–1405.

8. Ramey G, Deschemin JC, Durel B, Canonne-Hergaux F, Nicolas G, et al. (2010)

Hepcidin targets ferroportin for degradation in hepatocytes. Haematologica 95:

501–504.

9. Viatte L, Lesbordes-Brion JC, Lou DQ, Bennoun M, Nicolas G, et al. (2005)

Deregulation of proteins involved in iron metabolism in hepcidin-deficient mice.

Blood 105: 4861–4864.

Figure 3. Relative mRNA levels and proteins of indicated genes in the liver and the duodenum of WT and Hepc2/2 mice treated
with PBS or LPS. Relative changes in mRNA levels were quantified by real-time qRT-PCR in the liver, top panel and the duodenum (duo), low panel.
Western Blot of Dcytb and DMT1 on membrane extracts were performed with 25 mg/lane. Error bars represent SD for n = 3 mice in each group.
Statistical significance is indicated by * symbols (*p, 0.05, **p, 0.005, ***p, 0.0005).
doi:10.1371/journal.pone.0061050.g003

Inflammatory Response in Hepcidin Deficient Mice

PLOS ONE | www.plosone.org 6 April 2013 | Volume 8 | Issue 4 | e61050



10. Canonne-Hergaux F, Gruenheid S, Ponka P, Gros P (1999) Cellular and

subcellular localization of the Nramp2 iron transporter in the intestinal brush
border and regulation by dietary iron. Blood 93: 4406–4417.

11. Canonne-Hergaux F, Donovan A, Delaby C, Wang HJ, Gros P (2006)

Comparative studies of duodenal and macrophage ferroportin proteins.
Am J Physiol Gastrointest Liver Physiol 290: G156–163.

12. Besson-Fournier C, Latour C, Kautz L, Bertrand J, Ganz T, et al. (2012)
Induction of activin B by inflammatory stimuli up-regulates expression of the

iron-regulatory peptide hepcidin through Smad1/5/8 signaling. Blood 120:

431–439.
13. Yang F, Liu XB, Quinones M, Melby PC, Ghio A, et al. (2002) Regulation of

reticuloendothelial iron transporter MTP1 (Slc11a3) by inflammation. J Biol
Chem 277: 39786–39791.

14. Yeh KY, Yeh M, Glass J (2004) Hepcidin regulation of ferroportin 1 expression
in the liver and intestine of the rat. Am J Physiol Gastrointest Liver Physiol 286:

G385–394.

15. Zhang DL, Hughes RM, Ollivierre-Wilson H, Ghosh MC, Rouault TA (2009) A
ferroportin transcript that lacks an iron-responsive element enables duodenal

and erythroid precursor cells to evade translational repression. Cell Metab 9:
461–473.

16. Layoun A, Huang H, Calve A, Santos MM (2012) Toll-like receptor signal

adaptor protein MyD88 is required for sustained endotoxin-induced acute
hypoferremic response in mice. Am J Pathol 180: 2340–2350.

17. Srinivasan G, Aitken JD, Zhang B, Carvalho FA, Chassaing B, et al. (2012)
Lipocalin 2 deficiency dysregulates iron homeostasis and exacerbates endotoxin-

induced sepsis. J Immunol 189: 1911–1919.
18. Anderson GJ, Frazer DM, Wilkins SJ, Becker EM, Millard KN, et al. (2002)

Relationship between intestinal iron-transporter expression, hepatic hepcidin

levels and the control of iron absorption. Biochem Soc Trans 30: 724–726.
19. Krijt J, Vokurka M, Sefc L, Duricova D, Necas E (2006) Effect of

lipopolysaccharide and bleeding on the expression of intestinal proteins involved
in iron and haem transport. Folia Biol 52: 1–5.

20. Rodrigues PN, Gomes SS, Neves JV, Gomes-Pereira S, Correia-Neves M, et al.

(2011) Mycobacteria-induced anaemia revisited: a molecular approach reveals
the involvement of NRAMP1 and lipocalin-2, but not of hepcidin. Immuno-

biology 216: 1127–1134.

21. Laftah AH, Sharma N, Brookes MJ, McKie AT, Simpson RJ, et al. (2006)

Tumour necrosis factor alpha causes hypoferraemia and reduced intestinal iron

absorption in mice. Biochem J 397: 61–67.

22. Schubert TE, Bosserhoff AK, Peyssonaux C, Echtenacher B, Knutson M, et al.

(2012) Hypoferraemia during the early inflammatory response is dependent on

tumour necrosis factor activity in a murine model of protracted peritonitis. Mol

Med Report 6: 838–842.

23. Villarroel P, Le Blanc S, Arredondo M (2012) Interleukin-6 and Lipopolysac-

charide Modulate Hepcidin mRNA Expression by Hepg2 Cells. Biol Trace

Elem Res.

24. Pagani A, Nai A, Corna G, Bosurgi L, Rovere-Querini P, et al. (2011) Low

hepcidin accounts for the proinflammatory status associated with iron deficiency.

Blood 118: 736–746.

25. Kautz L, Meynard D, Monnier A, Darnaud V, Bouvet R, et al. (2008) Iron

regulates phosphorylation of Smad1/5/8 and gene expression of Bmp6, Smad7,

Id1, and Atoh8 in the mouse liver. Blood 112: 1503–1509.

26. Meynard D, Kautz L, Darnaud V, Canonne-Hergaux F, Coppin H, et al. (2009)

Lack of the bone morphogenetic protein BMP6 induces massive iron overload.

Nat Genet 41: 478–481.

27. Krijt J, Vokurka M, Chang KT, Necas E (2004) Expression of Rgmc, the murine

ortholog of hemojuvelin gene, is modulated by development and inflammation,

but not by iron status or erythropoietin. Blood 104: 4308–4310.

28. Niederkofler V, Rishard S, Arber S (2005) Hemojuvelin is essential for dietary

iron-sensing and its mutation leads to severe iron overload. J Clin Invest 115:

2180–2186.

29. Constante M, Wang D, Raymond VA, Bilodeau M, Santos MM (2007)

Repression of repulsive guidance molecule C during inflammation is

independent of Hfe and involves tumor necrosis factor-alpha. Am J Pathol

170: 497–504.

30. Salama MF, Bayele HK, Srai SS (2012) Tumour necrosis factor alpha

downregulates human hemojuvelin expression via a novel response element

within its promoter. J Biomed Sci 19: 83.

31. Lawless MW, Greene CM (2012) Toll-like receptor signalling in liver disease:

ER stress the missing link? Cytokine 59: 195–202.

Inflammatory Response in Hepcidin Deficient Mice

PLOS ONE | www.plosone.org 7 April 2013 | Volume 8 | Issue 4 | e61050


