
HAL Id: hal-03434150
https://hal-univ-bourgogne.archives-ouvertes.fr/hal-03434150

Submitted on 18 Nov 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

The iron-regulatory hormone hepcidin: A possible
therapeutic target?

Luc Rochette, Aurélie Gudjoncik, Charles Guenancia, Marianne Zeller, Yves
Cottin, Catherine Vergely

To cite this version:
Luc Rochette, Aurélie Gudjoncik, Charles Guenancia, Marianne Zeller, Yves Cottin, et al.. The
iron-regulatory hormone hepcidin: A possible therapeutic target?. Pharmacology and Therapeutics,
Elsevier, 2015, 146, pp.35-52. �10.1016/j.pharmthera.2014.09.004�. �hal-03434150�

https://hal-univ-bourgogne.archives-ouvertes.fr/hal-03434150
https://hal.archives-ouvertes.fr


1 
 

The iron-regulatory hormone hepcidin: a possible therapeutic target? 

 

Luc Rochette a*, Aurélie Gudjoncik ab, Charles Guenancia ab, Marianne Zeller a, 

Yves Cottin ab, Catherine Vergely a.  

 

aLaboratoire de Physiopathologie et Pharmacologie Cardio-Métaboliques 

(LPPCM) Inserm UMR866, Facultés de Médecine et de Pharmacie – Université 

de Bourgogne. 

7 Bld Jeanne d’Arc 21033 DIJON France 

b Service de Cardiologie CHU Bocage DIJON France 

*Corresponding author: Professor Luc Rochette Laboratoire de 

Physiopathologie et Pharmacologie Cardio-métaboliques (LPPCM) Inserm 

UMR866, Facultés de Médecine et de Pharmacie – Université de Bourgogne. 

DIJON, France.  

Luc.rochette@u-bourgogne.fr  

  



2 
 

ABSTRACT 

The maintenance of stable extracellular and intracellular iron concentrations requires the 

coordinated regulation of iron transport into plasma. Iron is a fundamental cofactor for 

several enzymes involved in oxidation–reduction reactions. The redox ability of iron can lead 

to the production of oxygen free radicals, which can damage various cellular components. 

Therefore, the appropriate regulation of systemic iron homeostasis is decisive in vital 

processes. Hepcidin has emerged as the central regulatory molecule of systemic iron 

homeostasis. It is synthesized in hepatocytes and in other cells and released into the 

circulation. It inhibits the release of iron from enterocytes of the duodenum and from 

macrophages by binding to the iron exporter protein, ferroportin (FPN). FPN is a 

transmembrane protein responsible for iron export from cells into the plasma. Hepcidin is 

internalized with FPN and both are degraded in lysosomes. The hepcidin-FPN axis is the 

principal regulator of extracellular iron homeostasis in health and disease. Its manipulation 

via agonists and antagonists is an attractive and novel therapeutic strategy. Hepcidin 

agonists include compounds that mimic the activity of hepcidin and agents that increase the 

production of hepcidin by targeting hepcidin-regulatory molecules. The inhibition of 

hepcidin could be a potentially attractive therapeutic strategy in patients suffering from 

anaemia or chronic inflammation. In this review, we will summarize the role of hepcidin in 

iron homeostasis and its contribution to the pathophysiology of inflammation and iron 

disorders. We will examine emerging new strategies that modulate hepcidin metabolism. 
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Abbreviations: 

AA, amino-acid; ABCA1,  ATP binding cassette transporter A1; ABCB: ATP-binding cassette 

(ABC) transporter; AKI, acute kidney injury; AMI, acute myocardial infarction; ARE, 

antioxidant response element; ATP, adenosine triphosphate; CHD, coronary heart disease; 

CKD, chronic kidney disease; CHF, chronic heart failure; CO, carbon monoxide; COX, 

cyclooxygenase; CPB, cardiopulmonary bypass; CREBH, cyclic AMP response element-binding 

protein-H; CRP, C-reactive protein; DMT1, divalent metal transporter 1; EAM, experimental 

autoimmune myocarditis; EPO, erythropoietin; ER, endoplasmic reticulum; ESAs,  

erythropoietin-stimulating agents; FPN, ferroportin; GDF-15, growth differentiation factor-

15; hHepc, human hepcidin; HIF, hypoxia-inducible factor; HJV, hemojuvelin; HMGB1, high 

mobility group protein B1; HO, heme oxygenase; H2S, hydrogen sulphide; HSP, heat shock 

protein; IL, interleukin; IREs, iron responsive elements; IRPs, iron regulatory proteins; JAK, 

Janus kinase; Keap, Kelch-like ECH-associated protein 1; LPS, lipopolysaccharide; Lrp1, 

lipoprotein receptor-related protein-1; α2M,  α2-macroglobulin; MAL, MyD88 adapter-like; 

NO, nitric oxide; NOS, nitric  oxide synthase; NOX, nicotinamide adenine dinucleotide 

phosphate oxidase; Nrf2, nuclear factor erythroid-related factor 2; PEG, polyethylene glycol; 

RNOS, reactive nitrogen and oxygen species; RNS, reactive nitrogen species; ROS, reactive 

oxygen species; sHJV.Fc, soluble HJV-Fc fusion protein; SOD, superoxide dismutase; STAT, 

signal transducer and activator of transcription; SR, sarcoplasmic reticulum; Tf, transferrin; 

TfR, Tf receptors; TLR, toll-like receptors; TPP, thiamine pyrophosphate; TRAM, TLR4-TRIF-

related adapter molecule; TTFD, thiamine tetrahydrofurfuryl disulphide.  
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1. Introduction 

Iron is a fundamental cofactor for several enzymes involved in oxidation–reduction 

reactions due to its ability to exist in two ionic forms: ferrous (Fe+2) and ferric (Fe+3) iron. 

However, the redox ability of iron can lead to the production of oxygen free radicals, which 

can damage various cellular components. For this reason, iron levels in tissues must be 

tightly regulated (Ganz, 2013). Various molecules are involved in iron uptake and storage 

by hepatocytes and its export from hepatocytes, and systems describing the iron cycle have 

evolved. The discovery of the iron-regulating role of the hormone hepcidin, followed by the 

elucidation of its mechanism of action has led to better understanding of the 

physiopathology of human iron disorders (Munoz-Bravo, Gutierrez-Bedmar, Gomez-

Aracena, Garcia-Rodriguez, & Navajas, 2013; Waldvogel-Abramowski, et al., 2014) and 

offers new clinical potential in terms of diagnosis and therapy. Hepcidin has emerged as 

the central regulatory molecule of systemic iron homeostasis. Knowledge on how hepcidin 

exerts its regulatory function and on the molecular processes that regulate hepcidin 

production is largely based on animal and in vitro studies. Hepcidin is a peptide secreted 

predominantly from hepatocytes. It down-regulates ferroportin, the only known iron 

exporter, and therefore inhibits iron efflux from duodenal enterocytes, macrophages and 

hepatocytes into the bloodstream (Ganz & Nemeth, 2012). Hepcidin expression is 

regulated positively by body iron load. Although the underlying mechanism of iron-

regulated hepcidin expression has not been fully elucidated, several proteins have been 

identified that participate in this process. In this review, we will summarize the role of 

hepcidin in iron homeostasis and its contribution to the pathophysiology of inflammation 

and iron disorders. We will examine emerging new strategies to modulate hepcidin 

metabolism. The therapeutic manipulation of hepcidin activity may become an important 

approach in cardiovascular and metabolic disorders. 

 

2. Systemic iron metabolism and the importance of iron storage  

2.1. Iron distribution 

The total amount of iron in a 70-kg adult is approximately 4 g, of which two thirds is the iron 

in red blood cells and 300 mg is in the myoglobin of muscles. The majority of this iron comes 

from the recycling of senescent erythrocytes by macrophages of the reticulo-endothelial 

system (about 20 mg/day) (Table 2)(Gudjoncik, et al., 2014). Most of the iron in plasma is 
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directed to the bone marrow for erythropoiesis. More than 2 million new erythrocytes are 

produced every second by the bone marrow, requiring a daily supply of at least 20-30 mg of 

iron. Only 1 to 2 mg of the daily iron supply is derived from intestinal absorption, which, 

under a steady state, is sufficient only to replace insensible iron loss. Significant amounts of 

iron are also present in macrophages (up to 600 mg) whereas excess body iron (~ 1 g) is 

stored in the liver. Each erythrocyte contains a billion atoms of iron; at normal rates of 

turnover, this concentration corresponds to the incorporation of 2 × 1020 atoms of iron per 

day. Consequently, anaemia is the cardinal sign of iron deficiency. The best characterized 

syndrome of iron overload is hereditary hemochromatosis (Vujic, 2014). The acquisition, 

transport, utilization and storage of iron are tightly controlled to meet physiological needs 

and prevent excessive accumulation of the metal within cells. Mammals utilize distinct 

mechanisms to regulate iron homeostasis at the systemic and cellular levels (Lawen & Lane, 

2013). 

 

2.2. Proteins that exert crucial functions in the maintenance of systemic iron homeostasis 

2.2.1. A range of regulatory mechanisms:  general regulation  

Several proteins, such as transferrin, ferritin, hemosiderin, hepcidin and ferroportin, exert 

crucial functions in the maintenance of systemic iron homeostasis. Macrophages play an 

important role in executing the regulatory events that lead to changes in systemic iron levels 

(Gammella, Buratti, Cairo, & Recalcati, 2014). Schematically, the main site of iron absorption 

is the small intestine, but most iron is recycled by the monocyte-macrophage system via 

phagocytosis of senescent erythrocytes. In the circulation, iron is usually bound to 

transferrin (Tf), and most of the Tf-bound iron is utilized for bone marrow erythropoiesis 

(Gudjoncik, et al., 2014). Within cells, iron is stored in the proteins ferritin or hemosiderin. 

Iron is the only micronutrient known to have a regulatory hormone, hepcidin, which 

responds to both nutrient status and infections. Hepcidin is mainly synthesized in the liver. It 

is a negative regulator and its production is increased during iron overload and 

inflammation. Intracellular iron is released into the circulation via ferroportin (FPT). The iron 

is donated to Tf and reutilized for bone marrow erythropoiesis. Hepcidin binds to the iron 

exporter FPT and leads to its degradation, thereby inhibiting intestinal iron absorption, 

cellular export and reticulo-endothelial iron release (Munoz, Garcia-Erce, & Remacha, 2011). 
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2.2.2. Role of Ferritin 

Multiple physiological processes are involved in maintaining iron homeostasis. These include 

iron storage at the intracellular and extracellular levels. Ferritin is the major iron-storage 

protein. Typical ferritins are composed of 24 subunits, which fold into a 4-helix bundle and 

form an almost spherical protein shell. There is a strong equilibrium between ferritin-bound 

iron (Fe3+) and the labile iron pool in cells (Fe2+), by which ferritin prevents the formation of 

reactive oxygen species mediated by the Fenton reaction (Alkhateeb & Connor, 2013). 

Various cell types contain a transient cytosolic pool of iron, presumably bound to low-

molecular-mass intracellular chelates, such as citrate, various peptides, ATP, AMP or 

pyrophosphate. This labile iron pool is redox-active and its concentration is determined by 

the rates of iron uptake, utilization for incorporation into iron enzymes, storage in ferritin 

and export from the cell (Cabantchik, 2014). 

There are two functionally and genetically distinct ferritin subunits: L-ferritin and H-ferritin 

(also known as light-chain and heavy-chain ferritin). Ferritin is found in the cytoplasm, 

nucleus and mitochondria of cells. Serum ferritin has been thought to reflect iron stores in 

the body and to increase as a secreted by-product of intracellular ferritin synthesis. Cellular 

iron is stored primarily in the cytoplasm, but organelles such as mitochondria are the main 

users of metabolically active iron (MacKenzie, Iwasaki, & Tsuji, 2008).  

The regulation of ferritin synthesis by iron is mainly due to post-transcriptional regulation 

through the binding of IRP1 and IRP2 to iron-responsive elements (IRE) located in the 5′ UTR 

of ferritin mRNA. Both IRP1 and IRP2 are expressed ubiquitously in most tissues. In addition 

to iron-mediated regulation, oxidative stress is able to modulate the activity of IRP1 and 

IRP2. This process is regulated at the transcriptional level through an antioxidant-responsive 

element (ARE) (Tsuji, 2005). The role of nitric oxide (NO) in the regulation of the IRP/IRE 

system is well established (Hentze, Muckenthaler, & Andrews, 2004). NO induces the 

expression of FPN, the transmembrane protein responsible for iron export from 

macrophages, and is associated with activating the transcription factor nuclear erythroid 2-

related factor-2 (Nrf2) (Nairz, et al., 2013). Given the established regulatory circuits between 

nitric oxide synthase (NOS) activity and iron homeostasis, it has been hypothesized that iron 

homeostasis and NO biology are interconnected. Recent studies showed that haemoglobin α 

haem iron in the oxygenated Fe2+ state and NOS are in a macromolecular complex and can 

form a direct protein–protein interaction (Straub, et al., 2012). 
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2.2.3. Role of Transferrin 

Cellular iron homeostasis is accompanied by the coordinated regulated expression of ferritin 

and other proteins including Tf. Cells have transferrin receptors (TfR) that mediate iron 

metabolism. Iron is imported through the endocytosis of Fe3+-loaded Tf that interacts with 

its TfRs (TfR1 and TfR2) in a tightly regulated feedback loop controlled at the genetic and 

protein level. Tf is a monomeric protein of 76-81 kDa comprising two structurally similar 

lobes (termed N-and C –lobes), each of which contains a single iron–binding site. Plasma Tf is 

a powerful chelator, capable of binding iron tightly but reversibly. Iron chelation by Tf serves 

to maintain Fe3+ in a soluble form in a redox-inert state, thus preventing the generation of 

toxic free radicals (Gkouvatsos, Papanikolaou, & Pantopoulos, 2012). TfR1 (also known as 

CD71) is ubiquitously expressed at low levels in most normal human tissues. TfR2 is a protein 

that is highly homologous to TfR1 but whose expression is largely restricted to hepatocytes. 

Serving as the main port of entry for iron bound Tf into cells, TfR1 is a type-II receptor that 

resides on the outer cell membrane. The Tf-TfR complex is internalized via clathrin-coated 

pits and then metabolized in the lysosome (Daniels, et al., 2012). Iron homeostasis is 

controlled by Tf as well as in other ways. In this context, a relationship exists between TfRs 

and peptides such as hepcidin, which appears to be involved in the final common pathway 

towards which the components of the regulatory network converge to control tissue iron 

metabolism.   

A decade ago, hepcidin, an antimicrobial peptide with iron-regulatory properties, was 

discovered and found to play a significant role in iron regulation in health and disease. 

Hepcidin is predominantly synthesized in hepatocytes, secreted from hepatocytes and 

excreted through the kidney. In iron deficiency or in haemorrhagic or haemolytic anaemia, 

the production of hepcidin in hepatocytes decreases. When this happens, both iron 

absorption in the duodenum and the release of iron from stores are greatly increased. In 

patients with anaemia or chronic disease, hepcidin is over expressed (Polin, et al., 2013). In 

the following chapters of this review, we will describe the structures and functions of 

hepcidin and examine emerging new pharmacological strategies that modulate hepcidin 

metabolism.   
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3. Diseases associated with iron deficiency or iron overload 

3.1. Iron deficiency  

The symptoms and signs of iron deficiency are partly explained by the presence of anaemia. 

Iron deficiency will result from any condition in which dietary iron intake does not meet the 

body's demands; for this reason, rapidly growing children and premenopausal women are at 

the highest risk. Iron deficiency caused by dietary insufficiency is usually secondary to 

intestinal blood loss. Congenital and acquired abnormalities of the intestinal epithelium can 

also result in iron deficiency. The combination of mild-to-moderate anaemia and 

hypoferraemia is often seen in chronic infections, inflammatory disorders, haematological 

malignancies, and some solid tumours. Inflammation anaemia has also been called the 

“anaemia of chronic disease,” (Corwin & Krantz, 2000). The influence of iron deficiency was 

underestimated especially in terms of worsening of cardiovascular diseases and of 

developing anaemia (Ebner & von Haehling, 2013). Approximately one third of patients with 

congestive heart failure (CHF) and 10% to 20% of those with coronary heart disease (CHD) 

also have anaemia. Anaemia is associated with more symptoms, a greater hospitalization 

rate and increased mortality rates in patients with CHF and CHD (Kansagara, et al., 2013). 

 

3.2. Iron-overload: Hemochromatosis 

Iron-overload leads to excessive iron deposition in a wide variety of tissues. The rapid and 

massive influx of iron into the plasma can cause an early-onset organ disorder called juvenile 

hemochromatosis, which includes heart failure and endocrine insufficiency. Primary 

(hereditary) hemochromatosis and secondary iron overload (hemosiderosis) is reaching 

epidemic levels worldwide. In genetic hemochromatosis and in β-thalassemia, iron overload 

is the primary cause of liver cirrhosis, diabetes, and heart failure. Over 85% of all cases of 

hemochromatosis are due to mutations in the hemochromatosis protein, which is involved 

in iron metabolism. Human hemochromatosis protein also known as the HFE protein is a 

protein encoded by the HFE gene (Moyer, Highsmith, Smyrk, & Gross, 2011). The cardiac and 

endocrine systems are particularly susceptible to rapid iron loading. In cells, iron induces an 

increase in oxidative stress and limits high-energy electron transport required for 

mitochondrial respiration (Murphy & Oudit, 2010). Four meta-analyses of the studies 

examining the association between four HFE gene variants and the risk of coronary heart 
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diseases were recently conducted. HFE gene mutations were shown to be associated with 

iron overload and cardiovascular diseases (Lian, et al., 2013). 

The management of iron overload and the treatment of iron toxicity by chelation in patients 

with acquired iron overload (e.g. Transfusion-dependent anaemia) have been shown to 

reduce iron burden and improve survival. Iron chelators are best known for their ability to 

sequester iron from the cell or organism and to function as an antioxidant by preventing the 

Fenton reaction. Three iron chelating agents: Deferoxamine, Deferiprone and Deferasirox 

are currently available (Munoz, et al., 2011). Other orally active iron chelators are currently 

under development and one, FBS0701, is in a clinical trial. FBS0701 has been shown to bind 

Fe3+ with very high affinity and selectivity and has demonstrated a no-observable-adverse-

effect level at least 4 times greater than that obtained with deferasirox suggesting a 

favourable clinical safety profile (Ma, Zhou, Kong, & Hider, 2012; Neufeld, et al., 2012).  

 

4. The liver: the main regulator of iron metabolism and producer of iron-regulatory 

proteins (figure 1)  

The liver is the central regulator of systemic iron balance. Hepatocytes not only store iron, 

but also play a crucial role in iron metabolism by producing Tf, the iron carrier protein, and 

hepcidin, a hormone involved in regulating iron metabolism. As we reported previously, 

hepcidin is mainly synthesized in hepatocytes, secreted from hepatocytes, and excreted 

through the kidney. Schematically, extracellular circulating iron in the plasma is present as 

soluble Tf-bound iron, and when there is excess iron, it binds to serum proteins or citric acid. 

Human serum albumin is known to be a low-affinity iron-binding protein and it has been 

proposed as a ligand for the non-transferrin-bound iron (NTBI) pool that exists in the sera of 

iron-overload patients. Hepatocytes express both TfR 1 and TfR2. TfR1 expression is 

controlled by the level of iron within cells, and is regulated by the iron regulatory proteins 

(IRP)- iron-responsive elements (IRE) regulatory system (Cairo & Recalcati, 2007). Fe2+-Tf 

binds with TfR1 on the cell membrane surface to form a complex that, as mentioned above, 

is then transported into hepatocytes by endocytosis. The released ferrous iron is transported 

from the interior of the endosome to the cytosol by divalent metal transporter 1 (DMT1). 

A growing body of evidence suggests that dysregulation of iron metabolism contributes to 

age-related pathologies. Hepatocyte senescence correlated positively with hepatic iron 

concentrations, serum ferritin and oxidative stress. The mechanisms that contribute to iron 
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retention with aging are unclear, but might involve enhanced iron uptake, or reduced iron 

export in these tissues, potentially resulting from the dysregulation of iron transport 

proteins (Wood, Gadd, Powell, Ramm, & Clouston, 2014). Iron retention generates 

oxyradicals and contributes to the peroxidation of lipids and proteins in membranes, thus 

leading to cellular toxicity. This process is thought to contribute to hepatocellular necrosis 

and apoptosis and the development of hepatic fibrosis in pathologies associated with iron 

retention (Ramm & Ruddell, 2010). The hypothesis according to which iron overload could 

be harmful has been extensively and controversially discussed in relationship with oxidative 

stress. In patients, the correlation between hemochromatosis and an established marker of 

oxidative stress, the urinary excretion of 8-iso-prostaglandin F2α has been demonstrated 

(Kom, Schwedhelm, Nielsen, & Boger, 2006). A recent study in rats investigated whether or 

not iron supplement facilitated the onset of induced type-2 diabetes by the overproduction 

of reactive oxygen species (ROS) and reactive nitrogen species (RNS) and exacerbated 

oxidative/nitrosative stress in association with hepatic dysfunction. Both diabetes and 

elevated amounts of liver iron caused hepatic disease, resulting in increased liver injury 

including fibrosis, inflammation and hepatocellular necrosis (Li, et al., 2012). These results 

were similar to the conclusions of studies in animal models of hemochromatosis (Klopfleisch 

& Olias, 2012). It is known that mutations in HFE or TfR2 cause hereditary hemochromatosis 

by impeding production of the liver’s iron-regulatory hormone, hepcidin. The effects of 

disrupting HFE or TfR2, either alone or together, on liver iron loading and injury in mouse 

models of hereditary hemochromatosis were investigated. Liver F2-isoprostane levels were 

higher, and copper/zinc and manganese superoxide dismutases (SODs) activities lower in 

mutant animals than in wild-type mice (Delima, et al., 2012). In conclusion, there is now 

strong evidence that iron overload plays an important role in the initiation and progression 

of hepatic injury through its ability to catalyse the formation of ROS thus inducing oxidative 

stress that is not compensated for by endogenous antioxidant mechanisms.   

 

5. Levels, structures, and kinetics of hepcidin  

5.1. Levels of hepcidin 

Hepcidin was discovered by three laboratories working independently (Krause, et al., 2000; 

Park, Valore, Waring, & Ganz, 2001; Pigeon, et al., 2001).The laboratory of Tomas Ganz 

invented the name hepcidin, because the gene is highly expressed in the liver (hep-) and was 
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found to possess some microbicidal activity (-cidin). The bacteriostatic effects of iron-binding 

proteins had already been recognized in the 1940s. It was noted that specific iron-binding 

proteins in egg white (ovotransferrin) and blood (transferrin) inhibited the growth of certain 

bacteria-an effect easily reversed by adding iron. There are considerable differences in 

hepcidin levels depending on the method used to make the measurement. Absolute 

hepcidin concentrations differed widely between the assays (Laarakkers, et al., 2013). 

 To date, concentrations of the biomarker hepcidin have only been assessed in the sera of 

relatively small series of healthy volunteers and patients. In a large, well-phenotyped sample 

of the general population (n = 2998), a recent study assessed age- and sex-stratified 

reference ranges of serum hepcidin concentrations. Variations in hepcidin concentrations 

over age differed between men and women. Men showed a stable hepcidin concentration, 

although a non-significant trend towards an age-related increase in serum hepcidin was 

previously reported in a study of 65 men. In women, serum hepcidin concentration was 

substantially higher for postmenopausal than for premenopausal women. The median serum 

hepcidin concentration in men was 7.8 nM, while that in women was 4.1 nM for women 

younger than 55 years and 8.5 nM for women aged 55 years and older (Galesloot, et al., 

2011). There is currently no evidence to support either a primary or secondary circadian 

variation in hepcidin. However, circadian variations in hepcidin do exist and could be 

secondary to variations in iron intake during the day. Serum ferritin was shown to be the 

most important correlate of serum hepcidin concentration (Ashby, et al., 2009). In the 

Nijmegen Biomedical Study, hepcidin and the hepcidin/ferritin ratio, which reflects hepcidin 

expression relative to iron stores, were significantly associated with the presence of 

atherosclerotic plaque in postmenopausal women (Galesloot, et al., 2014). It has been 

hypothesized that high levels of hepcidin may increase cardiovascular risk by slowing or 

preventing the mobilization of iron from macrophages. (see later paragraph: Hepcidin: 

endogenous cytoprotective agent in cardiovascular pathophysiology and possible 

therapeutic targets). 

 

5.2. Structure of hepcidin (figure 2) 

Hepcidin is synthesized in the liver as an 84-amino-acid (AA) preprohormone, and is targeted 

to the secretion pathway by a 24-AA N-terminal targeting sequence. The resulting 60-AA 

pro-hepcidin is processed further into a mature C-terminal 25-AA active peptide (~2.7 kDa) 
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that is secreted into the circulation. The human 25-amino-acid hepcidin peptide contains 

four disulphide bonds, and urinary hepcidin is rich in β-sheet. Hepcidin forms a simple 

hairpin stabilized by four disulphide bonds (Ganz, 2005). Under physiological conditions, 

N−terminal truncated hepcidin−20, -22 and −24 peptides have been observed in the urine, 

but are absent from or exist at low concentrations in plasma. These smaller hepcidin 

isoforms mostly occur in plasma in diseases that are associated with significantly increased 

hepcidin concentrations, such as sepsis and kidney failure. Hepcidin concentrations were 

reported to be increased in patients with chronic kidney disease. This could be caused by 

inflammation, which frequently accompanies renal failure. However, even patients without 

significant inflammation have elevated hepcidin levels that progressively increase with the 

severity of the kidney disorder. Because hepcidin is cleared, at least partially, by filtration in 

the kidney, decreased kidney function probably contributes to this phenomenon. This 

hypothesis is supported by a number of studies that reported an inverse correlation 

between the glomerular filtration rate and the serum concentration of hepcidin (Peters, 

Laarakkers, Swinkels, & Wetzels, 2010). Hepcidin-25 has both antimicrobial and iron-

regulatory activities, whereas hepcidin-22 and hepcidin-20 have only antimicrobial activity. 

Much is still unknown about the origin of the smaller isoforms. During prolonged storage of 

plasma at room temperature, it has been observed that a decrease in plasma hepcidin-25 

was paralleled by an increase in the levels of the hepcidin-24, -22 and -20 isoforms. This 

means that all of the determinants for the conversion of hepcidin-25 to smaller inactive 

isoforms are present in the circulation, which may contribute to the functional suppression 

of hepcidin-25, which is significantly higher in patients with renal impairment (Laarakkers, et 

al., 2013). We found that hepcidin was expressed predominantly in the hepatocytes around 

the portal veins in mouse liver. Interestingly, ferroportin staining was also found to be much 

more prominent in the periportal areas.    

 

5.3. Hepcidin kinetics 

Binding to carrier proteins may prevent circulating hepcidin from being freely filtered 

(Peters, et al., 2010). Hepcidin preferentially binds to the blood glycoprotein, α2-

macroglobulin (α2M) and to methylamine-activated α2M (α2M-MA). α2M, which is composed 

of subunits with tetrameric structures in vertebrates, protects the body against various 

infections, and hence, can be used as a biomarker for the diagnosis and prognosis of a 
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number of diseases (Rehman, Ahsan, & Khan, 2013). Hepcidin binds to the methylamine-

activated form of α2M via four high-affinity binding sites. In addition to hepcidin binding, 

both α2Ms bind many hormones and cytokines such as IL-6. Hepcidin complexed with native 

and activated α2M significantly decreased FPN expression. Hepcidin bound to activated α2M 

binds to the α2M receptor: low density lipoprotein receptor-related protein-1 (Lrp1) on 

target cells. Activated α2M is internalized by endocytosis via these receptors (M. L. Huang, et 

al., 2013).  

Hepcidin clearance is assumed to occur via cellular co-degradation with FPN at its sites of 

action, and via excretion by the kidneys. Because of its low molecular weight and small 

radius, unbound hepcidin probably passes freely into the glomerular filtrate. Possible local 

tubular production of hepcidin as well as possible defective tubular reabsorption of hepcidin 

must also be taken into account in the interpretation of urine levels as a mirror of serum 

hepcidin concentrations (Kulaksiz, et al., 2005). Recently, hepcidin-25 has been shown to 

have a direct correlation with creatinine and an inverse correlation with estimated 

glomerular filtration rate, suggesting that hepcidin-25 levels increase as renal function 

deteriorates, possibly due to decreased renal clearance of hepcidin-25 (Troutt, Butterfield, & 

Konrad, 2013). 

 

6. Sources of extrahepatic hepcidin 

Apart from hepatocytes, which are the main source of circulating hepcidin, other cell types 

such as macrophages, adipocytes, and heart and stomach cells express hepcidin mRNA, but 

at a lower level. While extrahepatic hepcidin expression is becoming established, the 

physiological role of hepcidin in extrahepatic tissues is only partially understood. 

Extrahepatic hepcidin production may play a role in the local regulation of iron fluxes 

 

6.1. Macrophages 

Macrophages facilitate the rapid throughput of iron and strongly express FPN. The transport 

of iron across vacuolar membranes into the cytoplasm of macrophages involves DMT1, 

which is specific for ferrous iron. The necessary iron reduction is catalysed by an erythroid 

endosomal ferric reductase, which is important for iron utilization in erythrocytes. 

 A sequence of events takes place in macrophage lysosomes when they phagocytose 

senescent erythrocytes. The hydrolytic environment of the phagolysosome digests the 
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erythrocyte and its haemoglobin, releasing haem, which is then degraded by inducible haem 

oxygenase-1 (HO-1). Iron is released for cytoplasmic storage or export to blood plasma; 

these processes may be particularly influenced by hepcidin. HO-1 acts within the 

phagolysosomes, and the released iron is transported across the phagolysosomal 

membrane. Macrophages are important producers of hepcidin, and within macrophages, 

hepcidin localizes in mycobacteria-containing phagosomes where it exerts its 

antimycobacterial activity (Layoun & Santos, 2012). In macrophages, the regulation of 

lipopolysaccharide (LPS)-inducible cytokines, which include several endogenous compounds 

such as TNFα, interleukin (IL) families and receptors, especially Toll-like receptors (TLRs) and 

IL-1R takes place. LPS-induced hepcidin expression in vivo is dependent on TLR4, indicating 

that TLR signalling may be important for the activation of hepcidin production in 

macrophages (figure 1) (Constante, et al., 2006). In contrast to hepcidin expression in 

hepatocytes, that in macrophages is positively regulated by gram-positive and gram-negative 

bacteria wall constituents through TLR2 and TLR4 (Layoun & Santos, 2012). Hepcidin 

expression by macrophages increases following bacterial infection, and hepcidin decreases 

iron release from macrophages in an autocrine and/or paracrine manner. Though circulating 

hepcidin seems to be a relatively ineffective antimicrobial peptide, it was recently proposed 

that hepcidin produced endogenously by macrophages and localized in the phagosome 

could play a role in host defences against tuberculosis by causing structural damage to the 

mycobacteria (Sow, et al., 2011). 

 In monocytes, autocrine production of hepcidin has been shown to down-regulate FPN 

expression, thereby contributing to iron sequestration within these cells (Theurl, et al., 

2008). The hepcidin-mediated elevation of intracellular iron plays an important role in the 

cytokine response of macrophages and hence subsequent immune responses (Layoun & 

Santos, 2012). It has recently been proposed that High Mobility Group Box-1 (HMGB1), 

which is released from irradiated tumour cells, acts as an endogenous TLR4 ligand (Apetoh, 

et al., 2007). HMGB1 is a nuclear protein that can be released into the extracellular milieu 

from immune and non-immune cells in response to various stimuli. Extracellular HMGB1 

contributes to the pathogenesis of numerous chronic inflammatory and autoimmune 

diseases, including sepsis, rheumatoid arthritis, atherosclerosis, chronic kidney disease and 

cancer. It has been suggested that there is some interplay between HO-1 and HMGB1 (Gong, 

et al., 2008).  
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In atherosclerotic plaque, iron preferentially accumulates in macrophages where it can exert 

pro-oxidant activities (Yuan & Li, 2003). The physiology of hepcidin suggests an additional 

mechanism by which iron depletion could protect against the progression of atherosclerotic 

lesions. Without hepcidin, macrophages retain less iron. Hepcidin may promote plaque 

destabilization by preventing iron mobilization from macrophages within atherosclerotic 

lesions. This process can be altered and the absence of this mobilization may result in 

increased cellular iron loads, thus inducing lipid peroxidation, which is associated with 

progression to foam cells (Sullivan, 2007). 

Interestingly, it was recently demonstrated that after exposure to iron, differentiated 

macrophages (M2) completely changed their phenotype and acquired a phenotype oriented 

to iron release. The iron handling ability of M2 macrophages suggests they play a 

modulatory role in atherosclerosis. Hepcidin decreased iron loading in M2 macrophages, 

whereas FPT expression increased. Expression of the HO-1 gene and NRF2, which are 

markers of oxidative stress, also increased markedly in M2 macrophages. Finally, these M2 

macrophages are highly specialized in iron recycling associated with increasing FPN 

expression and a decrease in hepcidin mRNA levels (Bories, et al., 2013). 

 

6.2. Adipocytes 

Recent data suggest that adipocytes are capable of producing hepcidin, and that this process 

is probably triggered by inflammatory stimuli. Hepcidin mRNA and hepcidin were present in 

adipose tissue, and mRNA levels in adipose tissue correlated with levels of IL-6 and C-

reactive protein (CRP) (Bekri, et al., 2006). Adipose tissue expressed hepcidin at both the 

mRNA and protein level and this expression was enhanced in obese patients (Vuppalanchi, 

et al., 2014). A lot of results point out that hepcidin may play an important role in the 

hypoferremia of inflammation in obese patients. There is a tight relationship between iron 

deficiency and obesity. Obesity seems to be  associated with lower iron levels and higher 

iron stores, reflecting lower iron bioavailability, together with higher hepcidin production 

and with higher levels of obesity-related inflammation markers (Coimbra, Catarino, & 

Santos-Silva, 2013). In this field, it has been reported that  activin B was a new adipokine 

having a role in energy balance and insulin insensitivity associated with obesity (Dani, 2013). 

Interestingly, hepcidin synthesis was induced by inflammatory signals including activin B and 
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SMAD responded to activin B (Akel, Bertolette, & Ruscetti, 2013; Besson-Fournier, et al., 

2012). 

Interactions between cells in the blood vessel wall and regional lipids are vital for normal 

vascular function, and they are disturbed in cardiovascular diseases. Perivascular adipocytes 

are present at the adventitial border of blood vessels. The secretion of mediators that 

regulate inflammation is a characteristic feature of adipocytes. These mediators can be 

divided into two categories: adipokines and cytokines. Adipose tissue is known to secret IL-6, 

leptin and adiponectin (Rajsheker, et al., 2010). As we reported, hepcidin is rapidly induced 

by cytokines, including IL-6. In human volunteers, recombinant IL-6 infusion resulted in a 7.5-

fold increase in urine hepcidin levels, and serum iron decreased by 34% within 2 h. IL-6 

neutralizing antibodies were used to show that there was an IL-6-dependent inflammation-

mediated and regulatory-hepcidin pathway (Nemeth, Rivera, et al., 2004). It has been 

suggested that adipocytes are key regulators of metabolism in all tissues, given their 

integrated sensing of nutritional stores and iron availability. Evidence now exists that 

adipocyte iron levels regulate adiponectin transcription and serum protein levels 

(Gabrielsen, et al., 2012). High levels of leptin are found in obesity and also appear to 

contribute to the iron status observed in obesity. Leptin is capable of inducing hepatic 

hepcidin expression via the Janus kinase 2 (Jak2)/STAT3 signalling pathway, which is similar 

to IL-6-mediated hepcidin expression. STAT3 belongs to the signal transducer and activator 

of transcription (STAT) family of signal responsive transcription factors. In non-stimulated 

cells, STAT3 is kept in an inactive cytoplasmic form. The JAK2/STAT3 pathway is a stress-

response mechanism that transduces signals from the cell surface to the nucleus, thereby 

modulating gene expression (Chung, Matak, McKie, & Sharp, 2007; Meli, et al., 2013). 

Certain studies have reported that circulating hepcidin and leptin concentrations in obese 

patients are higher than those in normal-weight subjects. These observations support the 

idea that the poor iron status frequently observed in obese patients may be associated with 

the hepcidin-mediated inhibition of dietary iron absorption (Amato, et al., 2010). As we 

previously reported in the underlying mechanism of iron-regulated hepcidin expression, 

several proteins that participate in this process have been identified. Among these, 

hemojuvelin (HJV) plays a particularly important role. A soluble form of hemojuvelin (s-HJV) 

exists in the blood. Recently, it has been reported that HJV was also expressed in adipocytes 

at mRNA and protein levels. Moreover, its mRNA expression was greatly increased in 
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adipose tissue from obese individuals and correlated positively with hepcidin expression 

levels (Luciani, et al., 2011). 

 

6.3. Heart  

It has been reported that increased levels of iron and iron-mediated injury play an important 

role in the development of a number of heart disorders, including iron-overload 

cardiomyopathy, acute myocardial infarction and coronary heart diseases (Rochette, et al., 

2011; Tuomainen, Punnonen, Nyyssonen, & Salonen, 1998). Heart cells have the ability to 

accumulate transferrin-bound-iron via the Tf receptor and non-transferrin-bound-iron 

probably via the L-type Ca2+ channel. FPN-mediated iron export is dependent on the 

ferroxidase activity of the multicopper oxidases, ceruloplasmin and hephaestin (Qian, et al., 

2007). It has also been demonstrated that hepcidin was expressed in the heart; this implies 

that this protein might play a role in iron homeostasis in the heart. In vitro, it has been 

demonstrated that hepcidin was able to bind with FPN, internalize and degrade FPN, and 

thus decrease iron export from heart cells (Ge, et al., 2009; Merle, Fein, Gehrke, Stremmel, 

& Kulaksiz, 2007). 

In our laboratory; we found that hepcidin was present in the myocardium. The protein was 

diffusely expressed in the myocardium (Figure 3). Recently, cardiac expression of hepcidin in 

different conditions: rat experimental autoimmune myocarditis (EAM), rat acute myocardial 

infarction (AMI) and human myocarditis have been investigated. Hepcidin mRNA was 

moderately expressed in the heart of normal rats, but the expression of hepcidin mRNA in 

the heart of EAM rats was markedly greater than that in controls. In humans, the level of 

hepcidin/cytochrome oxidase mRNA in hearts with pathologically diagnosed myocarditis was 

significantly higher than that in hearts without myocarditis. Finally, hepcidin expression is 

more strongly influenced by local environmental conditions than by systemic conditions; 

hepcidin mRNA levels correlated with those of IL-6 mRNA (Isoda, et al., 2010). In hypoxic rat 

hearts, expression levels of hepcidin were highest at the myocardial intercalated disc area 

(Merle, et al., 2007). Given this localization, it is logical to conclude that the presence of 

hepcidin in the intercalated disc area may be an important component in a local response to 

an inflammatory process.  

Another condition that induces hepcidin expression is inflammation associated with cardiac 

diseases such as heart failure. Increases in proinflammatory cytokine levels and anaemia 
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have been reported in patients with heart failure. It is possible that the increased level of 

inflammatory cytokines in the heart may induce hepcidin gene expression in cardiomyocytes 

(Nemeth, et al., 2003). A large number of transgenic over-expression studies that 

investigated a wide array of intracellular signalling pathways in the hypertrophic response 

have been published. Using transgenic models, it appears that hepcidin in the heart plays a 

role in the regulation of iron homeostasis in an autocrine and paracrine fashion (Zhang, et 

al., 2012). 

 

6.4. Stomach 

Given the established role of the stomach and gut in iron metabolism, it is tempting to 

speculate that the hepcidin system is implicated in the regulatory and antimicrobial 

functions of iron. A recent study showed that hepcidin was expressed in gastric parietal cells 

(Schwarz, et al., 2012). In mice and rats, quantitative RT-PCR analyses revealed abundant 

hepcidin expression in the fundus/corpus part of the glandular stomach, and less ample 

expression in the antrum. The influence of hepcidin on gastric acid secretion and the 

regulation of gastric acid production may also contribute to local iron homeostasis. Hepcidin 

is also present in the bile (Strnad, et al., 2011). Hepcidin was increased after treatment with 

proton pump inhibitors and reduced after the injection of histamine; these results suggest 

that hepcidin signalling serves as a mechanism to keep gastric acid secretion steady under 

normal and pathological conditions such as inflammation. Iron absorption is diminished 

during inflammation, and the mechanisms operating in the intestine to decrease iron 

absorption during inflammation have been poorly studied at the cellular level. Treatment 

with TNF alpha decreased intestinal iron absorption, but TNF appears to mediate 

hypoferremia independenly of hepcidin (Schubert, et al., 2012). One study investigated 

whether hepcidin was implicated in colon cancer-associated anaemia and whether it might 

play a role in colorectal carcinogenesis. Hepcidin is expressed by colorectal cancer tissue and 

thus may be a novel oncogenic signalling mechanism (Ward, et al., 2008). 

 

7. Importance of the hepcidin-ferroportin interaction (figure 4) 

The interaction of hepcidin with FPN provides a mechanism for coordinating the entry of 

iron into the plasma with iron utilization and storage. Recent advances in understanding the 

molecular mechanisms of hepcidin regulation in particular in relationship with FPN and its 
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targets came from studying patients with a genetic iron overloaded disorder such as 

haemochromatosis. These patients present mutations in genes that encode different 

proteins and they have low hepcidin levels relative to iron stores (Gao, et al., 2009). 

The main target of hepcidin is FPN, the transmembrane protein responsible for iron export 

from cells to plasma (Nemeth, Tuttle, et al., 2004). FPN protein is encoded by the SLC40A1 

gene located on chromosome 2 (2q32). FPN gene mutations have been identified in different 

ethnic populations and some of the mutations are associated with autosomal dominant iron 

overload disorder. To date, forty-five mutations in the SLC40A1 gene have been described in 

people of different ethnicity, and this number is set to increase as more mutations are 

discovered. In the majority of cases, FPN polymorphism is a result of a missense mutation 

(Kasvosve, 2013). Mutations in the FPN gene lead to autosomal dominant iron overload 

diseases (Detivaud, et al., 2013). Hepcidin binds to a highly conserved domain on an 

extracellular loop of FPN. The extracellular loop of FPN that interacts with hepcidin was 

identified from the observation that the Cys326 mutation in this loop resulted in FPN being 

resistant to hepcidin binding. It has been proposed that the free thiol of the Cys326 residue 

forms a disulphide bond with one of the cysteine residues in hepcidin (Clark, et al., 2011). 

The concentration of FPN on the surface of cells depends on the rate of synthesis, the 

hepcidin/FPN interaction, the rate of internalization and the rate of cellular degradation. 

Once internalized, FPN is dephosphorylated and subsequently ubiquitinated. The inability to 

ubiquitinate FPN does not prevent hepcidin-induced internalization, but it inhibits the 

degradation of FPN. Ubiquitinated FPN is trafficked through the multivesicular body pathway 

en route to degradation in the endosome (De Domenico, et al., 2007). 

It has been demonstrated that the kinase responsible for the phosphorylation of FPN is JAK2. 

Binding of JAK2 to FPN is highly cooperative and requires hepcidin to bind to both 

monomers of the FPN dimer and both monomers to be capable of activating JAK2 (De 

Domenico, Lo, Ward, & Kaplan, 2009). Studies have suggested that a thiol-disulphide 

exchange may occur during hepcidin binding to FPN (Preza, et al., 2011). Once bound, JAK2 is 

autophosphorylated and then phosphorylates FPN, leading to FPN internalization (De 

Domenico, et al., 2009).  

In summary, excess iron induces an increase in hepcidin concentration, resulting in the 

internalization and degradation of FPN protein. Intracellular iron is then sequestered by 

binding to ferritin within cells, limiting the increase in plasma iron concentration and Tf 
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saturation. Coupling the internalization of FPN to hepcidin levels could generate a 

homeostatic loop that regulates iron plasma levels and the tissue distribution of iron.  

 

8. Hepcidin: master regulator of iron metabolism 

When iron stores are adequate or high, the liver produces hepcidin, which circulates to the 

small intestine. FPN molecules are expressed on the basolateral membranes of enterocytes, 

and they transport iron from enterocytes to plasma transferrin. Hepcidin causes FPN to be 

internalized, thus blocking the pathway for the transfer of iron from enterocytes or 

macrophages to plasma. Macrophages export Fe2+ from their plasma membrane via FPN, in a 

process coupled with the re-oxidation of Fe2+ to Fe3+ by ceruloplasmin and followed by the 

loading of Fe3+ onto Tf. Exported iron is scavenged by Tf, which maintains Fe3+ in a redox-

inert state and delivers it into tissues. The copper-containing ferroxidase, hephaestin, assists 

by converting Fe2+ to Fe3+, which is then bound by Tf. 

 As we previously reported, iron enters the cell from the bloodstream in a complex with Tf, 

which binds to receptors TfR1 and TfR2 on the plasma membrane, followed by receptor-

mediated endocytosis. As stated above, human TfR1 and TfR2 are very similar, being 45% 

homologous and 60% similar in their primary structure (Anderson & Vulpe, 2009; Bayeva, 

Chang, Wu, & Ardehali, 2013; Koskenkorva-Frank, Weiss, Koppenol, & Burckhardt, 2013). 

Under physiological conditions, plasma Tf is hyposaturated (to ~30%) and displays a very 

high iron-binding capacity.  

Different studies have revealed that expression of the hepcidin-FPN axis was regulated by 

different factors (exogenous and endogenous). At the molecular level, the pathways 

involved in this regulation are not well known. The effect of vitamin D on the hepcidin-FPN 

axis suggests that low vitamin D status may be a contributing factor to the anaemia of 

chronic kidney disease (CKD), which is characterized by impaired vitamin D status, which 

itself is closely associated with adverse CKD health outcomes. Recently, a study showed for 

the first time that vitamin D was a potent regulator of hepcidin in both monocytes and 

hepatocytes (Bacchetta, et al., 2014). In conditions of vitamin D deficiency, elevated 

synthesis of hepcidin by hepatocytes may increase intracellular and systemic concentrations 

of hepcidin and thus decrease membrane expression of FPN in these cells. Direct 

transcriptional suppression of hepcidin gene (HAMP) expression mediated by 1,25-
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dihydroxyvitamin D binding to the vitamin D receptor causes a decrease in hepcidin mRNA 

levels. 

Studies have reported a decrease in hepcidin expression in response to hypoxia. However, 

the physiological relevance of hypoxia and its impact on hepcidin regulation are still 

uncertain and conflicting. In vivo, hypoxia could also suppress hepcidin indirectly through 

erythropoiesis and enhanced iron use. Hypoxia-inducible factor (HIF) may, however, 

contribute to hepcidin suppression indirectly via its effects on the breakdown of hemojuvelin 

(Silvestri, Pagani, & Camaschella, 2008). Moreover, HIF1α and 2α were shown to increase 

intestinal iron absorption, iron uptake into erythroid progenitors and haem synthesis, and to 

suppress hepcidin production thus ensuring an adequate supply of iron to support 

erythropoiesis (Evstatiev & Gasche, 2012; Palaneeswari, Ganesh, Karthikeyan, Devi, & 

Mythili, 2013). In the HIGHCARE study (HIGH altitude Cardiovascular Research carried out 

3400-5400 m above sea level) the modifications induced by acute and chronic exposure to 

hypobaric hypoxia on serum iron indices, EPO, IL-6, and hepcidin levels were investigated. 

Hepcidin levels decreased within 40 hours after acute hypoxia exposure at 3400 m and 

reached the lowest level at 5400 m. This fall was associated with a rapid decrease in serum 

levels of ferritin. The strong correlation between serum ferritin and hepcidin during the 

study indicates that iron itself or the kinetics of iron use in response to hypoxia may signal 

hepcidin down-regulation (Piperno, et al., 2011).  

In the process of hepcidin regulation, the endoplasmic reticulum may play a role with regard 

to inflammation. The acute inflammatory response has been linked to endoplasmic 

reticulum (ER) stress, a state that is associated with disruption of ER homeostasis and the 

accumulation of unfolded or misfolded proteins in the ER. Overall, it appears that the 

regulation of hepcidin by ER stress links the cellular response involved in protein quality 

control to innate immunity and iron homeostasis. Apparently, hepcidin reacts not only to 

extracellular stimuli, such as iron fluctuations and cytokines, but also to stress signals arising 

within the cell (Oliveira, de Sousa, & Pinto, 2011; Vecchi, et al., 2009).  

Among the endogenous “mediators”; carbon monoxide (CO) and NO appear to play a role in 

this regulation. CO suppresses hepcidin expression elicited by IL-6 and endoplasmic 

reticulum-stress agents by inhibiting signal transducer and activator of transcription (STAT-3) 

phosphorylation and cyclic AMP response element-binding protein-H (CREBH) maturation, 

respectively. The induction of endoplasmic reticulum stress in mice resulted in increased 
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hepatic and serum hepcidin (Shin, et al., 2012). The anti-inflammatory action of CO is 

implicated in these different processes (Rochette, Cottin, Zeller, & Vergely, 2013). 

 Concerning NO, it has been hypothesized that iron homeostasis and NO biology are 

interconnected (see previous paragraph: Role of Ferritin). As we previously mentioned, the 

regulation of ferritin synthesis by iron is mainly due to post-transcriptional regulation 

through the binding of IRP1 and IRP2 to IRE and the NO-induced expression of FPN (Nairz, et 

al., 2013; Straub, et al., 2012). Several reports indicate a potential synergistic effect between 

NO and H2S in controlling various biological responses of vascular function. It is interesting to 

note that the cytoprotective functions of low concentrations of H2S are comparable to those 

of NO. Importantly, NO and hydrogen can react rapidly with metalloproteins such as iron–

sulphur clusters (Kolluru, Shen, Bir, & Kevil, 2013; Yin, Wang, & Bernstein, 2013).  

 

 

9. Regulation of hepcidin expression (figure 5) 

The expression of hepcidin is dependent on opposing signalling pathways: the combined 

effects of the various pathways will determine hepcidin levels. The systemic factors that 

alter hepcidin expression, such as anaemia or inflammation, are well established. However, 

the mechanism by which hepcidin production is regulated at the molecular level is still 

unclear.  

HFE, the gene mutated in the most common form of hereditary hemochromatosis, plays a 

role in monitoring body iron status and then directing the adaptive hepcidin response. The 

HFE protein interacts with TfR1 at a site that overlaps with the binding site for Tf. A close 

correlation between Tf levels and hepatic hepcidin mRNA expression has been 

demonstrated following haemolysis (Frazer, et al., 2004). Furthermore, when Tf binds to 

TfR2, the ERK1/ERK2 and p38 MAP kinase pathways are activated, thus inducing hepcidin 

expression (Calzolari, et al., 2006). As mentioned above, inflammation stimulates hepcidin 

expression, which in turn causes the hypoferremia associated with inflammatory episodes. 

Although several pro-inflammatory cytokines have been shown to increase hepcidin 

expression, IL-6 has been the best studied. It stimulates hepcidin transcription through 

STAT3 signalling. Several microbial-derived Toll-like receptor (TLR) ligands can induce 

hepcidin expression, perhaps via the induction of IL-6 (Darshan & Anderson, 2009).The most 

recently described factor in the regulatory pathway in hepcidin expression is the BMP (bone 
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morphogenetic protein)/ SMAD (Contraction of Sma and Mad) pathway: BMP/SMAD. It has 

also been demonstrated that dorsomorphin, a selective inhibitor of BMP-responsive SMAD 

phosphorylation, blocked the IL-6 mediated induction of hepcidin (Yu, et al., 2008). It 

appears that the coordinated regulation of hepcidin expression by BMP and IL6 may involve 

crosstalk at the level of signal transduction. These effects are influenced by the cellular 

microenvironment. The human genome encodes 20 BMPs (Miyazono, Kamiya, & Morikawa, 

2010). BMP6 is the specific endogenous regulator of hepcidin (Camaschella, 2009). 

Mutations in the genes encoding the ligand BMP6, the BMP coreceptor HJV, and the 

intracellular signalling molecule SMAD4 are associated with suppressing hepcidin expression. 

These actions are associated with tissue iron overload.  

It is now recognized that the BMP6-HJV-SMAD signalling pathway plays a major role in 

hepcidin regulation and iron homeostasis (Babitt & Lin, 2010). Stimulation by BMP6 and/or 

iron induces an increase in BMP6-HJV-SMAD pathway activity, possibly through a 

mechanism involving HFE and TfR2, leading to binding of SMAD complexes to BMP-

responsive elements (BMP-REs) on the hepcidin promoter and the up-regulation of hepcidin 

transcription. The BMPs act by binding to complexes of two type I and two type II receptors 

(BMPR-I and BMPR-II) and modulating the expression of target genes through different 

signal transduction pathways. Signalling through the SMAD proteins is now characterized. 

The constitutively active kinase domains of type II receptors phosphorylate type I receptors, 

and this in turn activates the SMAD signalling pathway through phosphorylation of receptor 

SMADs (SMAD1, SMAD5 and SMAD8). These associate with co-SMADs (SMAD4) to form a 

heteromeric complex that translocates to the nucleus and stimulates the expression of a 

wide range of target genes, including the gene encoding hepcidin (Anderson & Darshan, 

2008). BMPs can also signal through SMAD-independent pathways, notably via MAP kinases 

(Nohe, Keating, Knaus, & Petersen, 2004).  

There are important interactions between the different pathways, and the involvement of 

other members of the regulatory network, such as growth differentiation factor-15 (GDF-

15), has also been reported. GDF15 expression is associated with cellular stress or apoptosis 

in several tissues. The unprocessed translated form of GDF-15 (pre-pro-GDF-15) is 308 AA 

long and includes the signal sequence (29 AA), the propeptide (167 AA) and a mature protein 

(112 AA), which contains a cysteine that binds for the transforming growth factor-β 

superfamily (Tanno, Noel, & Miller, 2010). GDF-15 has been found to be expressed by 
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mature erythroblasts, which occur in diseases due to increasingly ineffective erythropoiesis 

such as thalassemia. It has been demonstrated that GDF-15 protein suppresses hepcidin 

secretion (Tanno, et al., 2007; Tanno, et al., 2010).Erythroblast expression of a second 

molecule named twisted gastrulation: Twisted Gastrulation Gene 1) (TWSG1) was explored 

as a potential erythroid regulator of hepcidin. TWSG1 interferes with BMP-mediated 

hepcidin expression and may act with GDF15 to deregulate iron homeostasis in thalassemia. 

SMAD signalling pathways are implicated in the cellular actions of GDF-15 and TWSG1 

(Tanno, et al., 2009). 

Recently, several studies have demonstrated that oestrogens regulate hepcidin expression 

via G-coupled protein 30 (GPR30)–BMP6-dependent signalling, indicating that oestrogen 

decreases iron absorption in the intestine. GPR30 has been localized to both the cell plasma 

membrane and the endoplasmic reticulum and has been reported to mediate the action of 

oestrogen as a steroid receptor. New data suggest that oestrogen directly participates in the 

regulation of hepatic hepcidin expression (Ikeda, et al., 2012). 

 As we previously reported, hepcidin expression in macrophages is regulated mainly through 

TLR2 and TLR4 receptors. The autocrine regulation of iron accumulation in macrophages by 

hepcidin may affect the levels of pro-inflammatory cytokine production. TLR2- and TLR4-

mediated hepcidin upregulation was completely abrogated in myeloid differentiation factor 

88 (MyD88)−/− macrophages, suggesting that MyD88 signalling is required for hepcidin 

induction through TLRs (Layoun & Santos, 2012). TLR signalling requires interactions of the 

Toll/IL-1 receptor (TIR) domains of the receptor and adaptor proteins. The interaction 

surfaces in the TLR4 TIR domain for the TLR4-TLR4, TLR4-MyD88 adapter-like (MAL), and 

TLR4-TRIF-related adapter molecule (TRAM) interaction have been identified (Bovijn, et al., 

2012). 

All of the clinical observations point to iron-responsive regulatory pathways and suggest that 

oxidative stress could be involved in IL-6 signalling for hepcidin production. During 

inflammation, cells are exposed to persistently elevated concentrations of superoxide and 

H2O2. This condition requires the tight regulation of iron homeostasis to prevent tissue 

damage via Fenton reactions. In neutrophils and macrophages, the membrane-associated 

NADPH oxidase (NOX2) generates superoxide that is converted to H2O2 by SODs (Brechard & 

Tschirhart, 2008). Recently, it has been shown that very low concentrations of H2O2 were 

sufficient for the potent up-regulation of hepcidin in hepatoma cells and primary 
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hepatocytes, as H2O2 acts synergistically with other inducers of hepcidin, such as IL-6. The 

effect of H2O2 on hepcidin is mainly mediated via STAT3, which is the classical inflammatory 

pathway for the regulation of hepcidin (Millonig, et al., 2012).  

 

10. Pharmacology: targeting the hepcidin-ferroportin axis (table 1) 

The hepcidin-FPN axis is the principal regulator of extracellular iron homeostasis in health 

and disease. Its manipulation via agonistic and antagonistic pathways is an attractive and 

novel therapeutic strategy. Hepcidin agonists include compounds that mimic the activity of 

hepcidin and agents that increase the production of hepcidin by targeting hepcidin-

regulatory molecules. Advances are being made in this area through the development of 

small-molecule modulators of hepcidin regulation pathways, neutralizing antibodies to 

hepcidin, and supra-active mini-hepcidins. Antagonists may prevent hepcidin-mediated FPN 

internalization by at least three distinct mechanisms: (1) preventing the interaction between 

hepcidin and FPN, (2) inhibiting hepcidin-induced ubiquitination of FPN, and (3) inhibiting 

the endocytosis pathway for FPN internalization. 

 

10.1. Direct and indirect hepcidin agonists 

10.1.1. Mini-hepcidin: hepcidin analogs ( 7-9 aminoacid peptides) 

The use of natural hepcidin as a potential replacement therapy in hepcidin-deficient 

conditions has major limitations. The half-life of natural hepcidin is very short due to its 

rapid renal excretion. Oral absorption of hepcidin would be low due to its large size (~2.7 

kDa). A series of 7– to 9–amino acid peptides, “minihepcidins,” that mimic the activity of 

hepcidin has been developed. The rationale for their design was facilitated by the 

identification of the region on hepcidin and FPN molecules that is critical for their binding. 

Mutagenesis studies and biomolecular modelling indicated that the first 9 amino acids of the 

hepcidin N-terminus were important for hepcidin activity. Synthetic N-terminal peptides 

were further engineered to increase their bioavailability (Preza, et al., 2011). Unnatural 

amino acids were introduced to increase resistance to proteolysis, and fatty acids were 

conjugated to prolong the half-life in the circulation and potentially increase oral absorption. 

One minihepcidin (PR65) has been tested. From the N to the C terminus, the primary 

sequence of PR65 was (all L-amino acids): iminodiacetic acid, threonine, histidine, 

diphenylalanine, β-homo proline, arginine, cysteine, arginine, and β-homo phenylalanine. 
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The C-terminal carboxyamide was derivatized with polyethylene glycol (PEG) linker and 

palmitic acid groups (Preza, et al., 2011; Ramos, et al., 2012). Minihepcidins could be useful 

for the prevention of iron overload, or may be used in combination with phlebotomy or 

chelation for the treatment of existing iron overload (Fung & Nemeth, 2013). Recently, a 

number of cyclic hepcidin analogues have been designed and synthesized with the aim to 

produce a cyclized hepcidin that maintains activity relative to native hepcidin. Cyclization of 

hepcidin results in highly stable peptides with a hepcidin-like fold. However, they do not 

induce FPN internalization in vitro (Clark, et al., 2013). 

 

10.1.2. TMPRSS6 a membrane serine protease  

TMPRSS6 also called matriptase-2 and produced by the liver is a type II plasma membrane 

serine protease (TTSP). The 811-AA human protein is synthesized as an inactive zymogen 

and autoactivated by proteolytic cleavage. TMPRSS6 mRNA expression has been 

demonstrated to be induced by erythropoietin and hypoxia and by acute iron deprivation at 

the protein level. Hemojuvelin (HJV) was the first biologically relevant exogenous substrate 

for matriptase-2 to be identified (Lee, 2009). TMPRSS6 is mutated in iron-refractory iron-

deficiency anaemia. It inhibits hepcidin expression by depressing BMP/SMAD signalling. In 

both animals and humans, mutations in TMPRSS6 result in elevated hepcidin expression and 

defective iron absorption, which consequently lead to iron-deficiency anaemia (Delbini, et 

al., 2010). Studies that identified TMPRSS6 variants associated with haematological 

parameters, suggest that TMPRSS6 is crucial in the control of iron homeostasis and normal 

erythropoiesis (Cau, Melis, Congiu, & Galanello, 2010). It has been demonstrated that the 

treatment of mouse models of HH (Hfe−/−) and β-thalassemia intermedia with TMPRSS6 

siRNA formulated in lipid nanoparticles increased hepcidin expression and lessened iron 

loading in both experimental models (Schmidt, et al., 2013). 

 

10.1.3. BMP6 analogues and small molecule activators of STAT/SMAD pathways   

BMP6–SMAD signalling is one of the main regulatory mechanisms in the control of hepcidin 

expression. HFE interacts with the BMP6-SMAD signalling pathway, downstream of BMP6, to 

regulate hepcidin expression (Corradini, et al., 2010). One technical challenge is to generate 

antibodies that can specifically recognize BMP6 without significant cross-reactivity to other 

BMPs. BMP6-like agonists may have a role to play as a new concept in therapeutic strategy.  
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A small-scale chemical screening study in zebrafish embryos identified the isoflavone 

genistein as an enhancer of hepcidin transcription (Zhen, et al., 2013). Genistein is a soy-

derived biologically active isoflavone that exhibits diverse health-promoting effects. A 

growing body of evidence shows that genistein presents pleiotropic effects. It influences 

lipid homeostasis and insulin resistance, and counteracts inflammatory processes (Nagaraju, 

Zafar, & El-Rayes, 2013). The treatment of HepG2 cells with genistein increased both 

hepcidin transcript levels and promoter activity. The effect of genistein on hepcidin 

expression did not depend on increased cellular iron uptake, but was impaired by mutation 

of either BMP response elements or the STAT3-binding site in the hepcidin promoter (Zhen, 

et al., 2013). Genistein and other candidate molecules may subsequently be developed into 

new therapies for iron overload syndromes. 

 

10.2. Direct and indirect hepcidin antagonists 

10.2.1 .Antibodies, short interference RNA and antisense oligonucleotides against hepcidin 

10.2.1.1. Monoclonal antibodies 

Strategies have been developed that neutralize hepcidin activity by directly binding to the 

hepcidin peptide through monoclonal antibodies (mAbs), engineered protein and RNA-based 

binders. High-affinity antibodies specific for human hepcidin (hHepc) have been generated, 

and hHepc knock-in mice have been produced. Hepcidin mRNA suppression or antibody-

mediated neutralization was able to overcome inflammation-induced anaemia in a mouse 

model (Sasu, et al., 2010). RNA interference (RNAi) and gene-silencing antisense 

oligonucleotides that target transcription or translation of hepcidin are other approaches to 

develop therapeutic strategies for inflammation-induced anaemia. Antisense 

oligonucleotides that inhibit the translation of hepcidin or its regulators, such as HJV, are 

currently in the discovery stages of development.  

Surface markers, such as CD2, CD3, CD4, CD25, and CD52, expressed on T-cells have been 

discovered and are now specific therapeutic targets. CD52 mAb targets the cell surface CD52 

and is effective in depleting lymphocytes through cytolytic effects in vivo. The aim of a 

recent study was to investigate the therapeutic effect of anti-mouse CD52 mAb on Fe-

deficient anaemia in inflammatory bowel disease. The results indicated that anti-CD52 

therapy may ameliorate Fe-deficient anaemia (Wang, et al., 2014). Human or humanized 

mAbs against hepcidin have been developed by scientists at Lilly (US Patent 7820163) and 
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Amgen (US Patent Application 12/022515). To examine the contribution of hepcidin to 

inflammatory anaemia, and the effect of mAbs, a mouse model of inflammation-induced 

anaemia was required (Sasu, et al., 2010). A humanized monoclonal antibody against 

hepcidin is in a phase I human trial. This study will evaluate the safety of LY2787106 in 

patients with cancer and anaemia.  

 

10.2.1.2. Anti-BMP6 monoclonal antibody and Antisense oligonucleotides   

Anti-BMP6 monoclonal antibody therapy is another option to specifically block BMP6-

mediated hepcidin regulation. The administration of anti-BMP mAb in healthy mice 

decreased hepatic hepcidin expression and increased serum iron levels (Andriopoulos, et al., 

2009). In the Hfe transgenic mouse model of excess hepcidin and iron-deficiency anaemia, 

treatment with anti-BMP6 improved the anaemia by lowering hepcidin levels (Corradini, et 

al., 2010). 

Antisense oligonucleotides that inhibit the translation of hepcidin or its regulators such as 

HJV are in the discovery stages of development. Systemic delivery of antisense molecules 

results in preferential delivery to the liver, making them possible agents to target hepcidin 

(Graham, et al., 1998). RNA-based targeting of hepcidin regulators, such as HJV antisense 

oligonucleotides and TfR2 siRNA, is under development. Treatment with TfR2 siRNA potently 

decreased hepcidin mRNA in a rat model of inflammation-induced anaemia (Querbes, et al., 

2012). 

 

10.2.2. Anticalins: specific anti-hepcidin and Spiegelmer-based hepcidin 

Anticalins are a novel class of compounds, with applications in hepcidin pharmacology. They 

are engineered derivatives of naturally occurring binding proteins called lipocalins. Lipocalins 

are mediators in a context of inflammation. They present high target specificity, good tissue 

penetration and low immunogenicity. They are involved in the transport of small 

hydrophobic molecules such as steroids and lipids into the cell. Due to their compact 

molecular architecture (they comprise a single polypeptide chain), they could be of interest 

as a therapy (Gebauer & Skerra, 2012). Recently, anticalin PRS-080, which specifically binds 

human hepcidin with sub-nanomolar affinity, has been described. It is a selective specific 

inhibitor that blocks the interaction between hepcidin and the FPN receptor. Significant 

dose-dependent and hepcidin-specific iron mobilization was observed in Cynomolgus 
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monkeys, following a single 3mg/kg i.v. bolus of PRS-080. A program is currently under way 

to organise the first human clinical trial. 

Different Spiegelmer-based hepcidin binders have now been identified. Spiegelmers are L-

enantiomeric oligonucleotides that can be designed to inhibit pharmacologically relevant 

target molecules. They bind to the targets in a manner comparable to antibodies. Given their 

non-natural, mirror-image nature, Spiegelmers are nuclease-resistant and immunologically 

passive. Spiegelmers can fold into distinct three-dimensional structures that generate high-

affinity ligands (Klussmann, Nolte, Bald, Erdmann, & Furste, 1996). The best binding 

Spiegelmer, NOX-H94, has been modified to the L-oligonucleotide itself (NOX-H94002) and 

its PEGylated variant NOX-H94. NOX-H94 is a structured mirror-image L-oligoribonucleotide 

that binds human hepcidin with high affinity, thereby blocking its biological function 

(Schwoebel, et al., 2013). 

 

10.2.3. Inhibitors of hepcidin production 

Inhibition of hepcidin is a potential therapeutic approach to improve the utilization of iron 

from intracellular stores in patients suffering from anaemia of chronic inflammation. 

 

10.2.3.1. Targeting the BMP6-HJV-SMAD pathway: 

As the BMP pathway plays a key role in stimulating hepcidin transcription, sequestration of 

BMP ligands could decrease hepcidin expression. Heparin, a glycosaminoglycan widely used 

as an anticoagulant, is known to bind BMPs. The treatment of mice with pharmacological 

doses of heparin inhibited liver hepcidin mRNA expression and SMAD phosphorylation, 

reduced spleen iron concentrations, and increased serum iron (Poli, et al., 2011). Heparins 

are efficient hepcidin inhibitors both in vitro and in vivo, but their anticoagulant activity 

limits their therapeutic use. Non-anticoagulant heparins, produced by N-acetylation and 

oxidation/reduction (glycol-split) that abrogates antithrombin binding affinity, have recently 

been studied. These non-anticoagulant compounds impair BMP/SMAD signalling with no 

evident adverse effect in vivo (Poli, et al., 2014). They may offer a strategy for the treatment 

of diseases with high hepcidin levels. Inhibition of BMP type I receptor signalling by small-

molecule inhibitors was also effective in moderating iron-restricted anaemia. Through a 

structure-activity relationship study of dorsomorphin derivatives, optimized compounds 

(LDN-193189 or DM-3189) with higher activity and specificity on BMP type I receptors have 
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been also developed (Cuny, et al., 2008). LDN-193189 lowers hepcidin levels, mobilizes 

spleen iron stores, increases serum iron and iron incorporation into reticulocytes (Sun, et al., 

2013). 

Concerning these compounds derived from dorsomorphin, various important off-target 

effects persist. Programs that aim to identify selective modulators have been developed. The 

challenge lies in the synthesis of potent and biologically available selective inhibitors of BMP 

type I receptor kinases. In this domain, 4-quinolyinyl substituted dorsomorphin helped to 

highlight novel roles of this receptor system in pathophysiological processes (Hong & Yu, 

2009). 

Evidence of interplay between cholesterol and iron metabolism, has been demonstrated in 

macrophages. Data suggest that reducing intracellular free iron levels within macrophages 

by increasing the expression of macrophage FPN may be a promising strategy to increase the 

expression of cholesterol efflux transporters (Saeed, et al., 2012). LDN-193189, a small 

molecule inhibitor of BMP signalling, has been studied. Serum iron levels were significantly 

higher following treatment with LDN-193189. Peritoneal macrophages isolated after 

treatment with LDN193189 showed reduced intracellular iron and hydrogen peroxide 

production. To evaluate the effect on atherosclerosis, ApoE−/− mice on a high-cholesterol 

diet were treated with LDN-193189. Significant reductions were found in intraplaque Oil Red 

O–positive lipid area, total plaque area, and plaque severity, along with elevated ATP binding 

cassette transporter A1 (ABCA1) immunoreactivity within plaque macrophage-rich regions. 

These findings suggest that LDN-193189 increases the expression of ABCA1 in macrophages 

within atherosclerotic plaques, thus limiting plaque progression.  

Soluble HJV-Fc fusion protein (sHJV.Fc) is another agent that prevents the interaction 

between BMPs and their receptors. sHJV is known to bind BMP6, and this results in 

decreased SMAD signalling in the cell and decreased hepcidin expression. sHJV is a soluble 

fragment of the membrane-linked BMP co-receptor HJV, and the soluble and membrane 

form have opposing effects on hepcidin expression. In this context, the pharmacological 

inhibition of hepcidin expression via this pathway results in the mobilization of iron from the 

reticulo-endothelial system, stimulation of erythropoiesis and the correction of anaemia 

(Theurl, et al., 2011). 

Alcohol consumption has long been associated with changes in iron homeostasis. Anaemia 

and iron deficiency can be due to gastrointestinal blood loss arising from the complications 
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of alcohol abuse. Iron-mediated cell signalling has been reported to be involved in the 

pathogenesis of experimental alcoholic liver disease (Harrison-Findik, 2009). The mechanism 

was recently shown to involve inhibition of the BMP-SMAD pathway. The inhibition of BMP 

receptor activation and signalling by alcohol may involve various mechanisms such as 

hypoxia in the liver and inhibition of SMADs binding to hepcidin promoter (Gerjevic, Liu, Lu, 

& Harrison-Findik, 2012).  

 

10.2.3.2. Anti-cytokine agents 

Another targeting pathway is via anti-cytokine agents, since hepcidin expression is strongly 

induced by IL-6/STAT3. The benefit of these agents used to treat inflammatory diseases may 

be provided by reducing hepcidin expression. Anti-TNFα antibody (golimumab) in patients 

with rheumatoid arthritis is associated with a continuous decrease in hepcidin levels (Doyle, 

et al., 2013). 

Targeting the erythropoietic pathway may also be a pharmacological strategy. A single 

injection of erythropoietin (EPO) in human volunteers results in a rapid reduction of serum 

hepcidin (Ashby, et al., 2010). Erythropoiesis-stimulating agents such as prolyl hydroxylase 

inhibitors have been tested in clinical trials. The increased production of EPO was able to 

lower hepcidin. Unfortunately, however, these biological effects were associated with major 

detrimental disorders (Schwoebel, et al., 2013). 

 

10.2.3.3. STAT3 inhibitors 

The high level of hepcidin expression linked to the STAT3 pathway led to the testing of STAT3 

inhibitors. Treatment with small molecule STAT3 inhibitors such as AG490 and the synthetic 

peptide inhibitor of STAT3 (PpYLKTK) abolished hepcidin expression in mice. AG490 inhibits 

the phosphorylation of STAT3 by JAK2, while the PpYLKTK disrupts phospho-STAT3 

dimerization, which is required for binding target genes (Fatih, et al., 2010). In anaemia, 

AG490 could be a possible strategy to attenuate hepcidin-mediated biological actions in 

order to enhance iron uptake through enterocytes and iron release from macrophages. 

Another STAT3 inhibitor is curcumin. It has been proposed as a therapeutic adjuvant during 

inflammation, and its potential iron chelating activity has been reported (Aggarwal & 

Shishodia, 2006). Another way to inhibit hepcidin production is associated with blocking 

antibodies to the IL-6 ligand. This strategy resulted in hepcidin lowering effects. Siltuximab, 
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previously known as CNTO 328, is a chimeric, immunoglobulin (Ig) Gκ mAb that binds and 

neutralizes human IL-6 with high affinity and specificity with potential therapeutic effects 

(van Rhee, et al., 2010).  

 

10.2.3.4. Pharmacological compounds with hepcidin antagonistic properties 

One group of compounds with hepcidin antagonistic properties are cardiac glycosides. 

Nanomolar concentrations of cardiac glycosides prevent the internalization of FPN. These 

concentrations are much lower than those known to cause adverse effects (Riganti, et al., 

2011). 

Small molecules identified as hepcidin antagonists such as fursultiamin, thioxolone, and 

pyrithione zinc are FDA-approved compounds that contain a sulphur moiety with potential 

thiol-directed chemical reactivity. These compounds prevent the interaction between 

hepcidin and FPN. Fursultiamin, a vitamin B1 derivative, is the thiamine derivative, thiamine 

tetrahydrofurfuryl disulphide (TTFD), which is absorbed from the intestinal tract and 

converted into thiamine pyrophosphate (TPP). It plays an important role as a cofactor for 

enzymes of the metabolic pathways involved in the production of adenosine triphosphate 

(ATP). Because fursultiamin prevents hepcidin-mediated endocytosis of FPN, it is 

hypothesized that fursultiamin may prevent FPN ubiquitination and thus interfere with the 

hepcidin/FDN interaction (Fung, et al., 2013).  

Recent advances in our understanding of the molecular mechanisms of iron regulation 

reveal that the production of hepcidin may be regulated by the vitamin environment. As we 

reported previously, in conditions of vitamin D deficiency, elevated synthesis of hepcidin by 

hepatocytes may increase intracellular and systemic concentrations of hepcidin and 

decrease membrane expression of FPN in these cells. On the other hand, iron bioavailability 

seems to be regulated by antioxidant vitamins. Correlations between biomolecule oxidation 

products and iron status biomarkers have been observed in numerous studies (Cottin, et al., 

1998; de Valk & Marx, 1999). It has been proposed that hepcidin was able to protect tissue 

by inhibiting lipid peroxidation through indirect processes involving iron metabolism. The 

relationship between antioxidants and hepcidin mobilization appears complex given the 

versatility of iron as an oxidizing/reducing agent. The relationship between an antioxidant 

such as vitamin C and hepcidin expression has not yet been clearly explained. However, it is 

known that in patients with chronic renal failure, treatment with high doses of EPO or 
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vitamin C can correct the functional iron deficiency (Pinto, et al., 2008). In a human liver 

carcinoma cell line (HepG2), it has been reported that vitamin C directly inhibits hepcidin 

expression (Chiu, Ko, & Chang, 2012). Concerning the effect of vitamin A deficiency on iron 

status; vitamin A metabolites have been shown to affect the regulation of the synthesis and 

catabolism of proteins involved in iron metabolism. Vitamin A deficiency increased liver 

hepcidin mRNA levels (Arruda, Siqueira, & de Valencia, 2009; Schroeder, Reddy, & 

Schalinske, 2007).  

A number of studies have highlighted the association between increased inflammatory 

indices and a reduced response to erythropoietin-stimulating agents (ESAs). It has been 

suggested that statins may have a positive impact on ESA responsiveness. A recent study 

showed that simvastatin significantly suppressed the mRNA expression of hepcidin in HepG2 

cells (Chang, et al., 2013). Statins, which are inhibitors of 3-hydroxy-3-methyl glutaryl co-

enzyme A reductase, not only reduce lipid levels, but also have numerous pleiotropic effects. 

In fact, the precise molecular mechanisms responsible for changes in hepcidin mRNA 

expression are still unclear (Ha, Ha, Theriault, & Bhagavan, 2009). Statin therapy may 

improve responsiveness to erythropoietin-stimulating agents in patients with end-stage 

renal disease. Recent studies suggest that statins increase the erythropoiesis response by 

targeting hepcidin and iron regulation pathways, independently of erythropoietin (Chang, et 

al., 2013). One possible interpretation of these results is that the antioxidant properties of 

statins may be implicated in these effects (Sicard, et al., 2007; Sicard, et al., 2008).  

 

 

11. Hepcidin: an endogenous cytoprotective agent in cardiovascular pathophysiology and 

possible therapeutic targets? 

The presence of hepcidin in body fluids raises questions about its function within these 

compartments. The role of hepcidin as an antimicrobial agent is well established (Verga 

Falzacappa & Muckenthaler, 2005) and given that body fluids play an important role in the 

natural defences against inflammation, it is conceivable that hepcidin plays a role in cellular 

protection.  

It is now well established that LPS mediates its effects through TLR4, for the induction of 

pro-inflammatory genes. LPS, potent inducers of pro-inflammatory cytokines, are 

responsible for endotoxic shock (Lecour, et al., 2002). Endotoxic shock is associated with a 
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pro-inflammatory response and hypoferremia. Hepcidin has emerged as the possible 

pathogenic mediator of hypoferremia (Paya, Maupoil, Schott, Rochette, & Stoclet, 1995). In 

cholestatic mice, pretreatment with hepcidin reversed the adverse effects of LPS 

administration and thus reduced early mortality. In this experimental model, pre-treatment 

with recombinant hepcidin significantly reduced LPS-induced pro-inflammatory cytokines 

and hepatocellular injury (Y. H. Huang, et al., 2012).  

 

Myocardial protection aims to prevent reversible post-ischemic cardiac dysfunction and 

irreversible myocardial cell death (myocardial infarction) that occur as a consequence of 

myocardial ischemia and/or ischemic-reperfusion injury. Cardiopulmonary bypass (CPB) and 

the necessary period of ischemia-reperfusion are situations in cardiac surgery that promote 

oxidative stress. Reperfusion injury occurs, for example, after coronary artery bypass 

grafting when the ischemic myocardium is again provided with a supply of blood. Its most 

serious manifestations are arrhythmia and myocardial stunning, which are associated with 

free radical production (Clermont, et al., 2002; Goudeau, et al., 2007). The role of iron in 

reperfusion injury has been shown by indirect evidence: during reperfusion syndrome, the 

binding of iron to the chelator desferrioxamine protects the myocardium subjected to 

ischemia-reperfusion. The significant decrease in apoptosis in hearts treated with 

desferrioxamine could be considered evidence of a close link between iron chelation, 

oxidative stress and the promotion of apoptotic death in ischemia-reperfusion injury 

(Dobsak, et al., 2002; Galaris, Barbouti, & Korantzopoulos, 2006). As we previously reported, 

hypoxia resulted in the strong up-regulation of hepcidin mRNA and protein expression in the 

heart. The regulated expression of hepcidin in the heart suggests that hepcidin may play an 

important role in the development of cardiac diseases (Merle, et al., 2007). CPB is a 

convenient and highly relevant model to study novel biomarkers of acute kidney injury (AKI). 

Urinary hepcidin has been suggested as a candidate biomarker of AKI (Ho, et al., 2009). In a 

clinical study, the relationship between changes in serum hepcidin, urinary hepcidin 

concentrations, and the urinary hepcidin/creatinine ratio were examined in a cohort of 

patients undergoing cardiothoracic surgery with CPB. Urinary hepcidin and the 

hepcidin/creatinine ratio were shown to be biomarkers of AKI after CPB, with an inverse 

association between its increase at 24 h and the risk of AKI in the first five post-operative 

days (Prowle, et al., 2012). In a recent study, it was reported that serum hepcidin and urinary 
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hepcidin increased immediately post-operatively and at 24 h (Haase-Fielitz, et al., 2013). In 

this study of 100 patients undergoing cardiac surgery, low preoperative urine and plasma 

hepcidin concentrations were predictors of in-hospital mortality. These results suggest that 

hepcidin plays an important role in modulating and determining the course and outcome of 

inflammation-mediated diseases.  

Chronic heart failure (CHF) is a cardiovascular disease with a high rate of mortality. Anaemia 

is a common comorbility in these patients, and is associated with a worse prognosis. 

However, the physiopathology of anaemia in these patients is still not very well understood 

and is thought to be a complex and multifactorial process (Anand, 2008). Patients with CHF 

who became anaemic had higher levels of hepcidin (Martinez-Ruiz, et al., 2012).  

 Finally, as mentioned above, several reports suggest that hepcidin concentrations could be 

used to determine cardiovascular risk. It has been hypothesized that increased hepcidin 

concentrations may aggravate cardiovascular risk by modifying intracellular iron 

concentrations of macrophages and by increasing their atherogenic potential (Lapenna, et 

al., 2007).  

 

 

12. Conclusion 

Iron is the only micronutrient known to have a regulatory hormone, hepcidin, that responds 

to both nutrient status and infections. Hepcidin acts to block both iron absorption in the gut 

and iron release from macrophages through a common mechanism. The discovery of the 

hormonal iron-regulating role of hepcidin, followed by the elucidation of its mechanism of 

action has led to better understanding of the physiopathology of human iron disorders. 

Positive regulators of hepcidin, which lead to reduced ferroportin and decreased availability 

of iron, include increased circulating iron and inflammatory cytokines. Measuring levels of 

hepcidin could be useful in diagnosing several cardiovascular dysfunctions associated with 

haematological diseases. Iron-overload diseases are typically insidious and cause progressive 

and irreversible organ injury before clinical symptoms appear. In addition, better 

understanding of the relationship between the structure and function of hepcidin and the 

hepcidin-FPN complex may lead to the design of hepcidin antagonists and agonists for 

human therapy. The development of research in this domain offers new clinical potential in 

terms of diagnosis and therapy.  
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Figure 1: Regulation of systemic iron metabolism and hepcidin expression. 

Enterocytes incorporate iron via divalent metal transporter 1(DMT1) located on the apical 

membrane upon reduction of Fe 3+ to Fe 2+ by ferri-reductase. Hepatic hepcidin regulates 

the efflux of iron from the cells by regulating the activity of ferroportin (FPN). The synthesis 

and secretion of hepcidin by hepatocytes are influenced by iron levels in relationship with 

infection and inflammation. Hepcidin preferentially binds to the blood glycoprotein, 

activated α2-macroglobulin (α2M). Macrophages and spleen recognize damaged or 

senescent erythrocytes, phagocytize them and digest them to extract heme and iron. Heme 

is degraded through the action of heme oxygenase-1 (HO-1) to release iron. Macrophages 

export Fe2+ via FPN, in a process coupled by re-oxidation of Fe2+ to Fe3+. Hephaestin, assists 

by converting Fe2+ to Fe3+, which is then bound by transferrin (Tf). In the circulation, iron is 

bound to Tf. Tf possesses receptors (TfR) that mediate iron metabolism.  

 

 

Figure 2: Hepcidin: the amino-acid sequence and structure. 

Hepcidin is synthesized as an 84-amino-acid (AA) preproprotein. A furin-like proprotein 

convertase is responsible for cleavage of prohepcidin to hepcidin. The human 25-amino-acid 

hepcidin peptide contains four disulphide bonds. N-terminal domain interacts with 

ferroportin.  

 

 

Figure 3: Histology: Hepcidin expression in the liver and heart. 

Representative images of hepcidin-25 immunostained liver and heart sections. 

“After fixation in formalin and dehydration in alcohol, the samples were embedded in 

paraffin. Slices of 5 µm were cut and immunostained for hepcidin. Briefly, after antigen 

retrieval (citrate buffer pH6), slices were incubated with H2O2 3% in TBST (2 x 8 minutes) and 

saturated (Impress Kit serum plus BSA 3% in TBST) for 20 minutes. They were incubated with 

anti-hepcidin (1/50, Abcam – ab30760) overnight at 4°C. After 3 rinses in TBST, the slices 

were incubated with Impress Kit Solution (Vector Lab – MP7401) for 30 minutes. After the 

revelation step with Nova Red kit (Vector Lab – SK4800), they were counterstained in 

hematoxylin.” 
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Figure 4: Human ferroportin and functional domains (12 transmembrane regions that were 

21–23 amino acids long).  

Hepcidin binds to a domain on an extracellular loop of ferroportin. Hepcidin exerts its 

influence on iron metabolism via down-regulation of FPN-mediated iron export. Janus 

kinase 2 (JAK2) binds to a cytoplasmic domain of ferroportin.  

 

 

Figure 5: Expression of hepcidin in hepatocyte and macrophages in response to iron signal 

and targeting of the hepcidin-ferroportin axis for human therapy. 

Hepcidin gene expression is up-regulated by inflammation and iron through the JAK/STAT 

and BMP/SMAD pathways respectively. The BMP-6 signal acts through its receptor (BMPR), 

and is modulated by hemojuvelin (HJV). TMPRSS6 cleaves membrane-bound HJV. BMPs can 

also signal through SMAD-independent pathways, notably via MAP kinases. Dorsomorphin 

inhibits BMP signaling through the SMAD pathway. SMAD complexes bind to BMP-

responsive elements (BMP-Res). TNF, pathogens and IL-6 stimulate hepcidin synthesis via 

STAT-3 activation. The P38, MAP-kinase and ERK 1-2 pathways are activated in response of 

iron signals.  

Diferric transferrin (Tf) binds to TF-Receptor 1 (TfR-1) on the cell surface and the complex 

undergoes endocytosis. HFE is a protein that competes with Tf for binding to TFR1. TLR 

signalling requires interactions of the receptor domains of the receptor and adaptor 

proteins.  

Hepcidin expression in macrophages is regulated mainly through TLR4 receptors associated 

with adaptor proteins (TRAM, TRIF, MAL, MyD88). Hepcidin mRNA expression in 

macrophages induced by LPS or HMGB1 depends on NFkB. 

For simplicity, not all factors involved with expression are described in this Figure.  

Pharmacological options (shaded parts). 

BMP-RE: Bone Morphogenetic Protein-Responsive Element; Hepcidin gene (HAMP, 19q13) 

HAMP: The HAMP (present in Histidine kinases, Adenylate cyclases, Methyl accepting 

proteins and Phosphatases)  
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Table 1. Direct and indirect Hepcidin agonists and antagonists. 

 

Direct and indirect Hepcidin agonists 

 

Minihepcidin  
P65 

 
Monoclonal antibodies  

LY2787106 
 

Serine protease  
TMPRSS6 

811-AA human protein 

BMP6 analogues 
Genistein 

 
Anticalins  

PRS-080  
PRS-110 

 

Spiegelmers  
NOX-H94  
NOX-H94002 
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Inhibitors of Hepcidin production 

 

Targeting the BMP-HJV-SMAD pathway   

- Dorsomorphin 

 
- Dorsomorphin derivates  

◌ LDN-193189 

 

◌ DM-3189 

 
Anticytokine agents  

- anti-TNF antibody  
   Golimumab 

 

STAT3 inhibitors  

- AG 490 

 

- PpYLKTL 
H-Pro-Tyr-(PO3H2)-Leu-Lys-Thr-Lys-Ala-Ala-
Val-Leu-Leu-Pro-Val-Leu-Leu-Ala-Ala-Pro-OH 
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Pharmacological compounds with Hepcidin antagonistic properties 

 

Fursultiamin 

 

Thioxolone 

 

Pyrithione zinc 

 
Vitamin C  
Vitamin A  
Vitamin D  
Statins 

 

 


