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Learning Objectives: 

1. To appreciate the central role ofhepcidin as a master regulator of iron homeostasis. 
2. To understand how hepcidin inhibits iron release from macrophages and hepatocytes to constrain iron 
utilization through the binding and degradation of ferroportin, and that it prevents iron uptake through a 
similar effect on iron transport in enterocytes. 
3. To understand how hepcidin is regulated by inflammatory mediators (such as ll..-6) in the anemia of 
chronic inflammation and recognize pathways (such as the BMP-hemojuvelin axis) that mediate the 
response. 
4. To be able to distinguish iron deficiency anemia, anemia of chronic inflammation, and co-existence of 
both disorders and to apply knowledge concerning hepcidin to the diagnosis and treatment of chronic 
inflammation. 
5. To understand the concept of iron-restricted hematopoiesis in the setting of chronic inflammation and 
understand the rationale and strategies for its treatment, such as the use of erythropoiesis-stimulating 
agents (ESAs) and iron. 
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Introduction 

The "anemia of chronic disease" refers to a hypoproliferative anemia associated with a low serum iron in 
the face of adequate iron macrophage marrow stores occurring in the context of various clinical situations 
such as infection, inflammation, malignancy, trauma and multiorgan failure (Cartwright, 1966). 
Typically, an initial decrease in red cell number is followed by progression to hypochromia and 
microcytosis. The serum iron, total iron binding capacity and transferrin saturation are depressed and the 
ferritin is usually increased. Postulated mechanisms for the hypoproliferative state include "functional" 
iron deficiency (the retention of iron in macrophages limiting availability of iron for progenitor cells) and 
the direct effect of cytokines such as TNF, interferon and IL-l on erythroid progenitors, causing induction 
of apoptosis, and finally, impaired erythropoietin production. The anemia of chronic inflammation is a 
more narrow term applied when a clear inflammatory stimulus is identifiable. The mechanisms 
underlying the anemia of chronic inflammation have been elusive. However, research in the last decade 
has provided clear insights that suggest straightforward approaches that can be expected to lead to new 
treatments in the near future. 
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Fig. 1. Iron accumulation in liver and 
pancreas of Usf2-/- mice. Liver and 
pancreas were fixed in formaldehyde and 
stained with the Perls' stain for iron. 
Nonheme iron stains blue. Liver section 
from a wild-type mouse (A), a Usf2-/
Littermate (B), and an older Usf2-/
mouse (C). Pancreas section in D from 
Usf2-/- mouse (x12.5). Reprinted from 
(Nicolas et al., 2001). Copyright 2001 by 
The National Academy of Sciences. 

Hepcidin: Master regulator of iron homeostasis 

The discovery of hepcidin and its role in iron regulation. The 
story of hepcidin and how it came to be central to iron 
metabolism and homeostasis begins in 2001 with a 
serendipitous observation in the laboratory of Sophie Vaulont 
in Paris, France (Nicolas et al., 2001). In the course of 
studying a new transcription factor, USF2, these investigators 
created a lmockout mouse. The mouse had an unexplained 
phenotype-a dense brown pigmentation of the liver and a 
bronze pigmentation of the pancreas. A stain for iron (Perls' 
Prussian Blue) revealed excessive iron accumulation that 
increased with age (Fig. 1). Interestingly, staining was 
completely absent from the spleen. In an attempt to discover 
downstream targets of USF2 responsible for the phenotype, 
transcripts were identified as being severely reduced in the 
lmockout mice, the most prominent of which was hepcidin. 
Hepcidin had just been previously described as an 
antimicrobial peptide (Park et al. , 2001), but also as one 
transcript (among many) upregulated in iron overload states 
(Pigeon et al., 2001 ). When the promoter region of hepcidin 
was examined for USF2 binding sites, it became apparent 
that the hepcidin gene was contiguous with the USF2 gene, 

and that transcription from the hepcidin gene had been inadvertently interrupted in construction of the 
lmockout mouse. Despite lacking any previous background in iron metabolism, Vaulont went on to 
postulate a model for hepcidin as a key regulator of iron homeostasis (Fig. 2), a model which remains 
remarkably accurate to this day. 
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"The existence of a sensor for iron homeostasis has been suspected for a long time 
and is thought to be a soluble component of the plasma that would signal between 
different organs and tissues such as liver, intestine, erythropoietic precursors, and 
spleen macrophages ... [An] hepcidin peptide that is secreted in plasma after 
synthesis and maturation in the liver could fulfill this important role. Indeed, 
Pigeon et al. (Pigeon et al., 2001) demonstrated that accumulation of iron in the 
liver up-regulates hepcidin expression, whereas our data clearly show that a 
complete defect in hepcidin expression is responsible for progressive tissue iron 
overload. Taken together, these results allow us to propose that hepcidin could be 
the iron signal involved in the pathway regulating iron absorption." 

~ 
-~macrophage 

I hepcldln I 

enterocyte 

Fig. 2. Hypothetical model for hepcidin 
as a key regulator of iron homeostasis. 
In this model, hepcidin prevents iron 
overload by reducing iron transport in the 
enterocyte and by programming 
macrophages to retain iron. In Usf2-/
mice, the hepcidin defect would be 
responsible for increased intestinal iron 
transport and reduced macrophage iron 
stores. Reprinted from (Nicolas et al., 
2001). Copyright 2001 by The National 
Academy of Sciences. 

As noted above, Tomas Ganz's laboratory at UCLA had 
coined the term "hepcidin" in 2001 to describe a peptide with 
anti-microbial activity extracted from liver (hep=from liver, 
cidin, to kill) (Park et al., 2001). (The peptide was 
independently described as "LEAP-1" (liver-expressed 
antimicrobial peptide)(Krause et al., 2000)). Ganz's lab had 
shown that hepcidin is a 25 amino acid peptide synthesized as 
an 84 amino acid prepropeptide in the liver, and secreted as a 
60 amino acid propeptide (Fig. 3). Available evidence 
suggests that the anti-microbial action of hepcidin!Leap-1, 
while it occurs in intro, is limited in animals. However, its 
homology to members of the defensin family of peptides 
suggests an evolutionary relationship to anti-microbial 
defense. In light of the observation by Vaulont, Ganz 
injected hepcidin 
into mice and 
saw that hepcidin 
caused a rapid, 
sustained fall in 
serum iron in the 
animals (Fig. 4) 
(Rivera et al., 

2005a). 
Furthermore, Vaulont went on to show that transgenic mice 
that constitutively express hepcidin develop severe iron 
deficiency anemia (Nicolas et al., 2002a), indicating that a 
role for hepcidin in the regulation of iron body stores, at least 
in rodents. 

Fig. 3. Structural representation of 
hepcidin. Hepcidin is a member of the 
defensin family, suggesting an 
evolutionary link to protection from iron
requiring micro-organisms. Adapted from 
(Chan et al., 2010). 
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Fig, 4. Hepcidin causes a rapid, 
sustained fall in serum iron. Mice 
received a single 50 J.lg intraperitoneal 
injection of hepcidin. Reprinted from 
(Rivera et al., 2005b) ©2005 American 
Society of Hematology. 

Hepcidin relevance to humans. Important information linking 
the above observations in mice to humans came with the 
description by Nancy Andrews of three patients with iron 
refractory anemia with large liver adenomas (Weinstein et 
al., 2002). Oddly enough, these patients were observed in a 
cohort of type la glycogen storage disease (GSDla) patients. 

GSD 1 a is caused by deficiency of glucose-6-phosphatase, 
who for apparently unrelated reasons develop hepatic 
adenomas. Six of their patients (16%) have developed severe, 
unremitting anemia that did not respond to oral iron 
supplementation and showed a delayed, partial response to 
replacement doses of intravenous iron dextran, as is typically 
seen in the anemia of chronic disease. Those patients with the 
most severe anemia had the greatest tumor burdens. Studies 
of two livers showed inappropriately high expression of 

hepcidin mRNA. The anerma resolved spontaneously after resection of the adenomas or liver 
transplantation (Fig. 5). 
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Fig. 5. Laboratory findings in patient A before and after adenoma resection. (A) An MRl scan performed prior 
to resection shows a 13 x 14 em adenoma in the left lobe of A's liver (arrow). (B) Individual panels illustrate changes 
in hematocrit, serum ferritin concentration, serum iron concentration, and erythrocyte sedimentation rate for 
approximately 1 year before and 6 months after resection. The serum ferritin was initially above the normal range 
but fell to subnormal levels after the tumor was resected, and erythroid iron utilization returned to normal. From 
(Weinstein et al., 2002). ©2002 American Society ofHematology. 

How might hepcidin reduce iron absorption from gut and impair macrophage iron release as Vaulont 
suggested? The answer turned out to be surprisingly simple, based on what was already known about how 
iron efflux is mediated in these two tissues. 

Ferroportin-mediated iron export and the effect of hepcidin on macro phages and the gut 

Red cell turnover accounts for the major flux of iron in humans, with large numbers of red cells destroyed 
daily by macrophages in the spleen and other organs (reviewed in (De Domenico et al., 2008)). Therefore, 

how macrophages store and release iron in crucial to iron homeostasis. The release of iron from 
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macrophages is controlled by an iron transporter, aptly named ferroportin (Fig. 6) (Donovan et al., 2000). 
Ferroportin is also located at the basolateral surface of the enterocyte, in close association with proteins 
that serve to oxidize Fe(ll) to Fe(III) upon export. (In macrophages, this is ceruloplasmin, a GPI-linked 
copper-containing protein defective in Wilson's disease and in enterocytes, hephaestin, a homologous 
transmembrane copper-dependent ferroxidase.) 
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Fig. 6. Ferroportin-mediated iron export. Iron from 
enterocytes and from macrophage-mediated recycling 
of red blood cells is exported by ferroportin. A. In 
macrophages, Fe(II) that has been released from red 
blood cells is exported by ferroportin from the cell, 
where it is immediately converted to Fe(III) by 
ceruloplasmin, a membrane-associated ferroxidase. B. 
In enterocytes, Fe(II) is exported by ferroportin and is 
then converted to Fe(III) by a membrane-associated 
ferroxidase, hephaestin. From (De Domenico et al., 
2008). © 2008, Nature Publishing Group. 

A key paper showed that hepcidin can regulate 
iron efflux from cells by binding to ferroportin 
and inducing its internalization and degradation 
(Nemeth et al., 2004b). To demonstrate hepcidin 
interaction with ferroportin, they generated a 
stable cell line expressing mouse ferroportin with 
a C-terminal green fluorescent protein (GFP) 
under the control of an inducible promoter. In the 
absence of the inducer, there was no detectable 
synthesis of ferroportin-GFP. Within 24 hours of 
induction, there was abundant GFP fluorescence 
outlining the surface of cells. The addition of 
hepcidin to ferroportin-GFP-expressing cells 
markedly changed the distribution of ferroportin
GFP from the cell surface to punctate intracellular 
vesicles and stimulated its degradation. When 
hepcidin was removed from the medium, there 
was no recovery of cell surface fluorescence in the 
absence of proteins synthesis. Apparently, once 

ferroportin is internalized by binding hepcidin, it did not recycle to the cell surface, and iron transport is 

8 Normal 

Fig. 7. Hepcidin-mediated regulation of iron homeostasis. (A) Increased hepcidin expression by the liver 
results from inflammatory stimuli. High levels ofhepcidin in the bloodstream result in the internalization and 
degradation of the iron exporter ferroportin. Loss of cell surface ferroportin results in macrophage iron 
loading, low plasma iron levels, and decreased erythropoiesis due to decreased transferrin-bound iron. The 
decreased erythropoiesis gives rise to the anemia of chronic disease. (B) Normal hepcidin levels, in response 
to iron demand, regulate the level of iron import into plasma, normal transferrin saturation, and normal levels 
of erythropoiesis. (C) Hemochromatosis, or iron overload, results from insufficient hepcidin levels, causing 
increased iron import into plasma, high transferrin saturation, and excess iron deposition in the liver. From 
(De Domenico et al., 2007). Copyright 2007 American Society of Clinical Investigation. 



effectively shut off. 

Hepcidin also acts at the level of the duodenal enterocyte (Fig. 7). Under normal conditions, iron is 
readily absorbed at the intestinal luminal surface and excreted via ferroportin to the plasma. If hepcidin 
levels are suppressed, as can occur if genetically absent, increased ferroportin levels lead to high plasma 
iron levels and eventual iron overload. However, if hepcidin levels are high, hepcidin may binds to 
ferreportin and induces its degradation, effectively shutting off iron uptake and leading to relative iron 
deficiency. Recent evidence shows that downregulation of another transport protein, divalent metal 
transporter-I (DMT-1) be even more responsive to hepcidin than ferroportin in humans (Brasse-Lagnel et 
al., 2011; Burpee et al., 2011). The effect on the iron cycle is shown in Fig. 8. 
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Fig. 8. Pathways of iron exchange. The largest flux of iron takes place in the recycling of iron from senescent 
erythrocytes out ofmacrophages back to erythroid precursors. The liver and macrophages function as major iron 
stores. Only 1-2 mg of iron is absorbed and lost every day. Importantly, the total amount of iron in the body can 
be regulated only by absorption, whereas iron loss occurs only passively. Hepcidin controls the plasma iron 
concentration by inhibiting iron export by ferroportin from duodenal enterocytes and macrophages ... As a 
consequence, an increase in hepcidin production leads to a decrease in plasma iron concentrations ... Hepcidin 
expression is regulated by iron concentrations in hepatocytes, by inflammatory stimuli, by erythroid iron 
demand, and by hypoxia via pathways involving expression of the HFE, TRF2, and HJV genes. In liFE-, TfR2-, 
and HN -related HH, hepcidin production is low despite increased liver iron, leading to inappropriately 
increased iron absorption. sHJV, soluble HN. Adapted from (Swinkels et al., 2006). Copyright ©2006 
American Association for Clinical Chemistry. 

How cytokines influence hepcidin and contribute to the anemia of chronic disease 

As discussed above, hepcidin causes a rapid fall in serum iron levels when injected into mice or humans. 
A role for hepcidin in the anemia of chronic inflammation was suggested by the observation that 
hepcidin-deficient mice do not respond to inflammatory stimuli with a drop in serum iron levels, 
indicating that hepcidin is crucial for this response (Nicolas et al., 2002b). This leads to the question: 
What regulates hepcidin synthesis and how does this contribute to its role in anemia of chronic 
inflammation? The answer is still being elucidated, but the cytokine interleukin-6 (IL-6) has emerged as a 
key component (Nemeth et al., 2004a; Nemeth et al., 2003). 

Freshly isolated human hepatocytes incubated with IL-6, but not other cytokines such as IL-l a or TNF- a, 
strongly induce hepcidin mRNA synthesis. Furthermore, the LPS treatment increase in hepcidin mRNA 
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levels in primary human hepatocytes induced by LPS is completely reversed upon addition of ll.,-6-
neutralizing antibodies. The hepcidin-ll.,-6 axis was further investigated in a mouse model of chronic 
inflammation. Median hepcidin-1 expression in the liver increased 12-fold in normal mice treated with 
turpentine (a potent and well-characterized inflammatory stimulus), an effect that was completely 
abolished in turpentine-treated ll.,-6 knockout mice. 

What happens when ll.,-6 is infused in humans? As predicted from the animal studies, ll.,-6 increases 
hepcidin and induces a fall in serum iron and transferrin saturation. Six subjects received ll.,-6 by 
infusion for 3 hours, and ll.,-6 infusion rapidly increased hepcidin excretion (Fig. 9). Within 2 hours after 
the infusion, urinary hepcidin levels were 7.5-fold higher, and after 24 hours, hepcidin concentrations had 
declined toward baseline levels. Importantly, ll.,-6 infusion also caused a decrease in serum iron and 
transferrin saturation. 
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Fig. 9. IL-6 infusion increases urinary hepcidin 
and decreases serum iron in humans. Six subjects 
were infused with rhiL-6 for 3 hours. Urine and 
serum samples were collected. From (Nemeth et al., 
2004a). Copyright © 2004, The American Society 
for Clinical Investigation. 
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Fig. 10. Laboratory measurements. Ten 
human volunteers injected with 
LPS.Serum iron (A), urinary hepcidin (B), 
serum prohepcidin (C), and CRP (D) were 
measured in 10 healthy volunteers after 
LPS injection. (Kemna et al., 2005) 
Copyright ©2005 American Society of 
Hematology. 

Kemna et al. (Kemna et al., 2005) showed similar fmdings in a study of ten human volunteers injected 
with LPS, where they examined temporal associations between plasma cytokines, hepcidin levels, and 
serum iron parameters. ll.,-6 was dramatically induced within 3 hours after injection, and urinary hepcidin 
peaked within 6 hours, followed by a significant decrease in serum iron (Fig. 10). Even more compelling, 
human patients with multicentric Castleman's disease treated with an anti-ll.,-6 receptor antibody 
(toclizumab) responded with a rapid reduction in serum hepcidin and normalization of serum iron and 
anemia (Song et al., 2010) (Fig. 11). 

In summary, inflammation causes macrophages to secrete ll.,-6, which induces the hepatocyte to produce 
hepcidin, which in turns inhibits macrophage iron release and intestinal iron absorption (Fig. 12). 
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Fig. 11. Rapid decrease of serum 
hepcidin-25 with multicentric Castle
man's disease treated with tocilizumab 
during 14-day short-term course. 
Administration of tocilizumab resulted in 
down-regulation of the serum hepcidin level 
in 6 of 6 MCD cases. (Song et al., 2010). 
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Figure 12. Regulation of hepcidin production iit 
inflammation. Inflammation leads to macrophage elaboration of 
IL-6, which acts on hepatocytes to induce hepcidin production. 
Hepcidin inhibits macrophage iron release and intestinal iron 
absorption, leading to hypoferremia. From(Andrews, 2004) 
Copyright © 2004, The American Society for Clinical 
Investigation. 

Molecular regulation of hepcidin production in response to iron demands 

Interestingly, many insights into hepcidin biology have recently come from the study of hemochromatosis 
patients. Reduced or absent hepcidin expression has been shown to result from mutations in any of four 
different genes: transferrin receptor 2 (TFR2), hemochromatosis (HFE), hemochromatosis type 2 (HFE2-
aka hemojuvelin) and hepcidin antimicrobial peptide (RAMP) itself. These findings point to hepcidin as a 
common denominator in causing iron overload. 

Transcriptional regulation of hepcidin by the BMP/Smad pathway. Hepcidin is secreted from 
hepatocytes, and the bulk of evidence suggests that iron regulation of hepcidin is controlled primarily 
(possible exclusively) at the level of transcription (reviewed in (Hentze et al., 2010). The BMP signaling 
pathway appears to provide the most critical input (Fig. 13). Mutations in hemochromatosis type 2 
(HFE2), which encodes the protein hemojuvelin (HN), cause an early-onset form of iron overload 
disease resulting in the complete absence of hepcidin transcription. HN is a bone morphogenetic protein 
(BMP) coreceptor and HN mutants have impaired BMP signaling (Babitt et al., 2007). Administration of 
a recombinant, soluble form of HN decreases hepcidin expression and increases serum iron levels by 
mobilizing iron from splenic stores. Furthermore, BMP6 knockout mice show hepcidin deficiency and 
tissue iron overload (Andriopoulos et al., 2009; Meynard et al., 2009), suggesting that BMP6 is the 
relevant BMP family member, at least in mice. The BMP6-hemojuvelin complex induces phosphorylation 
of receptor-activated SMAD proteins, forming active transcriptional complexes involving the co-SMAD 
factor, SMAD4 (Wang et al., 2005). Soluble hemojuvelin can compete with cell surface hemojuvelin for 
binding to BMP. Therefore, recombinant soluble HN may be a useful therapeutic agent for treatment of 
the anemia of chronic disease (De Domenico et al., 2007). 
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Fig. 13. Transcriptional regulation of hepcidin by the BMP/Smad pathway. 
Hepcidin transcription depends upon signaling through BMP receptors (BMP
Rs) and downstream Smads. BMPs can act as autocrine or paracrine hormones. 
Binding of BMP to cell surface HN positions BMP to activate BMP receptors. 
Activation ofBMP receptors leads to the generation of phosphorylated RSmads, 
which dimerize with Smad4. The RSmad/Smad4 heterodimer translooates into 
the nucleus and activates transcription of the HAMP gene, which encodes 
hepcidin. Soluble HN binding to BMP prevents the formation of a cell surface 
BMP-HN complex and blocks activation of BMP receptors. Inflammatory 
cytokines such as IL-6 bind to IL-6 receptors (IL-6Rs), activating Stat3, which 
also binds to the HAMP promoter. Stat3 activation requires the presence of 
Smad4, as deletion of the Smad4 gene prevents IL-6 induction of hepcidin. 
Smad4 is downstream of TFR2 and HFE which suggests that the signal 
provided by these proteins also activates the HAMP promoter or that these 
membrane proteins affect HMP receptor signal transmission Reproduced from 
(De Domenico et a!., 2007) @ 2007, The American Society for Clinical 
Investigation. 

Patients with multiple 
myeloma frequently 
present with anemia. In 
humans, a role for the 
BMP-hepcidin axis has 
been demonstrated in the 
disorder (Maes et al., 
2010). Myeloma patients 
show markedly increased 
serum hepcidin, which 
inversely correlated with 
hemoglobin. To define 
which cytokines might be 
driving increased hepcidin 
transcription, the 
investigators devised an in 
vitro cell assay to assess 
hepcidin promotor activity 
stimulated by sera of 
multiple myeloma patients. 
It was found that myeloma 
serum stimulated hepcidin 
transcription, and when 
they defined regions of the 
hepcidin promotor that 
mediated the stimulation, 
they found that BMP-
responsive elements 

abrogated the activation dramatically, while mutations in the IL-6-responsive STAT3-binding site had 
only a minor effect. They used antibodies to immunodeplete the sera, and found that BMP2 was 

responsible for the effect (Fig. 14). f.. ~::=..~=."!"'..;.::;;':.;" 

Role of transferrin receptors and HFE, the common hemochromatosis gene. 
Plasma iron (as diferric transferrin) may be sensed by the two transferrin 
receptors, TfRl and TfR2. A transferrin-Fe(II) "sensing" complex (consisting 
of iron-bound transferrin, transferrin receptors TfRl and TfR2) also 
contributes to hepcidin transcriptional regulation, as evidenced by observations 
in genetically engineered mice. These receptors convey the information to the 
BMP receptor complex via the accessory proteins HFE and hemojuvelin (Fig. 
13). Mice bearing a TfRl mutation with increased HFE binding show greatly 
decreased hepcidin expression and systemic iron overload, suggesting that 
TfRl sequesters HRE to prevent its participation in hepcidin activation. Mice 
with increased HRE or mutations that abolish HFE-Tfl interactions show 
increased hepcidin expression and die of iron deficiency. The extent to which 
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Fig. 14. BMP-2 is 
present in MM sera. (A) 
MM sera were 
immunodepleted with 
anti-BMP-2/4 From 
(Maes et a!., 2010). © 
2010 ASH. 



this pathway operates in humans is unknown, nor is it known how iron stores (as contrasted with 
extracellular or plasma iron) regulate hepcidin synthesis. The answer may lie in how the erythron senses 
1ron. 

Hepcidin transcriptional regulation by erythropoietic signals 

In addition to hepcidin transcription regulation by and inflammation, plasma iron and liver iron stores, 
another important influence is erythropoietic drive. How the demands created by red cell production are 
balanced, correctly or incorrectly, is particularly relevant to disorders of ineffective erythropoeisis, such 
as thalassemias, which are characterized by intense hematopoietic drive, low serum hepcidin levels, and 
iron overload. Exactly how hepcidin levels are suppressed under these circumstances is unknown, but 
appears to be mediated by a signal from bone marrow, as bone marrow ablation in anemic mice reverses 
the suppression of hepcidin by anemia (Pak et al., 2006; Vokurka et al., 2006). Key candidates for this 
signal include, a BMP binding protein secreted by maturing erythroblasts encoded by the twisted 
gastrulation- I (TWSGl) gene and a soluble factor GDF15, but the mechanisms are unclear (Tanno et al., 
2007; Tanno et al., 2009). Currently the topic is under active investigation. 

Opposing effects of inflammation and iron deficiency on hepcidin levels: Does either dominate? 

As discussed above, a number of factors affect mRNA hepcidin expression in the liver (Fig. 15). 
Hepcidin levels are regulated by iron levels, immune mediators, hypoxia and erythropoietic demand. 
Inflammation and iron deficiency have opposing effects on hepcidin, with inflammation increasing 
hepcidin to limit iron uptake, and iron deficiency reducing levels to promote intestinal uptake and release 
from macrophage iron stores. This raises the question as to whether one or another signal is dominant. 
Several studies are pertinent to this question. Iron-deficient mice injected with LPS are capable of 
responding by up-regulating hepcidin expression, indicating that the inflammatory signal can overcome 
the suppressive effect of deficient iron stores (Constante et al., 2006). In addition, Huang (Huang et al., 
2009) undertook a series of experiments testing the effects of erythropoietic, iron, and hypoxia on 
hepcidin levels, and found evidence for dominance of the erythroid regulator over inflammatory and store 
regulators depending on the degree of erythropoietic activity. Altogether, they concluded that final 
hepcidin levels are determined by the individual strength of the different regulators rather than by an 
absolute hierarchy among the pathways. 
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Fig. 15. Regulation of hepcidin expression. 
Hepatic production of the peptide hormone 
hepcidin is influenced by iron needs and stores. 
Anemia and hypoxia result in decreased hepcidin 
synthesis; inflammation, the inflammatory 
cytokine interleukin-6 (IL-6), and increased iron 
stores result in increased hepcidin synthesis. From 
(Donovan et al., 2006). © 2006 Int. Union 
Physiol. Sci./ Am. Physiol. Soc. 



Role of hepcidin in anemia of chronic kidney disease 

Hepcidin is cleared in the kidney, and serum hepcidin levels are markedly elevated in adults and children 
with chronic kidney disease (Ganz et al., 2008). Its presence may provide a biologic explanation for poor 
intestinal iron absorption in chronic dialysis patients . The utility of measuring hepcidin levels in chronic 
renal patients has been suggested but no consensus has emerged, particularly as methods for hepcidin 
measurements are not yet well standardized across sites (Macdougall et al., 2010). 

Implications for diagnosis and treatment of anemia of chronic inflammation 

Diagnosis. The anemia of chronic inflammation is characterized as a normo- or microcytic anemia, 
usually mild, associated with a low reticulocyte count, a low plasma iron, decreased total iron binding 
capacity, decreased transferrin saturation, and decreased sideroblasts and increased iron in macrophages 
in the bone marrow (Weiss and Goodnough, 2005). The hemoglobin concentration is typically 8g/dL or 
greater. Currently, other laboratory evidence such as measurement of C-reactive protein (CRP) or 
erythrocyte sedimentation rate (ESR) is used to support the diagnosis. As iron-restricted hematopoiesis is 
a feature of both absolute iron deficiency and anemia of chronic inflammation, distinguishing the two can 
be challenging (Fig. 16). A serum ferritin level of 30 ng/mL or less has shown to provide 92% sensitivity 

and 98% specificity (92% positive predictive value) 
for iron deficiency when studied m several 
populations (Mast et al., 1998). Ferritin levels greater 
than 100 ng/mL are considered to indicate adequate 
iron stores. Intermediate ranges (30-100 ng/mL) 
indicate the possibility of co-existing iron deficiency 
and anemia of chronic inflammation and constitute a 
gray area. To distinguish between these two 
possibilities, determination of the levels of soluble 
transferrin receptor, which are elevated in iron
deficiency and normal in anemia of chronic 
inflammation (particularly when corrected for ferritin 
level) has been proposed as a useful measurement 
(Skikne, 2008). This scheme has additionally 
proposed to be used in conjunction with reticulocyte 
hemoglobin content, a measurement which is 
available from current hematology analyzers and 
provides a measure of recent bone marrow activity 
(Thomas and Thomas, 2002). However, measurements 
of soluble transferrrin receptor are not readily 
available. 

Fig. 16. Algorithm for the differential diagnosis 
among iron-deficiency anemia, anemia of 
chronic disease, and anemia of chronic disease 
with iron deficiency. The abbreviation sTfR/log 
ferritin denotes the ratio of the concentration of 
soluble transferrin receptor to the log of the serum 
ferritin level in conventional units. From CVV eiss 
and Goodnough, 2005). ©2005 Massachusetts 
Medical Society. Of course, bone marrow biopsy that includes an 

evaluation of stainable iron remains the gold standard 
for the diagnosis of iron deficiency, but is rarely performed for his indication alone. The importance of 
ruling out gastrointestinal malignancy as a cause of occult blood loss is also pertinent to mention here. 
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Treatment. Who needs to be treated? Anemia is associated with poor prognosis in a variety of conditions, 
but prospective randomized trials have only addressed populations with anemia of chronic conditions that 
do not include inflammation (for example, chronic kidney disease, cancer, and heart failure). Treatment of 
the underlying disease is the preferred choice but not always possible. Blood transfusion to maintain 
hemoglobin levels associated with a reduction in symptoms (~8.0 g/dL) is an option but long-term 
therapy is limited by concerns for iron overload, sensitization to HLA antigens, and to a lesser extent, 
exposure to infectious agents. It is clear that patients with co-existing anemia of chronic inflammation and 
absolute iron deficiency should be treated with iron. However, there is some evidence that treatment of 
patients with serum ferritin levels above 100 ng/mL with intravenous iron may have an increased risk of 
adverse outcomes (Weiss and Gordeuk, 2005). 

Erythropoiesis stimulating agents (ESAs). While inflammatory cytokines blunt the response to 
erythropoietin, this refractoriness can usually be overcome at higher than physiological doses. In contrast 
to chronic kidney disease and cancer, only small studies involving ESAs have been performed in patients 
with anemia of chronic inflammation. Available data supports their use in inflammatory bowel disease 
(Gasche et al., 2004; Schreiber et al., 1996) and rheumatoid arthritis (Kaltwasser et al., 2001), particularly 
in cases where the underlying disease has proven difficult to control. In these diseases, iron 
supplementation (intravenous in the case of IBD) was also shown to be important, mirroring experience 
with chronic renal disease. The optimal target hemoglobin levels remains to be defined and is a topic of 
current controversy among those who treat renal disease (Goldsmith, 2010), but current recommendations 
suggest titrating to a minimum dose that would avoid transfusion (perhaps around 10 g/dL). It should be 
noted that ESAs are considered to be contraindicated in patients with active malignancy and may promote 
thrombosis and increased cardiovascular events. A review of these topics is outside the scope of this 
presentation. 

Monitoring ESA therapy in anemia of chronic iriflammation: some recommendations. Iron status should 
be assessed by measuring serum iron, total iron binding capacity and serum ferritin. If serum ferritin is 
less than 30, appropriate investigations into the underlying cause of iron deficiency should be instituted 
and iron replacement provided. To monitor the effects of the ESA, hemoglobin levels should be 
determined after four weeks of treatment and at intervals of 2-4 weeks thereafter. An inadequate response 
(less than 1 g/dL) should be taken as evidence of iron deficiency (particularly if serum ferritin is in the 
indeterminate range, 30-100) and iron supplementation provided. There is some evidence (Weiss and 
Gordeuk, 2005) that treatment of patients with serwn ferritin levels above 100 ng/mL with intravenous 
iron may have an increased risk of adverse outcomes (increased infection in chronic dialysis patients and 
poorer cardiovascular outcomes in patients with heart disease); therefore, treatment of patients with initial 
serum ferritin above this level with intravenous iron should probably be avoided. A response to oral or IV 
iron would suggest iron deficiency and a that GI evaluation would be prudent. (However, it is possible 
that chronic elevations of hepcidin levels alone may be sufficient to cause iron deficiency over the long 
run). The dose of ESA can be escalated by 50% and adjusted to provide a target hemoglobin of greater 
than 10 g/dL. Lack of response to the ESA after 8 weeks of optimal dosage suggests that further treatment 
is unlikely to produce a response and treatment should be discontinued. In this case consideration should 
be given to intensifying efforts at treating the underlying disease. 
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Future directions 

Hepcidin levels are elevated in a variety of inflammatory diseases, including rheumatological conditions 
(Demirag et al., 2009; Ganz et al., 2008), inflammatory bowel disease (Busbridge et al., 2009), infections 
(de Mast et al., 2009), multiple myeloma (Sharma et al., 2008), Hodgkins disease (Hohaus et al., 2010), 
non-Hodgkins lymphoma (Ganz et al., 2008) and chronic renal failure (Busbridge et al., 2009; Ganz et al., 
2008). Hepcidin levels are expected to be depressed in the presence of iron deficiency, as cytokines and 
iron demand oppose each other. For this reason, hepcidin levels may find a place in algorithms for 
diagnosing iron deficiency in the patient with anemia of chronic inflammation (Goodnough et al., 2010). 
It has been suggested that low hepcidin levels may indicate a need for iron and may predict iron 
responsiveness (Theurl et al., 2009). Pertinent observational data are presented in Figs. 17 and 18. Several 
assays for serum hepcidin are available (Kroot et al., 2010) and efforts are underway to standardize them. 
(Kroot et al., 2009). Prospective studies will be needed to demonstrate the utility of such measurements. 
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Fig. 17. Serum hepcidin in iron disorders. Groups 
include healthy volunteers (NL), pretreatment HFE 
hemochromatosis (HH-UN), iron-depleted HFE 
hemochromatosis (HH-TX), juvenile hemochromatosis 
resulting from mutations in hemojuvelin (JH), iron 
deficiency (ID), patients with inflammation (INF, CRP 
> 10 mg/dL), multiple myeloma (MM), and adult or 
pediatric chronic kidney disease (not requiring dialysis, 
ACKD and PCKD, respectively). From (Ganz et al., 
2008). ©2008 by American Society of Hematology. 
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Fig. 18. Selected baseline parameters of control, iron 
defiency anemia (IDA), anemia of chronic disease 
(ACD), and ACDIIDA patients. Laboratory parameters, 
including hemoglobin, mean corpuscular hemoglobin, 
serum ferritin, serum erythropoietin, serum IL-6, and 
serum hepcidin, are shown. From (Theurl et al., 2009). 
©2009 American Society of Hematology. 

Hepcidin antagonists would be of obvious benefit to promote iron uptake in inflammatory disease states. 
Hemojuvelin is a naturally occurring candidate; it may have unknown side effects but it may be rational 
to study it in selected patient populations, such as in multiple myeloma. Hepcidin agonists (or the peptide 
itself) may be useful for treatment of iron-overload states, particularly those associated with increased 
erythroid demand, such as ~-thalassemia. 
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Summary and conclusion 

Hepcidin is a master regulator of iron homeostasis, secreted by the liver in response to inflammatory 
cytokines. It binds to and causes degradation of ferroportin, the major iron export channel of enterocytes 
and macrophages, thereby causing sequestration of iron. Many proteins mutated in hemochromatosis lead 
to reduction in hepcidin levels, suggesting that hepcidin is involved in a final common pathway for iron 
overload. The mechanisms whereby hepcidin is regulated in response to cytokines, iron load, hypoxia and 
erythroid demand are still being elucidated, but likely involve the BMP-hemojuvelin pathway. We can 
expect that a greater understanding of hepcidin regulation will lead to future treatments for disorders of 
iron metabolism. 
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