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Abstract

Anemia is a frequent complication of many inflammatory disorders, including inflammatory 

bowel disease. Although the pathogenesis of this problem is multifactorial, a key component is the 

abnormal elevation of the hormone hepcidin, the central regulator of systemic iron homeostasis. 

Investigations over the last decade have resulted in important insights into the role of hepcidin in 

iron metabolism and the mechanisms that lead to hepcidin dysregulation in the context of 

inflammation. These insights provide the foundation for novel strategies to prevent and treat the 

anemia associated with inflammatory diseases.

I. Introduction

Iron is critical for normal functioning of various biological processes in all kingdoms of life. 

It is an essential component of several biochemical reactions, including oxygen transport, 

enzyme catalysis and photosynthesis.1,2 The role of iron in these processes is linked to its 

ability to transition between different oxidation states (−2 to +6), although within the cell it 

is commonly found in the ferrous (Fe2+) and ferric forms (Fe3+). The ready movement of 

iron between oxidation states also renders it extremely toxic due to production of damaging 

reactive oxygen species. This potentially toxic oxido-reduction is remarkably managed in 

living systems. Not only are the physiological levels of iron tightly controlled but iron is also 

usually found complexed to proteins that take part in its absorption, transport, storage and 

utilization and that help to reduce its toxic effects. About 10–15% of iron in the cell is in the 

labile form (free, chelatable, metabolically active iron pool), which is loosely associated 

with water, small organic molecules and proteins. Iron can be stored in the cell in a redox-

inactive state in the form of ferritin, which is a multimeric complex consisting of up to 4500 

atoms of crystalline ferric iron caged within 24 ferritin heavy and light chain polypeptides. 

In circulation, ferric iron is bound to a protein called transferrin (forming holo-transferrin) 

and enters target cells through the type 1 transferrin receptor (TfR1) present on the plasma 

membrane.

Perturbations of iron homeostasis can lead to deficiency or overload of the metal. The most 

common abnormality is iron deficiency, which usually results from insufficient dietary 

intake and manifests as anemia, i.e., a decrease in erythrocyte (red blood cell, RBC) 

production and hemoglobin content.3 Iron overload can be caused by inherited disorders 
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affecting iron metabolism or RBC turnover, as well as by a number of non-hereditary 

problems such as viral hepatitis and alchohol-related liver disease.4,5 In these conditions, 

uncontrolled and excessive entry of iron into the plasma leads to levels higher than those 

required to sustain iron-dependent processes. As a result, the metal becomes deposited in the 

liver, heart, pancreas and other organs, ultimately resulting in pathological consequences 

such as cirrhosis, cardiomyopathy, arthropathy, diabetes and even cancer. A third type of 

dysregulated iron metabolism occurs secondary to chronic inflammatory conditions such as 

rheumatoid arthritis and inflammatory bowel disease (IBD), and leads to abnormal 

intracellular sequestration of iron and a decrease in circulating iron concentrations. This 

ultimately compromises erythropoiesis, producing the disorder known as the anemia of 

inflammation (AI, also referred to as the anemia of chronic disease). The focus of this article 

will be on the dysregulation of iron homeostasis that occurs in the context of inflammation, 

particularly IBD, and how it leads to AI. In order to appreciate the pathogenesis of this 

problem, it is necessary to understand how iron metabolism is normally regulated.

II. Normal iron metabolism

Iron metabolism involves precisely regulated processes of absorption, recycling, transport 

and cellular utilization (Figure 1).1,6 In adults, a limited portion of the daily iron requirement 

is obtained via dietary absorption, while most of it is met by recycling of iron from RBCs. 

During iron recycling, aged erythrocytes are phagocytosed by macrophages in the spleen, 

bone marrow and liver and degraded to release the heme prosthetic group from hemoglobin. 

The enzyme heme oxygenase-1 acts on heme to liberate iron (Fe2+), which is then 

transported into the cytosol via divalent metal transporter-1 (DMT-1, also known as 

Nramp2) present in the phagolysosomal membrane. The iron released into the cytosol is 

delivered to various cellular destinations, in part through the action of chaperones belonging 

to the poly-(rC)-binding protein (PCBP) family.7,8 A significant fraction of cytosolic iron is 

taken to the mitochondria, the site of synthesis of iron-sulfur clusters and heme. Transport 

into the mitochondrial inner compartment is mediated by mitoferrin-1, which is found 

abundantly in erythroid cells, and mitoferrin-2, which is expressed ubiquitously.9 Several 

lines of evidence suggest that there is a tight link between mitochondrial and cytosolic iron 

levels and that mitochondrial demand may regulate cytosolic iron metabolism, at least in 

part.10 Excess iron in the cytosol is diverted towards the cytosolic iron storage protein 

ferritin.11 Ferritin-associated iron can be released under different circumstances. Autophagic 

targeting of ferritin to the lysosome appears to be an important pathway for recovering 

stored iron, particularly when cytosolic iron concentrations fall, but proteasomal degradation 

of ferritin and direct exit of iron through pores in the ferritin nanocage may also occur.12–14 

Iron for systemic distribution is exported out of macrophages via the plasma membrane 

transporter ferroportin (FPN, encoded by the solute carrier family 40 member 1/SLC40A1 
gene), the only known iron export protein.15 Fe2+ iron exported via FPN is oxidised to Fe3+ 

by the ferroxidases hephaestin and ceruloplasmin and becomes associated with the plasma 

protein transferrin, which delivers iron to peripheral tissues.6 Cells take up transferrin-bound 

iron by receptor mediated endocytosis following binding of transferrin to the type 1 

transferrin receptor (TfR1). Within endosomes, acidification and the action of membrane 

bound reductases that convert Fe3+ to Fe2+ result in the disassociation of iron from 
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transferrin and transport via endosomal DMT-1 into the cytosol. Dietary iron is absorbed by 

enterocytes in the duodenum. Non-heme iron present in the Fe3+ form is converted to Fe2+ 

by the enzyme duodenal cytochrome B and is taken up by DMT-1 present on the apical 

plasma membrane. Depending on tissue iron status, the apically absorbed iron can be stored 

in the cytosol as ferritin or exported via FPN on the basolateral plasma membrane and 

transported in the plasma bound to transferrin.

Systemic iron homeostasis is achieved by modulating the expression of FPN and thereby 

controlling the amount of iron entering the circulation from both the enterocytes that absorb 

dietary iron and the macrophages that recycle iron from RBCs.6 The key molecule involved 

in regulating FPN expression is hepcidin, a 25-amino acid hormone that is encoded by the 

hepcidin anti-microbial peptide (HAMP) gene and secreted by hepatocytes. Hepcidin binds 

to FPN and induces its internalization and lysosomal degradation, thus decreasing iron 

export.16 The expression of hepcidin itself is controlled by iron status: elevated tissue and 

plasma iron concentrations up-regulate the hormone while a decrease in these concentrations 

or an increase in iron demand inhibit hepcidin expression (see following section for further 

details). Thus, iron-dependent alterations in circulating hepcidin levels, together with 

hepcidin-dependent control of FPN-mediated iron efflux, constitute a negative feedback loop 

that acts as the main regulator of systemic iron homeostasis. This mechanism ensures that 

the amount of iron entering the circulation is modulated in accordance with iron status and 

requirements.

Cellular iron homeostasis is maintained by altering the expression of proteins involved in 

iron uptake, storage and export in response to cytosolic free iron concentrations.1,17 The 

mRNAs of these proteins contain a conserved 25–30 nucleotide hairpin structure known as 

the iron response element (IRE) in their 5’ or 3’ untranslated region. The IREs are bound by 

the iron regulatory proteins (IRPs) IRP1 and IRP2 when cytosolic iron concentration is low, 

leading to increased stability of the TfR1 and DMT-1 mRNAs (with a consequent increase in 

iron import) and decreased translation of the FPN and ferritin mRNAs (with a consequent 

decrease in iron export and storage).17

III. Iron-dependent regulation of hepcidin expression

Hepcidin expression is regulated exclusively by transcriptional mechanisms (Figure 2). Bone 

morphogenetic protein 6 (BMP6) is the major mediator of hepcidin up-regulation in 

response to increased tissue iron concentrations. BMP6 expression in the liver increases 

when tissue iron concentrations rise and in turn induces hepcidin expression. Although it is 

not yet clear how tissue iron influences BMP6 levels, the homeostatic importance of this 

regulatory mechanism is highlighted by the observation that deficiency of BMP6 leads to 

progressive iron overload in mice.18,19 Recent studies indicate that conditional deletion of 

the BMP6 gene in liver sinusoidal endothelial cells mimics the iron overload phenotype of 

the global knockout, indicating that these cells are the major, physiologically relevant source 

of BMP6.20 BMP6 produced by the endothelial cells acts in a paracrine manner by binding 

to the BMP receptor and the co-receptor hemojuvelin (HJV) on adjacent hepatocytes. This 

interaction leads to the phosphorylation of the receptor-associated small-mothers against 

decapentaplegic (SMAD) 1/5/8 proteins, which then form a complex with SMAD4. This 
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complex enters the nucleus and activates transcription of the hepcidin gene by binding to 

BMP-responsive elements in the promoter.21,22 Circulating iron (in the form of holo-

transferrin) also influences hepcidin expression. The hemochromatosis protein HFE and the 

type 2 transferrin receptor (TfR2) expressed on the surface of hepatocytes are required for 

sensing iron-transferrin but the mechanistic details of this process are not clear. It may 

involve the formation of an HFE-TfR2 complex, although there is some evidence that the 

two proteins can act independently.23–27 The mechanisms that act downstream of HFE and 

TfR2 to up-regulate hepcidin transcription are also not well understood. Several studies 

indicate that HFE and TfR2 are required for the normal activation of BMP6-induced signals, 

specifically the phosphorylation of SMAD 1/5/8, that are involved in increasing hepcidin 

expression.26–29 Recent experiments suggest that TfR2, but not HFE, may have some role in 

the up-regulation of BMP6 by hepatocyte iron, and that TfR2 and HFE may interact with 

HJV to facilitate hepcidin induction.27,30 The importance of HFE, TfR2, HJV, as well as 

hepcidin and FPN, in iron homeostasis is well illustrated by the fact that mutations in genes 

encoding these proteins are associated with the development of hemochromatosis, a 

clinically significant iron overload syndrome in humans.4

In addition to the up-regulation of hepcidin that occurs when tissue and plasma iron levels 

rise, mechanisms to inhibit hepcidin expression go into effect in states of iron deficiency or 

increased iron demand. Suppression of hepcidin by low iron levels involves a 

transmembrane serine protease known as matriptase-2 (encoded by the TMPRSS6 gene) that 

cleaves HJV and thus attenuates signaling throught the BMP/SMAD pathway.31–33 This 

effect appears to be mediated by post-translational stabilization of matriptase-2 by low 

intracellular iron.34 Mice and humans with inactivating mutations in matriptase-2 suffer 

from a microcytic anemia that is refractory to oral iron therapy and that is associated with 

abnormally elevated hepcidin levels.31,32,35 Hepcidin expression has to be suppressed in 

order to meet the increased demand for iron during the state of augmented erythropoiesis 

that occurs in conditions such as hypoxia, hemolytic anemia and recovery from iron 

deficiency.36 Hepcidin inhibition under these circumstances involves the hormone 

erythroferrone, which is produced by RBC precursors in response to erythropoietin.37 The 

effect of erythroferrone on hepcidin expression has been shown recently to require 

matriptase-2, presumably in order to suppress BMP/SMAD signaling.38

IV. Iron metabolism and anemia in IBD

IBD is a chronic, relapsing and remitting inflammatory disorder of the gastrointestinal tract. 

Its exact pathogenesis is not clear but it is believed to be the result of abnormal, microbiota-

driven immune responses that develop in genetically predisposed individuals.39 The clinical 

manifestations range from bloody diarrhea and weight loss to perforation and obstruction of 

the gastrointestinal tract. IBD affects millions of people worldwide, with rising incidences, 

especially in urban areas.40 Two major forms of IBD – ulcerative colitis (UC) and Crohn’s 

disease (CD) – exhibit overlapping symptoms and pathologies. UC involves inflammation 

that is limited to the colon while CD affects the entire gastrointestinal tract. Many chronic 

inflammatory diseases, including IBD, are associated with disturbances in iron homeostasis 

that lead to a significant decrease in circulating iron concentrations.41 The abnormality can 

be explained to a great extent by the fact that hepcidin expression, in addition to being 
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influenced by iron status and demands, can also be markedly up-regulated by inflammatory 

signals (Figure 2). The increase in hepcidin levels leads to FPN degradation, with a 

consequent decrease in iron efflux and a fall in plasma iron concentrations. This response 

may have evolved as a mechanism to protect against infection since the hypoferremia 

deprives extracellular pathogens of an essential nutrient.42 Indeed, hepcidin expression is 

elevated in a number of human infectious diseases,43–45 and hepcidin-induced hypoferremia 

has been shown to have clear anti-microbial effects in a mouse model of Vibrio vulnificus 
infection.46 Decreased circulating iron may also have some benefits in terms of reducing the 

production of tissue-damaging reactive oxygen species. However, persistent hypoferremia 

will inevitably impair RBC production and lead to anemia. The anemia that develops under 

these circumstances (AI) is generally mild to moderate, normochromic and normocytic in 

nature and characterized by normal or elevated serum ferritin concentrations, features that 

help to distinguish it from the anemia of iron deficiency. AI usually resolves following 

successful treatment of the underlying inflammation but sometimes it can be significant 

enough to impair quality of life and may require specific intervention beyond anti-

inflammatory therapy.

Anemia is seen in 25–60% of patients with IBD depending on the clinical setting. It is 

multifactorial in origin, with chronic intestinal bleeding, dietary deficiency of iron and 

vitamins, inflammation-induced disturbances of iron homeostasis, and medication-

associated side effects potentially contributing to its pathogenesis. The most common type 

of anemia in IBD is a true iron deficiency anemia resulting from intestinal blood loss and 

inadequate intake of iron. A recent review of European studies of adults with CD or UC 

reported that 57% of the patients with anemia were iron deficient, while an earlier analysis 

found that iron deficiency was observed in 36–90% of all patients with CD.47,48 AI is also 

seen fairly frequently in IBD. It occurs as the sole form of anemia in about 15% of anemic 

IBD patients, and in combination with iron deficiency anemia in 35–40% of such 

individuals.49,50 Several studies have examined serum or urine hepcidin concentrations in 

patients with IBD in order to shed light on the pathogenesis of the associated anemia.51–56 

The results generally demonstrate that hepcidin levels are elevated in the patients relative to 

healthy controls and that they correlate with disease activity and serum ferritin 

concentrations. The findings are consistent with the idea that increased hepcidin expression 

is an important factor contributing to iron dysregulation in IBD and to the pathogenesis of 

AI in this condition. Not surprisingly, there has been a great deal of interest in trying to 

elucidate the mechanisms that lead to increased hepcidin expression in IBD so that rational 

interventions to prevent or treat AI can be developed.

V. Inflammation-associated dysregulation of hepcidin expression

An important factor in inflammation-induced hepcidin up-regulation is the cytokine 

interleukin-6 (IL-6).57–59 IL-6 acts on its receptor expressed on hepatocytes, leading to 

activation of Janus kinase (JAK) 1/2 and consequent phosphorylation of signal transducer 

and activator of transcription 3 (STAT3). Phosphorylated STAT3 dimerizes and translocates 

into the nucleus to transcriptionally activate the hepcidin gene by binding to a specific site in 

its promoter. Mice deficient in either IL-6 or hepatocyte STAT3 fail to up-regulate hepcidin 

in response to the injection of stimuli such as lipopolysaccharide (LPS) or turpentine, 
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pointing to the importance of this pathway in inflammation-induced expression of 

hepcidin.60–62 There is also some evidence to suggest that this pathway is involved in 

hepcidin up-regulation in human IBD based on correlations between serum hepcidin and 

IL-6 levels.51,53

Other cytokines that have been implicated in the increased expression of hepcidin associated 

with inflammation include IL-1β and IL-22. IL-1β produced by macrophages plays an 

important role in the pathogenesis of intestinal inflammation in at least some forms of 

human IBD, as well as in mouse models of the disease, and has been shown to up-regulate 

hepcidin in vitro and in vivo.63–68 Some of this effect could be mediated by IL-1β-induced 

IL-6 production but IL-6-independent mechanisms are also probably involved. Recent work 

from our laboratory suggests that IL-1β up-regulates hepcidin by inducing the secretion of 

members of the transforming growth factor β (TGFβ)/BMP family, BMP2 or activin B, 

which then act in an autocrine or paracrine fashion to activate the SMAD signaling 

pathway.68 Activin B is up-regulated in the liver in response to a number of inflammatory 

stimuli and can increase hepatocyte hepcidin expression in tissue culture and following 

injection into mice, but recent results indicate that it is not required in vivo for 

inflammation-induced hepcidin up-regulation.69–72 The exact contribution of IL-1β to 

increased expression of hepcidin in IBD remains to be determined. The use of antagonists of 

this cytokine in the clinical treatment of IBD should now make this issue amenable to 

investigation.64 The role of IL-22 in IBD-associated hepcidin up-regulation is similarly 

awaiting clarification. IL-22, which activates STAT3, is able to up-regulate hepcidin 

expression in hepatocytes in vitro and in vivo, but disruption of the IL-22 gene has only a 

minor effect on the murine hepcidin response to LPS.73–75

Not all inflammatory cytokines induce the increased expression of hepcidin. TNFα, a key 

mediator of pathology in IBD, has been shown to inhibit hepcidin expression when added to 

a hepatocyte cell line.61 Moreover, experiments conducted by our group have shown that 

hepcidin expression is down-regulated in two different mouse models of IBD, and that 

TNFα is involved in this inhibition.76 Interestingly, treatment of rheumatoid arthritis patients 

with TNFα inhibitors resulted in a decrease in serum hepcidin levels, possibly via 

modulation of IL-6.77 It is not clear why TNFα appears to have different effects on hepcidin 

expression in human rheumatoid arthritis and mouse colitis. The relevance of these findings 

to human IBD also needs to be clarified, although it is worth noting that anti-TNFα therapy 

has been shown to improve anemia and increase circulating erythropoietin concentrations in 

a small number of IBD patients.49

Endoplasmic reticulum (ER) stress is another factor that could influence hepcidin expression 

in the context of intestinal inflammation. ER stress occurs in intestinal epithelial cells in the 

inflamed gut and may also affect hepatocytes since liver injury can occur from a variety of 

causes related to IBD.78,79 The induction of ER stress, either in cultured hepatocyte cell 

lines or in vivo in mice, leads to increased expression of hepcidin.80–82 This effect involves 

activation of transcription factors such as C/EBPα and members of the cyclic AMP response 

element-binding (CREB) family. Interestingly, in vivo experiments have shown that the 

SMAD signaling pathway is required for ER stress-induced hepcidin up-regulation.82 It is 
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not yet known whether ER stress contributes to increased hepcidin expression in human 

IBD.

The composition of the gastrointestinal microbiota can also influence hepcidin expression 

during colitis. Using the dextran sulfate sodium (DSS) induced-colitis mouse model of IBD, 

we showed recently that wild-type C57BL/6 mice exhibited a significant down-regulation of 

hepcidin expression following the induction of colitis, whereas IL-10-deficient mice on the 

same genetic background demonstrated significant up-regulation of hepcidin following 

colitis induction.83 Interestingly, if the two types of mice were co-housed prior to the 

induction of colitis, hepcidin expression in the IL-10 knockout mice was suppressed. A 

similar suppression was observed if the IL-10-deficient animals were transplanted with fecal 

material from the wild-type mice. These results indicate that IL-10 itself does not directly 

influence hepcidin expression in the context of colitis. Rather, they suggest that differences 

in gut microbiota composition between the wild-type and IL-10-deficient mice have a strong 

effect on inflammation-induced hepcidin expression. The mechanism by which microbiota 

composition influences hepcidin expression is not yet clear. It could involve changes in the 

inflammatory cytokine milieu (although we did not observe obvious differences in colonic 

cytokine levels between the wild-type and IL-10 knockouts in our experiments), or more 

direct effects of commensal microbes or their products on host pattern recognition receptors 

(PRRs) and other sensors.73 Clarifying this issue could provide the foundation for 

microbiota-based strategies to inhibit inflammation-induced hepcidin up-regulation.

It should be remembered that the signals that regulate hepcidin expression in response to 

iron status and requirements continue to operate in inflammatory states. Accordingly, the net 

level of expression will reflect the integration of multiple, sometimes opposing, inputs, with 

the relative strength of the inputs determining how much hepcidin is produced.84 Thus, 

inflammation occurring in the background of iron deficiency, for instance, will result in 

lower hepcidin expression than if it were to occur in an iron replete condition. Erythropoietic 

drive can also attenuate inflammation-induced hepcidin up-regulation as a result of increased 

production of erythroferrone.37,83

VI. Other factors contributing to abnormal iron metabolism during 

inflammation

Although it is generally agreed that increased expression of hepcidin is the major factor in 

the abnormal iron metabolism associated with inflammation, inflammatory mediators can 

also affect iron homeostasis by mechanisms that do not involve hepcidin. TNFα has been 

shown in tissue culture experiments to act directly on intestinal epithelial cells to inhibit iron 

transport by decreasing DMT-1 expression or membrane localization of FPN.85,86 

Consistent with these observations, injection of TNFα into mice leads to decreased duodenal 

uptake of iron and reduced serum iron concentrations without significant changes in liver 

hepcidin expression.87 Interestingly, recent experiments have demonstrated decreased levels 

of DMT-1 mRNA and protein in the inflamed ileum and colon of IBD patients, possibly 

related to a direct effect of TNFα on the intestinal epithelium.88 Whether this abnormality 

extends to the duodenum and affects iron absorption is not clear. It has also been shown that 
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treatment of human monocyte cell lines with a combination of LPS and the pro-

inflammatory cytokine interferon γ results in intracellular sequestration of iron in 

association with decreases in the levels of FPN mRNA and protein.89 The contribution of 

this mechanism to inflammation-associated hypoferremia in vivo is not clear. However, it 

may be relevant that additional studies have shown that injection of wild-type mice with 

ligands for the PRRs Toll-like receptor (TLR) 2 and TLR6 leads to marked decreases in 

macrophage FPN mRNA and protein, as well as a reduction in serum iron concentrations, 

without changes in hepcidin expression.90 Hepcidin-independent mechanisms involved in 

inflammation-induced hypoferremia have been demonstrated recently using hepcidin knock-

out and knock-in mice. Administration of LPS to hepcidin-deficient animals produced a 

rapid and dramatic reduction of FPN mRNA and protein levels in the duodenum, along with 

decreases in DMT-1 and duodenal cytochrome B mRNAs in this tissue.91 The associated 

hypoferremia in the hepcidin-deficient mice was significantly attenuated relative to the wild-

type animals but still appreciable. In keeping with these observations, injection of TLR2/

TLR6 ligands into knock-in mice expressing a hepcidin-insensitive mutant of FPN resulted 

in reduced FPN mRNA and protein levels in the liver and spleen and hypoferremia.90 Taken 

together, these results indicate that there are multiple hepcidin-independent mechanisms that 

can contribute to the altered iron homeostasis associated with inflammation.

Inflammation-associated hypoferremia compromises erythropoiesis by restricting the 

amount of iron available for hemoglobin synthesis. In addition, inflammation can directly 

inhibit RBC generation. In a mouse model of turpentine-induced chronic inflammation, one 

of the mechanisms contributing to the development of anemia is a hepcidin-independent 

suppression of intramedullary erythropoiesis.92 Consistent with this observation, a number 

of inflammatory cytokines, including TNFα and IL-1γ, have been shown to inhibit the 

proliferation and differentiation of erythroid precursors by reducing production of 

erythropoietin and/or decreasing sensitivity to this hormone.93 There are very few studies of 

erythropoiesis in human IBD, although one investigation indicated that erythropoietin levels 

are inappropriately elevated in children with the disease, possibly because of a failure of the 

normal bone marrow erythropoietic response.94 Increased RBC destruction may also be 

involved in the anemia associated with some inflammatory conditions. Injection of heat-

killed Brucella abortus into mice produces a marked anemia in conjunction with 

hypoferremia, reduced erythropoiesis and shortened RBC lifespan.95 These observations 

may be more relevant to the anemia of critical illness, a poorly understood, moderately 

severe anemia seen in patients admitted to intensive care units,96 rather than to AI since the 

latter is milder and not typically associated with hemolysis.

VII. Management of anemia in IBD

Treatment of the underlying inflammatory disorder will usually lead to the resolution of the 

associated anemia. However, in some cases, the anemia can be significant enough to require 

specific intervention. The majority of patients with IBD-associated anemia have true iron 

deficiency and will benefit from iron supplementation.97 Oral iron therapy is successful in 

replenishing iron stores and increasing hemoglobin in most of these individuals. Oral iron 

may have unpleasant gastrointestinal side effects, including the potential for exacerbating the 

intestinal inflammation, and it may be poorly absorbed during acute flares of IBD. It may 
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also cause significant alterations in the gut microbiota, which could have adverse 

consequences.98 Intravenous iron, available in different formulations that vary in cost, 

stability, ease of administration and side effects, can be used in individuals who do not 

respond to or cannot tolerate oral supplementation and is generally safe and effective.97 Iron 

deficiency in IBD may recur following initially successful oral or intravenous 

supplementation therapy, so it is important to monitor the patient to determine if additional 

treatment is required.

Determining the contribution of iron deficiency to the anemia of IBD can be difficult in 

some circumstances. Typically, iron deficiency anemia is hypochromic and microcytic and is 

associated with low serum ferritin concentrations. However, ferritin levels may be increased 

by inflammation, making interpretation of this parameter complicated in the context of an 

inflammatory state. More recent measurements such as the soluble transferrin receptor to log 

ferritin ratio or plasma hepcidin concentration may be helpful in distinguishing iron 

deficiency anemia from AI but may not be definitive.99,100

In the minority of individuals with IBD-associated anemia who have AI, the rational 

approach to treatment is to inhibit the expression or function of hepcidin. Several types of 

reagents have been developed for this purpose and are in various stages of pre-clinical or 

clinical evaluation.101,102 One approach to inhibiting hepcidin expression is to block 

activation of the BMP signaling pathway. Soluble forms of the BMP co-receptor HJV have 

been shown to correct hypoferremia and ameliorate anemia in rodent models of AI, 

including in a mouse model of IBD.103,104 Another molecule that has been shown to reduce 

hepcidin expression is heparin, a glycosaminoglycan that is able to bind and sequester 

BMP6.105 The use of heparin is complicated, of course, by its anticoagulant properties. 

Therefore, modified forms of heparin have been developed that show reduced anticoagulant 

activity (glycol-split heparin) and have been successful in alleviating AI in a mouse 

model.106 Inhibition of the BMP co-receptor HJV may be another promising approach to 

blocking BMP signals leading to hepcidin up-regulation. Monoclonal antibodies targeting 

HJV reduce hepcidin levels and increase serum iron concentrations when administered to 

rats or monkeys.107 Pharmacological strategies for inhibiting BMP signaling have also been 

developed. LDN-193189 is a derivative of dorsomorphin, a small molecule inhibitor of 

SMAD activation by BMP receptors. It has been demonstrated to inhibit hepcidin expression 

and reduce hypoferremia in a rat model of AI and in a mouse IBD model.103,104 In addition 

to inhibiting the expression of hepcidin, blocking its ability to bind to FPN is another 

strategy for dealing with AI. Reagents that are being developed and evaluated for this 

purpose include antibodies against hepcidin or FPN, engineered proteins (anticalins) 

designed to bind hepcidin, and hepcidin-binding structured oligoribonucleotides 

(spiegelmers).102,103 A spiegelmer with high-affinity binding to hepcidin has been shown to 

prevent FPN degradation and hypoferremia in a non-human primate model of 

inflammation.108

Stimulating erythropoiesis with recombinant human erythropoietin has been used in IBD 

patients whose anemia fails to respond to intravenous iron, although the number of 

individuals requiring such therapy is small.109,110 When indicated, erythropoietin is 

administered in combination with intravenous iron and has resulted in significant 
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improvement in RBC parameters.110 Erythropoietin may also be beneficial in AI since it has 

the ability to lower hepcidin expression secondary to the effects of erythroferrone produced 

by RBC precursors.37 The value of erythropoietin as treatment for AI in the absence of co-

existing iron deficiency has not been specifically evaluated in IBD.

VIII. Conclusion

The anemia associated with inflammation is a complex and multifactorial clinical 

abnormality (Figure 3). Although we now have a better understanding of its general 

pathogenesis, the mechanisms that contribute to its development in specific inflammatory 

states such as IBD require further clarification. In this regard, some of the questions that 

await answers include the following.

• Which biomarkers or laboratory parameters are most useful in distinguishing AI 

from iron deficiency anemia in IBD?

• Which of the many inflammatory cytokines produced in IBD are most critical for 

the up-regulation of hepcidin? Do they act cooperatively or redundantly?

• What role do hepcidin-independent mechanisms play in the pathogenesis of the 

anemia associated with IBD?

• How does gut microbiota composition affect hepcidin expression and iron 

homeostasis in IBD?

• What is the optimal treatment for AI in IBD, particularly in regard to the 

emerging classes of hepcidin inhibiting and blocking reagents? Can manipulation 

of the microbiota with prebiotics or probiotics be used to prevent or treat AI in 

IBD?

These issues represent important areas of future research that could yield information 

relevant to both basic biology and the care of patients with IBD.
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Figure 1. 
Regulation of systemic iron homeostasis. Hepcidin, which is encoded by the hepcidin anti-

microbial peptide (HAMP) gene, is produced by the liver in response to iron status and 

requirements. It down-regulates ferroportin (FPN) on macrophages and duodenal 

enterocytes to control the amount of iron entering the circulation from recycled red blood 

cells (RBCs) and the diet, respectively. Dietary ferric iron is reduced by the action of 

duodenal cytochrome B (DCytB), imported by divalent metal transporter-1 (DMT-1) 

expressed on the apical enterocyte membrane, and then exported at the basolateral 

membrane by FPN. Ferrous iron is converted into the ferric form by hephaestin (Heph) or 

ceruloplasmin (Cp) and transported in the circulation bound to transferrin (holo-transferrin). 

Similar transport mechanisms operate in the macrophage to recycle iron from RBCs.
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Figure 2. 
Regulation of hepcidin expression in hepatocytes in response to iron status and requirements 

(left) or inflammation (right). Tissue iron increases the expression of bone morphogenetic 

protein 6 (BMP6), which acts on the BMP receptor (BMP-R) and co-receptor hemojuvelin 

(HJV). This interaction leads to the phosphorylation of the receptor-associated small-

mothers against decapentaplegic (SMAD) 1/5/8 proteins, which then bind to SMAD4, 

translocate to the nucleus and up-regulate transcription of the HAMP gene to produce 

hepcidin. Plasma iron is sensed by the hemochromatosis protein HFE and the type 2 

transferrin receptor (TfR2), leading to modulation of BMP/SMAD signals. Iron deficiency 

inhibits BMP/SMAD signals by inducing degradation of HJV, while erythropoiesis inhibits 

hepcidin expression through the action of erythroferrone. In inflammatory states, cytokines 

such as IL-6 and IL-22 act on their respective receptors to activate the Janus kinases 

(JAK)1/2, leading to phosphorylation and dimerization of signal transducer and activator of 

transcription 3 (STAT3). Dimeric STAT3 translocates to the nucleus to up-regulate HAMP 
transcription and increase hepcidin production. Activin B produced during inflammation 

increases HAMP transcription by activating the BMP/SMAD pathway. Additional 

inflammatory mediators, including other pro-inflammatory cytokines such as IL-1β, 

endoplasmic reticulum (ER) stress and agonists of innate pattern recognition receptors 

(PRRs), induce signals that activate other transcription (Tx) factors and up-regulate HAMP 
transcription.
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Figure 3. 
Mechanisms involved in the pathogenesis of the anemia associated with inflammation. The 

figure shows the various factors that contribute to the development of anemia in the context 

of inflammation.
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