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Abstract

Iron homeostasis is tightly regulated to balance the iron requirement for erythropoiesis and other 

vital cellular functions, while preventing cellular injury from iron excess. The liver hormone 

hepcidin is the master regulator of systemic iron balance by controlling the degradation and 

function of the sole known mammalian iron exporter ferroportin. Liver hepcidin expression is 

coordinately regulated by several signals that indicate the need for more or less iron, including 

plasma and tissue iron levels, inflammation, and erythropoietic drive. Most of these signals 

regulate hepcidin expression by modulating the activity of the bone morphogenetic protein 

(BMP)-SMAD pathway, which controls hepcidin transcription. Genetic disorders of iron overload 

and iron deficiency have identified several hepatocyte membrane proteins that play a critical role 

in mediating the BMP-SMAD and hepcidin regulatory response to iron. However, the precise 

molecular mechanisms by which serum and tissue iron levels are sensed to regulate BMP ligand 

production and promote the physical and/or functional interaction of these proteins to modulate 

SMAD signaling and hepcidin expression remain uncertain. This critical commentary will focus 

on the current understanding and key unanswered questions regarding how the liver senses iron 

levels to regulate BMP-SMAD signaling and thereby hepcidin expression to control systemic iron 

homeostasis.
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Introduction

Iron is essential for all living organisms, but is toxic when in excess. The discovery of 

hepcidin as the regulator of systemic iron homeostasis provided a major breakthrough in our 
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understanding of iron biology and pathobiology in health and disease. Hepcidin deficiency 

or excess has a pathogenic role in many clinical iron disorders, including the iron overload 

disorder hereditary hemochromatosis, iron loading anemias such as β-thalassemia, iron 

refractory iron deficiency anemia, and anemia of chronic diseases. It is well established 

that the main mechanism by which iron regulates hepcidin expression is through the bone 

morphogenetic protein (BMP)-small mothers against decapentaplegic (SMAD) pathway. 

Despite the substantial advances in our understanding of systemic iron homeostasis over 

the past two decades, the molecular mechanisms behind how the liver senses iron levels to 

regulate BMP-SMAD signaling and hepcidin expression are largely unknown.

This commentary will provide a brief overview of iron homeostasis and hepcidin regulation, 

and will focus on the current understanding of liver iron sensing and signaling mechanisms. 

We will discuss key unanswered questions about the molecular mechanisms of iron sensing 

and signaling that need to be addressed in order to improve our understanding of iron 

regulation in health and disease. These unanswered questions will provide opportunities for 

future studies, which may ultimately lead to the development of novel therapeutics for the 

improved clinical management of patients with iron disorders.

Hepcidin and iron homeostasis

Iron is an essential nutrient required for vital organismal processes including oxygen 

transport, intermediary metabolism, hormone synthesis, innate immunity, and growth. In 

biological systems, iron is predominantly found in the ferrous (+2) and ferric (+3) forms, 

often within prosthetic groups such as heme (for example in hemoglobin, myoglobin, and 

cytochromes) or iron-sulfur clusters, which are involved in redox and enzymatic activity. 

Iron functions as a co-factor in many chemical reactions in the body because of its ability 

to readily accept and donate electrons. An average adult human has 3-4 g of total body 

iron, more than half of which is contained in red blood cell hemoglobin (2-3 g), with 

the remaining 1 g stored in ferritin in the liver hepatocytes and macrophages (Figure 1A). 

Only a small portion of iron (2-4 mg) is present in plasma, mainly bound to the protein 

transferrin, which keeps iron in an unreactive state and distributes it to consuming tissues 

(Figure 1A). Most transferrin-bound iron is delivered to the bone marrow for incorporation 

into hemoglobin by red blood cell precursors, a process that requires 20-25 mg of iron 

daily (Figure 1A). In normal conditions, transferrin is only ~20-40% saturated with iron, 

but in iron overload conditions, plasma iron concentrations exceed the iron-carrying capacity 

of transferrin, and iron appears bound to low molecular weight molecules, known as non-

transferrin bound iron (NTBI). NTBI is highly reactive and can readily generate reactive 

oxygen species such as hydroxyl radicals via the Fenton reaction. These reactive oxygen 

species damage DNA, proteins, and lipids, ultimately resulting in cellular dysfunction. The 

severity of cellular dysfunction is dependent on the rate of NTBI uptake and accumulation. 

Most circulating NTBI is cleared by the liver, but when the uptake capacity of the liver 

is exceeded, NTBI is also taken up by other organs, including the pancreas, heart, and 

kidney 1. In the liver, iron accumulation increases the risk of fibrosis, cirrhosis, and 

hepatocellular carcinoma 2. In extrahepatic tissues, excess iron deposits increase the risk 

of cardiomyopathy, heart failure, diabetes, and endocrine dysfunction 3,4. Since mammals 

cannot excrete iron as a compensatory mechanism to prevent iron overload, iron absorption 
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is tightly regulated to provide enough iron for erythropoiesis while preventing cellular injury 

from iron toxicity.

Hepcidin (encoded by the gene HAMP) is the master regulator of plasma nonheme iron 

concentrations and tissue iron distribution. Hepcidin was first isolated in the early 2000s 

from human urine and blood ultrafiltrate and was named for its ability to inhibit microbial 

growth in vitro and for predominant expression in the liver 5-7. Hepcidin was ultimately 

linked to iron metabolism when its expression was found to be increased in iron-loaded mice 
6, its overexpression caused severe iron deficiency anemia 8, and its deficiency caused the 

iron overload disorder hereditary hemochromatosis 9,10.

Hepcidin is a 25-amino acid peptide hormone that is produced and secreted by hepatocytes, 

the main parenchymal cells in the liver 5-7 (Figure 1B). Hepcidin controls iron homeostasis 

by inhibiting the major sources of iron export into plasma: absorption of dietary iron 

by enterocytes (1-2 mg/day, ~10% of dietary iron intake), release of recycled iron from 

macrophages that phagocytose senescent red blood cells (20-25 mg/day), and mobilization 

of stored iron from the liver (Figure 1) 11. Mature red blood cells can also export iron into 

plasma 12,13. Recent data also suggests a role for iron reclamation by the kidney in the 

systemic iron economy, particularly in the context of iron deficiency 14. Minimal amounts 

of iron are lost daily (1-2 mg/day) through desquamation and minor blood loss, which is 

compensated for by dietary absorption (Figure 1). Hepcidin exerts its effects through post-

translational regulation of its receptor, the only known mammalian iron exporter ferroportin 

(FPN, encoded by SLC40A1). FPN is a 12-transmembrane-domain protein that is expressed 

in all tissues that export iron into plasma 15, and the rate of iron efflux is proportional to the 

amount of FPN. Hepcidin binds to FPN and triggers its ubiquitination 16 and degradation 

within lysosomes 17,18, resulting in iron sequestration in target cells and decreased iron 

export into plasma, lowering plasma iron levels (Figure 1B). Hepcidin also regulates FPN 

activity by binding to the central cavity and directly occluding iron export 18,19. In mice, 

FPN deficiency is embryonic lethal due to severe anemia, and has an essential role in 

placental iron transfer as lethality could be rescued by selective FPN inactivation in the 

embryo proper, but not the placenta 20. Furthermore, mutations in FPN that disrupt its 

normal activity cause hereditary iron disorders in humans 21.

Hepcidin is produced at a high rate 22 and exerts its effects rapidly, causing hypoferremia 

(low serum iron levels) within one hour and lasting for more than 48 hours in mice 23. 

Hepcidin is regulated at the level of transcription, and its expression is induced by iron 

loading, pathologically increased by inflammation and infection 24,25, and suppressed by 

erythropoietic drive 26, growth factors 27, and testosterone 28,29. Hepcidin regulation by iron 

is dependent on the liver’s ability to sense plasma and tissue iron levels. Although distinct 

pathways are involved in hepcidin regulation by plasma and tissue iron, both ultimately exert 

their effects by modulating the BMP-SMAD pathway.

BMP-SMAD signaling in hepcidin regulation

BMPs are growth factors that belong to the transforming growth factor-β (TGF-β) 

superfamily of ligands. More than 30 members of the TGF-β superfamily have been 
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identified and characterized, and include BMPs, TGF-β proteins, activins, inhibins, nodals, 

and growth and differentiation factors (GDFs). BMPs were first discovered for their ability 

to induce ectopic bone formation 30-32 and are now well appreciated for having broader 

roles in many fundamental processes including embryonic growth and development, cell 

differentiation, and tissue homeostasis. More than twelve BMPs have been identified 

and are classified into subgroups based on structural similarities, consisting of BMP2/4, 

BMP5/6/7/8, BMP9/10, and BMP12/13/14 (also known as GDF5/6/7) groups. BMPs are 

synthesized as large (~400 amino acids) inactive precursors comprised of a secretion signal 

peptide, a prodomain (~250 amino acids) that aids in proper folding and dimerization, and 

a smaller ligand domain (~110-140 amino acids) 33. Inactive BMPs undergo proteolytic 

cleavage by members of the proprotein convertase family 34 to generate a biologically active 

dimeric ligand.

Members of the TGF-β superfamily exert their effects by binding to type I and type II 

receptors that consist of a short extracellular domain, a single transmembrane domain, 

and an intracellular domain with serine-threonine kinase activity. Seven type I receptors 

have been identified in mammals and are classified into three groups based on structural 

and functional similarities: activin A receptor-like type I (ACVRLI, also known as 

ALK1), activin A receptor (ACVR) type I (ACVR-I/ALK2), BMP receptor type (BMPR) 

IA (BMPR-IA/ALK3), activin A receptor type IB (ACVRIB/ALK4), TGF-β receptor I 

(TGFBRI/ALK5), BMPR-IB (also known as ALK6), and activin A receptor type IC 

(ACVRI/ALK7). Of the seven known receptors, ALK1, ALK2, ALK3, and ALK6 serve 

as the type I receptors for BMP ligands 35. Three type II receptors for BMP signaling have 

been identified in mammals: BMPR-II, ACVR-IIA, and ACVR-IIB. Whereas BMPR-II is 

specific for BMPs, ACVR-IIA and ACVR-IIB are shared by other members of the TGF-β 
family. Although BMPs are capable of binding to type I and type II receptors individually, 

their interaction with both receptors enhances binding affinity 36, and both receptors are 

required for signal transduction in a heterotetrameric complex. The serine-threonine kinases 

of type II receptors are constitutively active, and upon BMP ligand binding, phosphorylate 

the intracellular glycine-serine-rich domain of the type I receptors 35, which in turn activate 

intracellular signaling pathways.

In the canonical BMP signal transduction pathway, BMPs bind to type I and type 

II receptors to induce phosphorylation of receptor-regulated (R)-SMAD 1, 5, and 8 

proteins, which reside in the cytoplasm. R-SMAD 1,5,8 proteins form a complex with 

common mediator SMAD4, translocate to the nucleus, and bind to BMP-response 

elements in promoter or enhancer regions of target genes to regulate transcription. 

Glycosylphosphatidylinositol (GPI)-anchored proteins of the repulsive guidance molecule 

(RGM) family act as coreceptors that bind directly to BMP ligands and enhance signal 

transduction 37-39. Three RGM proteins have been identified in humans: RGMa, RGMb 

(DRAGON), and RGMc (hemojuvelin). Inhibitory (I)-SMAD6 and I-SMAD7 proteins 

antagonize this pathway through multiple mechanisms. I-SMAD7 inhibits signaling by 

forming stable complexes with the activated type I receptor, which directly blocks the 

phosphorylation of R-SMADs and the formation of R-SMAD and co-SMAD complexes 
40,41. I-SMAD6 inhibits signaling by competing for SMAD-4 binding, which disrupts 

R-SMAD-SMAD4 interactions 42,43. Furthermore, I-SMAD6 and I-SMAD7 exert their 
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inhibitory effects in the nucleus to block transcription by interacting with transcriptional 

repressors or disrupting SMAD-DNA interactions 44,45. I-SMAD6 and I-SMAD7 also 

suppress signaling by interacting with other inhibitory proteins, such as E3 ligases SMURF1 

and SMURF2, which targets the activated receptor and R-SMADs for degradation 46-48. 

I-SMAD6 effectively inhibits BMP signaling and weakly inhibits TGF-β/activin signaling, 

whereas I-SMAD7 effectively inhibits both pathways 49-51.

A critical functional role for the BMP-SMAD pathway in hepcidin regulation by iron is 

well-established and has been recently reviewed 52. BMP ligands robustly stimulate hepcidin 

transcription in liver cells via SMAD binding elements on the hepcidin promoter 53. Genetic 

ablation of any of multiple genes encoding BMP-SMAD pathway components in the liver, 

including BMP6 or BMP2 ligands, the BMP co-receptor hemojuvelin (HJV, also known 

as RGMc), BMP type I receptors ALK2 or ALK3, BMP type II receptors ACVRIIA 

and BMPR-II, SMAD1,5,8, or SMAD4 each lead to hemochromatosis, characterized by 

hepcidin deficiency and iron overload 54-64. Genetic mutations in HJV and the BMP6 
prodomain have also been linked to iron overload in humans 61,65-68. By antagonizing the 

BMP-SMAD pathway, SMAD7 has been shown to function as an inhibitor of hepcidin 

expression in vitro 69, and its deficiency in mice causes elevated hepcidin and decreased iron 

stores 70. Importantly, BMP ligand expression and BMP-SMAD pathway activity in the liver 

is regulated by iron concordantly with hepcidin 57,71-74, and blocking BMP activity with 

neutralizing antibodies blocks hepcidin induction by dietary iron 57,73.

Iron disorders of dysregulated hepcidin production

Dysregulation of hepcidin production contributes to most disorders of iron metabolism. The 

mechanisms of hepcidin dysregulation in iron disorders and the development of therapeutic 

strategies was recently reviewed 75-78. Hepcidin deficiency and consequent dietary iron 

hyperabsorption cause iron overload in hereditary hemochromatosis 79 and contribute to 

iron-loading anemias including β-thalassemia and congenital chronic anemias 80,81. In 

these disorders, excess iron deposits in organs such as the liver, heart, pancreas and other 

endocrine glands leading to tissue injury and dysfunction, which are the leading cause of 

morbidity and mortality in these diseases 82. Hereditary hemochromatosis is caused by 

mutations in the genes encoding hepcidin (HAMP) itself, or other proteins involved in 

hepcidin regulation by iron, including homeostatic iron regulator (HFE), transferrin receptor 

2 (TFR2), and HJV, which appear to exert their effects through functional interactions 

with the BMP-SMAD signaling pathway (discussed in more detail below; 39,61,79,83-91). 

β-thalassemia is an inherited hemoglobin disorder caused by mutations in the HBB gene 

encoding β-globin, which causes ineffective erythropoiesis as a result of decreased β-globin 

production. Ineffective erythropoiesis stimulates production of erythroferrone (encoded 

by ERFE) and other yet unidentified erythroid factor(s) which act to suppress hepcidin 

expression 92,93, facilitating excessive dietary iron absorption and ultimately iron overload. 

In patients with more severe forms of thalassemia, repeated blood transfusions (providing 

200-250 mg iron/unit of blood) that are commonly used to alleviate anemia and maintain 

oxygen delivery to consuming tissues also contribute to iron overload 81. The mechanism 

by which ERFE suppresses hepcidin is by functioning as a ligand trap to sequester BMP 

ligands 94,95.
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Currently, the most common treatment options for removing excess iron are phlebotomy 

(blood removal) and chelation therapy. However, these treatments are not always feasible, 

can be associated with significant adverse effects, and can be challenging for patients. 

Importantly, these treatments do not prevent further dietary iron absorption or target the 

underlying disease mechanisms. Identifying the genetic basis of iron disorders has identified 

hepcidin and the BMP6-SMAD pathway as potential therapeutic targets, which have 

demonstrated some efficacy in animal models. Exogenous administration of minihepcidins 

or BMP6 corrected the iron overload phenotype in mouse models of hemochromatosis 96-98. 

Similarly, exogenous treatment with minihepcidins 99,100 or thiazolidinone derivatives 101 

was effective in correcting anemia and iron overload in mouse models of β-thalassemia. 

These studies are corroborated by genetic studies where transgenic overexpression of 

hepcidin 102,103 or loss of the negative hepcidin regulator transmembrane serine protease 

6 (TMPRSS6) 104-106 prevented iron overload in mouse models of hemochromatosis and 

β-thalassemia.

In addition to hepcidin deficiency, pathological excess of hepcidin production also 

contributes to iron disorders. Abnormally high hepcidin expression contributes to iron-

restricted anemias 8,107 by causing iron sequestration in body storage sites, impaired dietary 

iron absorption, and hypoferremia, thereby limiting iron availability for erythropoiesis. The 

causes of excess hepcidin in iron-restricted anemias vary and include pathological induction 

by chronic inflammation or genetic mutations in key players in the hepcidin signaling 

pathway.

Anemia of chronic disease, also known as anemia of inflammation, is a mild to moderately 

severe anemia that develops in the setting of infections and inflammatory diseases such 

as rheumatological disorders, malignancy, inflammatory bowel disease, and obesity 108. 

Anemia of chronic disease is characterized by low serum iron despite adequate iron stores. 

Onset of inflammation induces the production of inflammatory cytokines such as interleukin 

(IL) 6, which stimulates hepcidin transcription directly via a STAT3 binding element on the 

hepcidin promoter 109,110, thereby causing hypoferremia and iron-restricted erythropoiesis. 

The BMP-SMAD pathway has been proposed to crosstalk with the IL6-STAT3 pathway 

in hepcidin regulation by inflammation 53,56,111. Although the extent and mechanism of 

crosstalk has been a matter of debate 52, recent studies suggest that the predominant impact 

of BMP-SMAD signaling in this context is to control the basal setpoint of hepcidin 52,54,112. 

Inflammatory cytokines also contribute to anemia through other mechanisms 108,113-116. 

Treatments targeting inflammatory cytokines, including anti-IL6, anti-IL6 receptor, or 

anti-TNFα therapy, that have been used to treat patients with rheumatoid arthritis have 

been shown to be effective in alleviating anemia 117,118. However, the immunosuppressive 

properties of these therapies may also lead to adverse effects that may limit their use in some 

patients.

Iron-refractory iron-deficiency anemia (IRIDA) is an autosomal recessive disorder 

characterized by iron-deficiency anemia that is largely unresponsive to most iron treatment 

modalities. IRIDA is caused by mutations in TMPRSS6, which prevents hepcidin 

suppression in iron-deficient conditions, resulting in inappropriately high hepcidin activity, 

decreased dietary iron absorption, impaired iron release from body stores, iron-restricted 
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erythropoiesis and anemia 119-121. TMPRSS6 is proposed to suppress hepcidin expression 

by cleaving HJV from the membrane surface to inhibit the BMP-SMAD signaling cascade 
106. As patients with IRIDA are unresponsive to oral iron supplementation and only 

partially responsive to parenteral iron, the main treatment modality for IRIDA includes 

repeated intravenous iron infusions, and these strategies do not directly target the main 

disease mechanisms. For both IRIDA and anemia of inflammation, therapeutics targeting the 

BMP-SMAD-hepcidin pathway may provide an alternative therapeutic strategy to facilitate 

dietary iron absorption and mobilization of stored iron, ultimately correcting iron restriction. 

Indeed, modalities that target the BMP-SMAD-hepcidin pathway to lower hepcidin activity 

have already been shown to be effective in animal models of IRIDA 122, anemia of 

inflammation 122-126, and in phase-1 clinical trials in cancer patients with anemia 127.

Iron sensing and signaling: Current understanding and unanswered 

questions

Although the BMP-SMAD pathway is central to hepcidin regulation by most of its known 

signals and represents a potential therapeutic target for improved clinical management of 

patients with iron disorders, there are many outstanding questions that need to be answered 

to better understand how the BMP-SMAD pathway is modulated by iron to control hepcidin 

production. Answering these questions would not only provide improved understanding 

of iron homeostasis physiology and the pathophysiology of iron disorders, but also holds 

promise for developing new, more targeted therapies for iron disorders.

How does iron regulate the BMP-SMAD pathway to control hepcidin production? It is 

important to note that circulating plasma iron and tissue iron stores represent distinct signals 

to regulate hepcidin production 72,73. Indeed, acute iron administration by oral gavage 

or holo-transferrin that increases serum iron and transferrin saturation without increasing 

tissue iron levels, induces hepcidin. Additionally, chronic administration of a high iron 

diet continues to increase hepcidin expression in parallel to liver iron content even after 

serum iron and transferrin saturation have reached a maximal plateau. Moreover, switching 

mice from a high iron diet to a low iron diet, which normalizes serum iron and transferrin 

saturation but retains persistently elevated liver iron stores, leads to intermediate hepcidin 

levels that are increased above baseline, but lower than their peak levels.

How do plasma iron and tissue iron regulate BMP-SMAD signaling? Changes in liver iron 

content by feeding mice a low, adequate, or high iron diet concordantly regulate liver Bmp6 
and Bmp2 expression, SMAD1,5,8 phosphorylation, and hepcidin production 57,71,73,74. 

Notably, Bmp6 mRNA levels are significantly correlated with liver iron content in these 

models 71,73. In contrast, isolated increases in serum transferrin saturation by oral iron 

gavage or holo-transferrin administration activate liver SMAD1,5,8 phosphorylation and 

induce hepcidin without impacting liver Bmp6 or Bmp2 expression 73,128. Together, these 

data suggest that tissue iron content in the liver regulates hepcidin production at least in 

part by regulating the production of BMP6 and BMP2 ligands, whereas plasma iron induces 

hepcidin by activating hepatocyte SMAD1,5,8 signaling downstream or independent of an 

increase in BMP2/6 ligand production.
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Tissue iron sensing

How are tissue iron levels sensed by the liver to regulate BMP6 and BMP2 ligand 

production and thereby hepcidin? The recent identification of liver endothelial cells (LECs) 

as the source of BMP6 and BMP2 for hepcidin regulation suggests that these cells play 

a critical role. A functional role for LECs was first suggested by the findings that LECs 

express much higher levels of Bmp6 and Bmp2 mRNA compared to other liver cell 

populations 57-59,129-131. Importantly, mice with conditional deletion of Bmp6 and/or Bmp2 
in endothelial cells exhibit hepcidin deficiency and hemochromatosis similar to global 

Bmp6-null mice, whereas mice with hepatocyte or macrophage-specific Bmp6 deletion do 

not 57-59. Although the Cre driver (Tek-Cre) employed by Canali et al. to generate the 

endothelial Bmp6 and Bmp2 knockout mice 57,58 is expected to delete Bmp6 and Bmp2 in 

all endothelial cells, Bmp6 and Bmp2 mRNA is regulated concordantly by dietary iron in 

parallel with changes liver iron only in LECs, whereas Bmp6 and Bmp2 mRNA levels are 

not concordantly regulated by iron in any other tissues studied 57-59,73,128,132.

Among the LECs, it has been proposed that the specific subset of endothelial cells within 

the liver sinusoid, termed liver sinusoidal endothelial cells or LSECs, are the primary 

cellular source of BMP2 and BMP6 ligands for hepcidin regulation. LSECs are specialized 

endothelial cells that line the sinusoidal capillary channels, representing the interface 

between blood and hepatocytes, and are the most abundant non-parenchymal cell population 

in the liver 133. LSECs differ from other vascular endothelial cells by the presence of 

pores or fenestrae that allow for nutrient exchange directly between the blood and liver 

parenchyma. The liver sinusoids have dual blood supply, receiving blood predominantly 

from the portal vein and to a lesser extent the hepatic artery 134. Since the portal vein 

delivers nutrients absorbed by the intestine, LSECs are one of the most proximal cell types 

exposed to circulating iron after dietary absorption, making them an attractive candidate for 

BMP ligand production. Notably, HJV is reported to be expressed in sinusoidal membrane 

of hepatocytes immediately adjacent to the LSEC membrane 58. Additionally, liver sections 

from mice injected with iron-rich holo-ferritin, which induces liver Bmp6 expression, 

show apparent sinusoidal distribution of Perl’s iron stain 131. Importantly, conditional 

knockout of Bmp2 in mice expressing Cre recombinase driven by a Stabilin-2 promoter, 

which is reported to be more specific for LSECs, also lead to hepcidin deficiency and 

hemochromatosis 59, suggesting an important functional role for LSECs in BMP ligand 

production; however, these data do not definitively rule out a contribution from other 

endothelial cells.

There are several important unanswered questions with respect to how tissue iron regulates 

BMP6 and BMP2 production in LECs. First, is the iron-mediated production of BMP6 and 

BMP2 limited to LSECs, or are BMP ligands produced in arterial and/or venous endothelial 

cells in the liver and/or other tissues? Even among LSECs, single cell RNA-sequencing 

(scRNA-seq) data suggests that periportal LSECs exhibit a distinct transcriptional profile 

compared with perivenous LSECs 135. Is BMP ligand expression restricted to a specific 

subset of LSECs or is it more widespread? Answers to these questions would benefit from 

additional scRNA-seq studies in models of iron overload and iron deficiency and improved 

methods for the isolation, identification, and culture of different LEC and LSEC populations.
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Another important question is whether BMP6 and BMP2 production in LECs occurs in a 

cell autonomous fashion in response to LEC intracellular iron levels or whether intercellular 

communication with other cell types plays a role. Notably, intracellular iron loading does 

induce Bmp6 mRNA expression in isolated LECs in culture suggesting that intracellular 

iron loading is sufficient to induce Bmp6 in a cell-autonomous manner 136. Moreover, a 

stronger induction of hepatic Bmp6 was observed in iron-loaded ZRT/IRT-like protein (ZIP) 

14 (Slc39a14)-deficient mice, where iron accumulates in non-parenchymal cells including 

LECs, rather than hepatocytes 137. Although this study does not rule out a contributory 

role for hepatocyte iron in Bmp6 induction by tissue iron loading, this study shows that 

hepatocyte iron loading is not required for Bmp6 induction in LECs.

Might there still be a contributory role for hepatocytes and/or other liver cell populations 

(e.g., liver macrophages/Kupffer cells) in tissue iron sensing? There is evidence that 

hepatocyte iron regulates expression of one of the plasma iron sensors, transferrin receptor 

1 (TFR1), to contribute to hepcidin regulation, thereby linking the tissue iron sensing 

pathway with the plasma iron sensing pathway (described in more detail below; 138). It 

has also been proposed that the intracellular iron storage protein ferritin may also play 

a role. The composition of ferritin differs across cell types but is generally composed of 

heteromultimers of L and H subunits, which bind and oxidize iron to store it in an inert form 
139. Ferritin production is induced by intracellular iron loading through the iron regulatory 

protein (IRP) system 140. Interestingly, ferritin is also secreted into the bloodstream, and 

circulating ferritin levels correlate with tissue iron stores 139. Although circulating ferritin 

is typically iron poor, it has been hypothesized that ferritin could serve as an iron carrier to 

transport iron between different cell populations at a local level 141. Interestingly, parenteral 

administration of ferritin in mice has been reported to deliver iron to LECs, leading to 

an increase LEC Bmp6 mRNA levels 131. These data suggest a potential model whereby 

increased intracellular iron levels in hepatocytes and/or Kupffer cells could induce ferritin 

production and secretion in the liver niche, which could then be taken up by LECs to 

regulate BMP6 production. This hypothesis awaits further validation.

Although LECs produce BMP6 and BMP2 in proportion to their intracellular iron content 

(Figure 2), the molecular mechanisms governing the iron signal(s) that induces BMP6 

and BMP2 are largely unknown. An important remaining challenge is identifying which 

iron transporters are involved in controlling LEC iron flux and intracellular iron content, 

which ultimately drives BMP6 and BMP2 production and hepcidin regulation. LSECs are 

well positioned in the liver sinusoid to take up transferrin-bound iron from circulation 

and express TFR1 (encoded by TFRC), although transient changes in plasma iron do 

not stimulate Bmp6 expression within 4-8 hours 72,73. LSECs isolated from mice show 

inverse expression of Bmp6 and Tfrc with dietary iron depletion and loading 129, suggesting 

that TFR1 acts as a sensor of intracellular iron content. Transgenic mouse models that 

specifically ablate Tfrc in endothelial cells using the Cre/Lox system will provide insight 

into whether TFR1 controls LEC intracellular iron and participates in iron sensing. However, 

recombinase activity in commonly used pan endothelial Cre mice is generally observed in 

the hematopoietic compartment 142. This is disadvantageous in that it not only confounds 

the interpretation of the experiment, but loss of TFR1 in the hematopoietic compartment will 

also cause severe anemia 143,144. It will be essential to accurately determine recombination 

Fisher and Babitt Page 9

Dev Dyn. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



efficiency in not only the endothelium, but also hematopoietic cells in these experimental 

systems. The continued development of Cre models with specific expression in endothelial 

subpopulations such as LSECs will be a valuable resource for future studies of iron 

homeostasis.

In iron overload conditions, where the binding capacity of transferrin is overwhelmed and 

NTBI appears in circulation, LECs may also take up NTBI through the known NTBI 

transporters divalent metal-ion transporter 1 (DMT1), ZIP8 and ZIP14, or other yet unknown 

transporters (Figure 2). Any role of ZIP14 in LEC iron uptake is unlikely since induction 

of Bmp6 by iron is preserved in ZIP14-deficient mice 137. ZIP8 (encoded by SLC39A8) 

is an 8-transmembrane domain protein that transports zinc, manganese, iron, and cadmium 
145-147. ZIP8 plays a physiologic role in gestational iron metabolism as ZIP8 hypomorph 

mice are embryonic lethal due to zinc and iron deficiency, and anemia 148. ZIP8 is 

reportedly expressed in vascular endothelial cells in the heart 149, testis 150, brain 151, 

and in HUVECs 149, where it functions to maintain zinc and manganese homeostasis. It 

is currently unknown whether ZIP8 is expressed in the liver endothelium and whether it 

functions to control iron or other ion homeostasis in LECs. DMT1 (encoded by SLC11A2) 

is metal-ion transporter with a broader substrate range including iron, zinc, manganese, 

cobalt, cadmium, nickel, and lead 152. DMT1 is centrally involved in dietary iron absorption 

and intracellular iron delivery 153. DMT1 is reportedly expressed in HUVECs, but its 

expression and contribution to iron homeostasis in LECs is unknown. It is also possible that 

LECs take up ferritin that is secreted by iron-loaded hepatocytes or macrophages into the 

perisinusoidal space as discussed above. TFR1, SCARA5, and TIM2 have all be reported to 

function as ferritin uptake receptors 154-156, but aside from TFR1, their expression in LECs 

has not been characterized. Finally, alterations in iron export by FPN could also influence 

LEC iron content and BMP ligand production 129. Systematic analysis of the expression of 

the various iron transporters and functional impact of their ablation in cultured endothelial 

cells and mouse models will provide important insight into the molecular mechanisms of 

iron uptake in LECs and their role in liver iron sensing.

Once inside LECs, how does iron regulate BMP6 and BMP2 expression? A recent study 

demonstrated a functional role for the transcription factor nuclear factor erythroid 2-like 

2 (NRF2) in BMP6 induction by iron overload 136 (Figure 2). NRF2 (Nfe2l2) activity is 

increased in iron loaded LECs in parallel with Bmp6 mRNA expression, both in cell culture 

and mouse models. Moreover, pharmacologic induction of NRF2 activity induces Bmp6 
expression in LEC cultures and mouse livers, whereas knockdown/knockout of Nrf2 blunts 

Bmp6 induction by iron. Iron-mediated activation of NRF2, and thereby Bmp6, in LECs 

occurs as a consequence of mitochondrial reactive oxygen species. It has been proposed 

that this system functions to protect against injury in the setting of toxic iron loading by 

activating protective antioxidant pathways and by inducing hepcidin to limit further iron 

accumulation.

Although the induction and role of NRF2 in the antioxidant response to iron excess is 

well appreciated 136,157, whether NRF2 has a functional role under normal or iron-deficient 

conditions is not as well described. It has been demonstrated that iron deficiency damages 

mitochondria 158 and activates NRF2 activity 159,160, but this is unlikely to be contributing to 
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BMP6-hepcidin regulation in iron-deficient mice since liver Bmp6 mRNA is downregulated 

in this context 57,71. Additionally, even under iron overload conditions, there is persistent 

induction of both Bmp6 and hepcidin mRNA in Nrf2 knockout mice, suggesting the 

existence of other regulatory pathways 136. Moreover, manipulation of NRF2 expression 

and/or activity does not appear to regulate Bmp2 mRNA expression in LEC cultures 

or mouse livers suggesting that Bmp2 mRNA may be regulated by distinct mechanisms 

compared with Bmp6 136. Indeed, whereas Bmp6 mRNA is appropriately induced by iron 

overload in hemochromatosis mouse models, Bmp2 mRNA is not increased in Bmp6, Hjv, 

Tfr2, or Hfe-deficient mice despite iron overload 71,74,86,161,162. These data suggest that 

Bmp2 regulation by iron depends on BMP6 and hemochromatosis proteins, whereas Bmp6 
regulation does not. Notably, the lack of validated antibodies to detect endogenous BMP6 

protein expression has limited the ability to assess whether there is additional regulation of 

BMP production or activity by iron at the posttranscriptional level. Future studies would 

benefit from the development of improved antibodies and/or animal models expressing 

tagged BMP proteins to investigate these possibilities. Systematic and integrative analysis 

using unbiased multiomic screening of LECs with differing iron content may help identify 

upstream mediators of BMP6 and BMP2 regulation in iron deficient, replete, and loaded 

conditions.

Plasma iron sensing

Hepatocytes directly sense circulating iron that is bound to the iron carrier transferrin (TF) 

through transferrin receptors TFR1 and TFR2 on the hepatocyte membrane (Figure 2). TFR1 

and TFR2 are type II transmembrane glycoproteins with high sequence similarity in the 

extracellular domain. The iron status of transferrin affects its binding affinity for TFR1 

and TFR2, with higher affinity binding when TF is fully saturated with two iron atoms 

(holo-TF), compared with one or no iron atoms 163,164. Binding to holo-TF stabilizes TFR2 

protein expression on the membrane surface by redirecting it from a degradative pathway to 

a recycling pathway 165,166. Holo-TF also inhibits the cleavage and release of TFR2 from 

the membrane surface 167. For TFR1, holo-transferrin binding leads to a displacement of 

HFE, which shares an overlapping binding site with TF on TFR1 168. The stabilization 

of TFR2 and displacement of HFE both contribute to stimulate hepcidin expression 169, a 

process which is impaired in patients with mutations in either of these genes, resulting in 

hereditary hemochromatosis 83-85.

HFE and TFR1 may also play a role in tissue iron sensing in hepatocytes (Figure 2). TFR1 is 

post-transcriptionally regulated by intracellular iron through the IRP system of RNA-binding 

proteins, which stabilize TFRC mRNA in limited iron conditions. Thus, in iron limited 

conditions, reductions in hepatocyte iron levels would increase TFR1 expression, while 

reductions in circulating holo-TF would decrease binding to TFR1. Both factors would lead 

to increased sequestration of HFE by TFR1, which would contribute to suppressing hepcidin 

expression. In contrast, iron loading conditions would increase hepatocyte iron, thereby 

reducing TFR1 expression, and increase holo-TF binding to the remaining TFR1. Both 

factors would increase the displacement of HFE from TFR1 to induce hepcidin expression. 

Support for this model is demonstrated in hepatocyte conditional Tfrc knockout mice, which 

display reduced hepatocyte iron and hypoferremia attributed to a combination of 1) reduced 
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TF-bound iron uptake into hepatocytes and 2) inappropriately increased hepcidin expression 

as a consequence of unrestricted HFE activity 138.

Key unanswered questions in this area involve the molecular mechanisms by which TFR2 

and HFE stimulate hepcidin expression. Co-immunoprecipitation and cell culture studies 

demonstrate that HFE and TFR2 can bind to each other and suggest that this interaction 

is required for hepcidin induction by holo-TF 170. However, interaction of the endogenous 

proteins at the membrane surface has yet to be demonstrated in vivo. Moreover, HFE 

overexpression induces hepcidin in Tfr2-deficient mice 171, suggesting that the interaction 

is not absolutely required for hepcidin induction in vivo. Both HFE and TFR2 are 

ultimately thought to activate hepcidin transcription through a functional interaction with 

the SMAD1,5,8 signaling pathway. Mutation or ablation of HFE or TFR2 leads to a 

reduction, whereas overexpression leads to an increase, in liver SMAD1,5,8 phosphorylation 

and BMP-SMAD1,5,8 target transcript expression in mice and/or humans 86-90,97. Co-

immunoprecipitation studies using overexpressed proteins in cell culture systems have also 

demonstrated that HFE and TFR2 can interact with HJV 172. HFE has also been shown to 

interact with ALK3, which is reported to stabilize ALK3 by inhibiting its ubiquitination and 

proteasomal degradation 173. However, it remains unknown whether these interactions truly 

occur with endogenous proteins at the liver membrane surface in vivo.

Whereas HJV, HFE, and TFR2 are positive regulators of hepcidin in response to iron, 

TMPRSS6 is a negative regulator of hepcidin expression in response to iron deficiency 
119-121 (Figure 2). TMPRSS6 expression increases with iron deficiency 130,174 and is 

proposed to act by cleaving HJV into an inactive form, thereby suppressing BMP-SMAD 

signal transduction 106. An important limitation of this proposed model is that the cleavage 

of HJV has only been documented in an overexpression system. The notion that HJV is a 

substrate of TMPRSS6 in vivo is supported by findings that mice lacking functional HJV 

and TMPRSS6 exhibit iron overload similar to Hjv-deficient mice 175. However, TMPRSS6 

overexpression was still able to suppress hepcidin in Hjv knockout mice, suggesting that 

TMPRSS6 can regulate hepcidin through other mechanisms 176. TMPRSS6 has been 

suggested to cleave other components of the BMP-SMAD signaling transduction cascade, 

including ALK2, ALK3, ACVR-IIA, BMPR-II, HFE, and TFR2, in overexpression cell 

culture systems 176. However, mice lacking both Tmprss6 and Hfe or Tfr2 exhibited iron 

deficiency and microcytic anemia mimicking the phenotype of Tmprss6 knockout mice 
105,177, suggesting that HFE and TFR2 do not have a key functional role as TMPRSS6 

substrates in vivo. Mice lacking both Bmp6 and Tmprss6 had similar hepcidin levels to 

Bmp6 knockout mice, but iron overload was attenuated to some extent, suggesting that 

TMPRSS6 function was not entirely overlapping with the BMP6 signaling pathway 178. 

Interestingly, a recent study demonstrated that expression of protease dead TMPRSS6 in 

Tmprss6 knockout mice restored hepcidin expression, suggesting that the proteolytic activity 

of TMPRSS6 was not required for its hepcidin suppressive function 179. Future studies 

are needed to more clearly delineate the mechanism(s) of action of TMPRSS6 in hepcidin 

regulation.
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Composition of the BMP ligand-receptor complex and contribution of 

accessory proteins to hepcidin regulation

Ultimately, both plasma iron and tissue iron converge to regulate the BMP-SMAD1,5,8 

signaling pathway and thereby hepcidin transcription (Figure 2). Understanding the 

composition of the BMP ligand-receptor signaling complex and role of accessory proteins 

will be critical to understanding hepcidin regulation and systemic iron homeostasis.

BMPs are synthesized as inactive peptide precursors that undergo proteolytic processing 

by proprotein convertases to generate an active ligand dimer and prodomain fragments, 

which lack signaling activity but are essential for normal ligand processing 180,181. BMP 

ligands can signal as homodimeric or heterodimeric proteins, the latter having demonstrated 

higher activity than homodimers in several biological systems, possibly for their ability 

to bind with higher affinity to both type I and II receptors or assist in the assembly of 

heteromeric receptor complexes 182-184. Whether BMPs function primarily as homodimers 

or heterodimers in vivo is unclear, but there is increasing recognition of a biologic role 

for heterodimers 184-187. Notably, mice with dual deficiency in Bmp2 and Bmp6 in 

the endothelium have a similar iron loading phenotype compared to mice deficient in 

endothelial Bmp6 or Bmp2 alone 74. In contrast, dual deficiency of Bmp2 or Bmp6 in 

combination with other hemochromatosis proteins leads to an exacerbated hemochromatosis 

phenotype compared with single knockout animals 74,112,188. Moreover, neutralizing BMP 

antibodies further lower hepcidin expression and exacerbate iron overload in Bmp6 
knockout mice 57. Together, these data suggest that BMP2 and BMP6 work together 

to regulate systemic iron balance, and it has been hypothesized that they predominantly 

function as a heterodimeric ligand. Moreover, these data suggest a non-redundant role for at 

least one other BMP ligand. The heterodimeric BMP2/6 ligand model may help explain why 

ALK3 has a more predominant role in hepcidin and iron homeostasis compared to ALK2 

as demonstrated in knockout mice 62, since BMP2/6 heterodimeric ligands preferentially 

signal via ALK3, whereas homodimeric BMP6 and BMP2 preferentially signal via ALK2 

and ALK3, respectively 95. This model may also explain the hepcidin inhibitory properties 

of ERFE, which binds and sequesters BMP2/6 heterodimeric ligands and class II BMP 

homodimers (BMP5, BMP6, and BMP7), but has a minimal inhibitory effect on BMP2 

homodimers 94,95,189. Future studies will be needed to confirm whether BMP2 and BMP6 

are in fact functioning as heterodimeric or homodimeric ligands, and which other BMP 

ligand(s) contribute to hepcidin and iron homeostasis regulation in vivo. Future studies will 

also be needed to better characterize BMP2 and BMP6 prodomains, proteolytic maturation, 

and the mechanisms of homodimer versus heterodimer formation, about which little is 

currently known. It is notable that several mutations in the BMP6 prodomain have been 

linked to unexplained iron overload in human patients 65-68. The functional consequences of 

these mutations on BMP6 homodimeric and BMP2/6 heterodimeric proteolytic maturation, 

dimerization, and function promises to provide important insights into why these mutations 

cause iron overload.

LEC-derived BMP2 and BMP6 act in a paracrine manner to induce hepcidin expression by 

binding to membrane-anchored HJV on neighboring hepatocytes 39,57-59. HJV is essential 

Fisher and Babitt Page 13

Dev Dyn. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for iron homeostasis, since HJV mutations cause juvenile-onset (type II) hemochromatosis 

characterized by hepcidin deficiency and severe iron overload 61 similar to mutations in 

hepcidin (HAMP) itself 79. This is a more severe form of hemochromatosis than that 

caused by HFE or TFR2 mutations, which result in adult-onset form of the disease 83,84. 

Similar to other RGM-proteins, HJV acts as a coreceptor that binds directly to BMP ligands 

and enhances BMP signaling in cultured hepatocytes 39. HJV binds with high affinity to 

BMP2, 4, 5, 6, and 7, but has the highest affinity for class II BMP ligands (BMP5,6,7) 
190 among the RGM proteins, consistent with the role of HJV as a coreceptor for BMP6-

SMAD signaling and hepcidin expression. Notably, although HJV enhances BMP-SMAD 

signaling and hepcidin expression, it is not absolutely required. Indeed, BMP6 and BMP2 

treatment still induces hepcidin in HJV-deficient or knockout hepatocyte cultures, albeit to 

a lesser extent than in the presence of HJV 39,162,191. Moreover, knockout of Bmp6 further 

suppresses hepcidin in Hjv knockout mice, suggesting that BMP6 can still induce hepcidin 

to some extent in the absence of HJV in vivo 112.

Additional key unanswered questions are: how does HJV facilitate BMP-SMAD signal 

transduction, and what is the complete nature of the BMP signaling complex that regulates 

hepcidin and iron homeostasis in vivo? Crystal structure data and cell-free binding assays 

demonstrate that HJV binds to BMP ligands at the same binding site as BMP type I 

receptors, and HJV and type I receptors compete for BMP ligand binding 192. However, 

cell culture assays clearly demonstrate an enhancing role for HJV in inducing BMP signal 

transduction rather than an inhibitory role that would be predicted by the binding studies 39. 

Notably, the HJV-BMP binding interaction is acid labile, whereas the type I receptor-BMP 

binding interaction is not 192. Healey et al 192 therefore proposed a model whereby HJV 

binds to BMP ligands on the cell surface, and upon endocytosis the acidic environment 

promotes displacement of HJV from the complex and replacement by type I receptors, 

leading to signal transduction. This model awaits functional validation.

BMP binding to HJV facilitates the formation of a signaling complex in the hepatocyte 

membrane consisting of BMP type I and type II receptors (Figure 2). Two type I 

receptors, ALK2 and ALK3, are required for optimal hepcidin expression since hepatocyte-

specific deletion of either caused hepcidin deficiency and systemic iron overload, with 

loss of ALK3 causing a more severe phenotype 62. On the other hand, the two BMP 

type II receptors ACVR-IIA or BMPR-II have redundant roles in hepcidin expression, 

since altered hepcidin and iron homeostasis only occurred with deficiency of both 60. 

Co-immunoprecipitation studies have suggested that ALK3 forms ligand-independent 

homodimers and ligand-dependent heterodimers with ALK2 after exposure to BMP2 or 

BMP6, but ALK2 homodimers were not detected in either context 193. It has been proposed 

that hepcidin expression and regulation may depend on more than one type of signaling 

complex, including those containing ALK3 homodimers and ALK2/3 heterodimers 193. 

Previous work has demonstrated a requirement for heteromeric type I receptor complexes in 

some biologic contexts, including zebrafish dorsoventral patterning 184,187. Interestingly, in 

zebrafish dorsoventral patterning, although both type I receptors are required, only one type 

I receptor performs a signaling function 184. This raises the intriguing possibility that the 

BMP receptor complex could be comprised of one BMP type I receptor and HJV, rather than 

two BMP type I receptors. Future studies are needed to ascertain whether the BMP receptor 
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complex that regulates hepcidin in vivo is comprised of homodimeric or heterodimeric 

type I receptors, whether the nature of the ligand (homodimeric versus heterodimeric) 

influences receptor complex composition, and whether and how the composition of the 

receptor complex influences the downstream signaling cascade.

The BMP signaling complex that regulates hepcidin also includes neogenin (NEO1, encoded 

by Neo1) (Figure 2). Neogenin is essential for hepcidin and iron homeostasis regulation 

since mice with a hepatocyte conditional knockout of Neo1 exhibit impaired liver BMP 

signaling, hepcidin deficiency, and iron overload 194,195. Moreover, the interaction of NEO1 

with HJV is essential for optimal function since adenoviral expression of mutant forms of 

NEO1 or HJV that impair binding to each other failed to fully rescue the iron overload 

phenotype of the respective knockout mice 195,196. However, there was partial rescue with 

the HJV mutant that impairs NEO1 binding suggesting that some portion of HJV function is 

not reliant on its interaction with NEO1 195. Crystal structure and live-cell super-resolution 

fluorescence microscopy studies show a ternary interaction between BMP2, RGM, and 

NEO1, and suggest that BMP2 induces clustering of the RGM-NEO1 complex in the 

plasma membrane 192. The full mechanism of action of neogenin is still unclear, but it is 

hypothesized to function as a scaffolding protein that assists with BMP signaling complex 

formation and localization within the plasma membrane to facilitate signal transduction. 

A better understanding of the precise molecular mechanisms by which neogenin and HJV 

enhance BMP signal transduction to regulate hepcidin are important questions, not only for 

understanding iron homeostasis, but also for broader insights into BMP biology.

Crosstalk between BMP-SMAD signaling and mitogen-activated protein 

kinases (MAPK) signaling in hepcidin regulation

BMP-SMAD signaling may also integrate with other signaling pathways to regulate 

hepcidin expression, such as the MAPK signaling pathway. MAPKs comprise several 

protein kinases characterized into at least three families including extracellular signal-related 

protein kinase (ERK) 1/2, c-Jun N-terminal kinases (JNK) 1/2/3, and p38 mitogen-activated 

protein kinases. The MAPK pathway is known to be regulated by BMP signaling and 

can modulate SMAD signaling through multiple mechanisms 197. It has been reported that 

MAPK signaling may contribute to hepcidin regulation by TFR2 and HFE in response to 

holo-transferrin. Indeed, in primary hepatocytes and leukemic K562 cells, holo-transferrin 

treatment or TFR2 crosslinking enhanced ERK1/2 signaling 198,199, and treatment with an 

ERK1/2 inhibitor blunted hepcidin induction by holo-transferrin in primary hepatocytes 199. 

In liver carcinoma HepG2 cells, knockdown of HFE and TFR2 reduced ERK1/2 signaling, 

and holo-transferrin-mediated induction of ERK1/2 signaling was further increased by 

overexpression of TFR2 and HFE, but not the HFE mutant C282Y 200, which interferes 

with the ability of HFE to reach the cell surface 201,202. These cell culture studies are 

corroborated by reduced hepatic ERK1/2 expression in parallel with hepcidin in single 

Hfe, single Tfr2, and double Hfe/Tfr2 knockout mice 88. However, in wildtype mice, 

dietary iron loading and iron administration by gavage had no effect on hepatic ERK1/2 

phosphorylation 73, which argues against a role for MAPK/ERK signaling in iron-dependent 

hepcidin regulation in vivo. Similarly, discordant effects of iron dextran injection on hepatic 
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MAPK/ERK signaling were reported 203,204. Additionally, in vitro studies demonstrate 

differential effects of BMP ligands on ERK1/2 phosphorylation and ERK1/2 inhibition 

on hepcidin modulation by BMPs. One study demonstrated an induction of ERK1/2 

phosphorylation by BMP2 and no evident effect of ERK1/2 inhibition on hepcidin induction 

by BMP2 in HepG2 cells 200. Another study reported that BMP2 suppressed ERK1/2 

phosphorylation and that ERK1/2 inhibition had an additive effect to stimulate hepcidin 

expression in primary hepatocytes 205. Although the role of MAPK/ERK signaling in 

hepcidin regulation by iron remains controversial, MAPK/ERK signaling may function in 

hepcidin regulation by other signals, including growth factors and ineffective erythropoiesis 
27,205. Further mechanistic studies and mouse models are warranted to fully understand any 

interactions of MAPK/ERK and BMP signaling in hepcidin regulation, and its significance 

in systemic iron homeostasis.

Limitations of in vitro models of iron sensing

Cell culture systems are a major tool used to elucidate molecular mechanisms in many 

biological systems. Despite their broad utility and ease of use, cell culture models pose a 

major challenge to studying the underlying mechanisms of iron sensing and signaling to 

regulate hepcidin.

Primary LSECs are notoriously difficult to identify, isolate, and maintain in culture for 

numerous reasons. The methods for isolation and purification of LSECs from mice was 

recently reviewed 206. Compared to centrifugal elutriation and selective adherence, magnetic 

separation based on surface antigen expression was the most efficient method for obtaining 

a highly pure population 206. However, obtaining a pure population of primary LSECs is 

especially challenging because they lack specific biochemical markers that can distinguish 

the LSEC subpopulation from other vascular endothelial cells in the liver. The gold standard 

for identification of LSECs is the presence of fenestrations by scanning electron microscopy, 

which distinguishes LSECs from other endothelial cells, but lacks utility for LSEC isolation. 

Furthermore, some markers are not only common to other endothelial cells, but also 

hematopoietic cells, increasing the likelihood of contamination. Common markers used 

commercially or marketed for LSEC isolation include cluster of differentiation (CD) 31, 

also known as platelet endothelial cell adhesion molecule (PECAM)-1, and CD146. CD31 is 

expressed on cell junctions of most endothelial cells, but its expression on LSECs remains 

controversial, whereas CD146 expression is also detected in smooth muscle cells and many 

tumors 207. Several studies report expression of CD31 in LSECS by immunohistochemistry 

in liver sections or in cultured cells after permeabilization, demonstrating that isolation can 

change the physiologic expression of CD31. Using electron microscopy, it was reported 

that CD31 is only detectable on the membrane after defenestration that occurs shortly 

after establishing cultures 208. Whether CD31 expression is maintained on the surface 

is an important factor for commonly used antibody-based isolations including fluorescent-

activated and magnetic-activated cell sorting, in which the accessibility of the antigen is 

critical for successful isolation and subsequent culture. Furthermore, it is important to 

emphasize that isolation protocols utilizing CD31 and/or CD146 antibodies represent mixed 

populations of liver endothelial cells rather than the subpopulation from the sinusoid. In 

any case, freshly isolated cultures will need to be tested for their iron responsiveness 
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before they can be established as a satisfactory model of iron sensing. One study reported 

commercially available primary liver endothelial cells induced BMP6 expression almost 

2-fold in response to NTBI treatment using ferric ammonium citrate 136. Interestingly, these 

cells were isolated using CD31 immunomagnetic sorting, suggesting that isolating a broader 

population of endothelial cells is sufficient to recapitulate iron sensing in vitro. This finding 

awaits validation from independent researchers but presents exciting opportunities for future 

mechanistic studies.

To circumvent the issues with primary cell isolation, immortalized endothelial cell lines 

have been developed, and primary endothelial cells isolated from larger vessels including 

the umbilical vein and pulmonary artery are commercially available. A prior publication 

did report that iron induced BMP6 mRNA in a non-commercial immortalized human liver 

endothelial cell line (TMNK-1 cells) 136. However, to our knowledge, HUVECs do not 

induce BMP6 in response to cellular iron loading, limiting their use for the studies of 

iron sensing. It is currently unknown whether other commonly used endothelial cell lines 

recapitulate BMP6 induction by iron.

Similar to LSECs, primary hepatocytes and hepatocyte-derived cell lines are also 

problematic for studying the iron-dependent hepcidin regulation. Although it has been 

reported that freshly isolated hepatocytes can induce hepcidin in response to holo-

transferrin, in an HJV- and BMP2/4-dependent manner, this only occurs when hepatocytes 

are freshly isolated and cultured for less than 48 hours 209. Many other studies have 

failed to demonstrate hepcidin induction by holo-transferrin or other forms of iron in 

primary hepatocytes or hepatocyte-derived cell lines 6,25. One limiting factor is that isolated 

hepatocytes lose 95% of hepcidin transcripts within the initial 8 hours of culture 209, 

along with many other transcripts, impeding their use for prolonged culture. Although 

isolated hepatocytes only appear to respond to iron under limited experimental conditions, 

hepatocyte-derived cell lines and primary hepatocytes do induce hepcidin when stimulated 

with BMP ligands and in response to inflammatory signals 25,39,210,211. It is possible that the 

iron sensing proteins are lost or become damaged in the isolation process. Importantly, it is 

also clear that intercellular communication from different liver cell populations is critical for 

hepcidin regulation by iron.

Given the importance of intercellular communication, modeling the interaction between 

hepatocytes and LSECs in hepcidin regulation using co-culture systems might constitute 

a better platform to study the underlying mechanisms. In 2-D co-culture systems, those 

containing a triculture of primary human hepatocytes, LSECs, and fibroblasts were shown 

to be the most effective at prolonging hepatocyte and LSEC function in culture 212, 

although whether this culturing system has any beneficial effect on maintaining iron sensing 

mechanisms was not tested. In parallel, 3-D organoids of the liver niche and microfluidic 

chip platforms have also been developed 213-215. Additional considerations for single 

culture and co-culture models include extracellular matrix, oxygen concentration, serum 

content, and addition of growth factors 212,216-218, which influence hepatocyte and LSEC 

differentiation. Thus, 2-D and 3-D co-culture and organoid systems remain to be tested for 

their utility in studying iron sensing but provide an attractive uncharted avenue for studies in 

hepatocyte-LSEC crosstalk. Ultimately, overcoming the limitations of in vitro models of iron 
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homeostasis will be instrumental in future mechanistic studies to address the unanswered 

questions in liver iron sensing.

Conclusion

A key unanswered question in our understanding of iron homeostasis is how the liver senses 

plasma and tissue iron levels and transduces that signal to regulate hepcidin expression. 

Studies thus far have demonstrated the critical functional role for the BMP-SMAD pathway 

in this process, but many molecular details remain unknown. Understanding the precise 

molecular mechanisms by which plasma and tissue iron levels are sensed to regulate 

BMP-SMAD signaling transduction to control hepcidin production will provide improved 

understanding of how systemic iron homeostasis is maintained, and how iron balance is 

disrupted in diseases of hepcidin deficiency or excess, which may ultimately help to identify 

novel molecular targets to treat these diseases. Additionally, a better understanding of the 

upstream signals governing BMP ligand production by iron, the impact of BMP ligand 

processing on downstream signaling, and the nature of the BMP receptor signaling complex 

and its physical and/or functional interaction with other accessory molecules will aid in 

better understanding of BMP signal transduction that will have wider implications for many 

other fields where BMPs are important.
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Figure 1. Systemic iron economy and hepcidin-ferroportin axis.
(A) The majority of body iron (3-4 g in adult humans) is contained in red blood cell 

hemoglobin or stored in ferritin in the liver hepatocytes and macrophages. Blood plasma 

contains only 2-4 mg of iron where it is normally bound to the protein transferrin (TF). 

Circulating iron is distributed to consuming tissues for utilization or storage. The major 

sources of iron export into plasma include release of recycled iron from macrophages 

that phagocytose old red blood cells, mobilization of stored iron from the liver, and 

absorption of dietary iron by enterocytes. Red blood cells and the kidney can also export 

iron into plasma. Minimal iron is lost daily through desquamation or minor blood loss. 

(B) Hepcidin is the master regulator of systemic iron homeostasis. Produced and secreted 

by liver hepatocytes, hepcidin acts by posttranslational regulation of its receptor and only 

known iron exporter ferroportin (FPN), which is expressed in all tissues that export iron 

into plasma. Hepcidin binds to FPN, blocks iron export, and triggers FPN degradation, 

resulting in iron sequestration in target cells and lower plasma iron levels. The major signals 

that regulate hepcidin are iron, erythropoietic drive, and inflammation. Iron deficiency and 

erythropoiesis suppress hepcidin, promoting iron export into plasma for red blood cell 

production. Hepcidin is induced by iron to prevent iron overload and is pathologically 

increased by inflammation to limit iron availability to pathogens.
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Figure 2. Current model of iron sensing and signaling in the liver.
Hepcidin production is regulated transcriptionally by iron, a process dependent on sensing of 

plasma and tissue iron levels. (A) In high iron conditions, plasma iron concentrations exceed 

the iron-binding capacity of transferrin (TF) and non-transferrin bound iron (NTBI) appears. 

Iron is taken up by endothelial cells through unknown mechanisms and stimulates BMP6 
and to a lesser extent BMP2 expression. BMP6 transcription is partly controlled by nuclear 

factor erythroid 2-like 2 (NRF2) in response to iron-induced mitochondrial prooxidants. 

BMP2 and BMP6 bind hemojuvelin (HJV) and BMP type I and II receptors (ALK2, ALK3, 

ACVRIIA, BMPR-II; represented by BMPRI/II) on the hepatocyte membrane, forming a 

complex with neogenin (NEO1). The complex phosphorylates cytoplasmic SMAD1,5,8, 

which binds SMAD4, translocates to the nucleus, and binds to BMP-responsive elements 

(BRE) in the hepcidin (HAMP) promoter to induce transcription. Hepatocytes also directly 

sense plasma iron-TF levels by TFR1 and TFR2. Iron loading decreases TFR1 and increases 

TFR2 expression, favoring the displacement of HFE from TFR1 and the interaction with 

TFR2. HFE and TFR2 stimulate hepcidin expression via the SMAD pathway. (B) When iron 

availability is low, NTBI is absent and plasma iron-TF levels decrease. Low iron reduces 

the production of BMP ligands by endothelial cells. Sensing of low iron by hepatocytes 

increases TFR1 and decreases TFR2 expression, favoring the sequestration of HFE with 

TFR1. Iron deficiency increases expression of transmembrane serine protease 6 (TMPRSS6) 
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which cleaves cell surface HJV, attenuating BMP signal transduction. Attenuated BMP 

signaling suppresses HAMP expression, promoting iron export into plasma.
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