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Abstract

The bone morphogenetic protein (BMP)-SMAD signaling pathway plays a central role in 

regulating hepcidin, which is the master hormone governing systemic iron homeostasis. Hepcidin 

is produced by the liver and acts on the iron exporter ferroportin to control iron absorption from 

the diet and iron release from body stores, thereby providing adequate iron for red blood cell 

production, while limiting the toxic effects of excess iron. BMP6 and BMP2 ligands produced by 

liver endothelial cells bind to BMP receptors and the coreceptor hemojuvelin (HJV) on 

hepatocytes to activate SMAD1/5/8 signaling, which directly upregulates hepcidin transcription. 

Most major signals that influence hepcidin production, including iron, erythropoietic drive, and 

inflammation, intersect with the BMP-SMAD pathway to regulate hepcidin transcription. 

Mutation or inactivation of BMP ligands, BMP receptors, HJV, SMADs or other proteins that 

modulate the BMP-SMAD pathway result in hepcidin dysregulation, leading to iron-related 

disorders, such as hemochromatosis and iron refractory iron deficiency anemia. Pharmacologic 

modulators of the BMP-SMAD pathway have shown efficacy in pre-clinical models to regulate 

hepcidin expression and treat iron-related disorders. This review will discuss recent insights into 

the role of the BMP-SMAD pathway in regulating hepcidin to control systemic iron homeostasis.
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1. Hepcidin and systemic iron homeostasis

Iron is an essential micronutrient required for many basic biological reactions. Iron plays 

critical roles in oxygen transportation, energy metabolism, cellular proliferation and immune 
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function. The biological properties of iron result from its flexibility to transition between 

reduced ferrous (Fe2+) and oxidized ferric (Fe3+) forms, thus enabling iron to perform a 

catalytic role in a multitude of redox reactions. However, excess iron is toxic, since iron is 

also a mediator of reactive oxygen species (ROS) generation via the Fenton reaction. 

Therefore, iron import, export, transport, and storage is tightly regulated in cells and 

organisms (Reviewed in [1]).

In humans, iron is absorbed from the diet via duodenal enterocytes (reviewed in [1] and [2]). 

Upon absorption and release into the circulation, iron is loaded onto transferrin, an iron 

carrier protein that binds up to 2 iron molecules, for transport to all cells in the body. Iron-

bound transferrin binds to the ubiquitously expressed cell surface protein transferrin receptor 

1 (TFR1) to deliver iron via receptor-mediated endocytosis [3]. The largest percentage of 

iron is delivered to red blood cells, where iron is an essential component of the oxygen 

carrying protein hemoglobin. At the end of their life span, aged red blood cells are 

phagocytosed by reticuloendothelial macrophages, which then store iron for release back 

into the circulation when needed. Excess iron is taken up largely by hepatocytes, which 

function as another major site for iron storage and release. Recent studies suggest that iron 

export from red blood cells directly as well as the kidney, which can reclaim filtered iron 

from the urine, also contribute to the systemic iron economy [4, 5](Figure 1).

Hepcidin is the master regulator of systemic iron homeostasis [1, 2, 6] (Figure 1). Produced 

and secreted by the liver, hepcidin functions by binding and inducing degradation of the iron 

exporter ferroportin on the surface of duodenal enterocytes, iron recycling macrophages, 

hepatocytes, red blood cells, and kidney proximal tubules to inhibit iron release into the 

circulation from dietary sources and body stores. Hepcidin binding also occludes the central 

cavity of ferroportin to inhibit iron export directly [7]. Hepcidin expression is regulated by 

serum and liver iron status, erythropoietic drive, and inflammation. Increases in serum or 

tissue iron induce hepcidin to promote ferroportin degradation, thereby blocking iron entry 

in the circulation and preventing iron overload. Increases in erythropoietic drive by anemia 

or hypoxia suppress hepcidin production, thereby stabilizing ferroportin and increasing iron 

release into the circulation to support red blood cell production. Hepcidin production is also 

stimulated by inflammatory signals to reduce iron influx into the circulation to limit 

pathogen proliferation.

2. The BMP-SMAD pathway is a central transcriptional regulator of 

hepcidin expression

The bone morphogenetic protein (BMP)-SMAD signaling pathway is a major transcriptional 

regulator of hepcidin expression that controls hepcidin production in response to most of its 

known regulatory signals. The BMP-SMAD signaling pathway therefore plays a major role 

in regulating systemic iron homeostasis.

2.1. Mutations in HJV and SMAD4 cause hepcidin deficiency and iron overload

A role for BMP signaling in iron homeostasis was first identified as the result of a study on 

the BMP coreceptor, hemojuvelin (HJV), which is a repulsive guidance molecule (RGM) 
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family member [8]. Like all RGMs, HJV is a glycosylphosphatidylinositol (GPI) anchored 

protein that binds directly to BMP ligands and facilitates BMP signaling activation [8–12]. 

In the canonical signaling pathway, dimeric BMP ligands bind to a complex of 2 type I and 2 

type II serine threonine kinase receptors, type II receptors phosphorylate type I receptors, 

and type I receptors phosphorylate intracellular SMAD1/5/8 proteins, which regulate gene 

transcription in complex with SMAD4. The mechanism by which RGMs facilitate BMP 

signaling is still uncertain. RGMs bind BMP ligands at the same binding site as type I 

receptors, and RGMs and type I receptors compete for BMP binding in cell free binding 

assays [12]. Since the RGM-BMP binding interaction is acid labile, whereas the type I 

receptor-BMP binding interaction is not, one hypothesis proposes that RGMs bind to BMP 

ligands on the cell surface, and type I receptors replace RGMs to stimulate signaling after 

internalization into the acidic endosomal compartment [12]. This hypothesis awaits 

functional validation.

The functional importance of HJV and BMP-SMAD signaling in hepcidin and iron 

homeostasis regulation was recognized when mutations in HJV were linked to juvenile onset 

hemochromatosis, an iron overload disorder characterized by relative hepcidin deficiency 

[13]. The BMP signaling function of HJV was then demonstrated to play a critical role in the 

transcriptional regulation of hepcidin expression [8] via specific SMAD binding elements on 

the hepcidin promoter [14–16]. Concurrently, hepatocyte specific deletion of Smad4 in mice 

was demonstrated to cause hepcidin deficiency and severe iron overload, supporting the 

functional role of this pathway in hepcidin and iron homeostasis regulation in vivo [17].

2.2. BMP6 and BMP2 are key endogenous ligands to regulate hepcidin expression and 
systemic iron homeostasis

The first ligand identified to play an important functional role in hepcidin and iron 

homeostasis was BMP6. Bmp6 mRNA expression in the liver was found to be regulated by 

dietary iron concordantly with hepcidin expression in an unbiased transcriptional array 

analysis of iron-deficient and iron-overloaded mice [18]. BMP6 was then shown to bind 

directly to HJV with high affinity [11, 19]. Importantly, Bmp6 knockout mice develop a 

similar hemochromatosis phenotype as Hjv knockout mice, characterized by severe iron 

overload in the serum, liver and other organs, with inappropriately low liver hepcidin 

expression and SMAD1/5/8 phosphorylation [19–22]. Additionally, administration of 

exogenous BMP6 significantly increases hepcidin expression and lowers serum iron levels, 

whereas a neutralizing BMP6 antibody reduces hepcidin production and increases serum 

iron levels [19]. In human, heterozygous mutations in the BMP6 prodomain have also been 

linked to inappropriately low hepcidin and iron overload [23, 24].

Whereas hepatocytes are the predominant source of hepcidin for iron homeostasis 

regulation, liver endothelial cells are the predominant source of BMP6. Indeed, mice with a 

hepatocyte-specific knockout of Hjv, Smad4, or Hamp (encoding hepcidin) have a similar 

hemochromatosis phenotype as global Hjv or Hamp knockout mice [17, 25–27]. In contrast, 

hepatocyte Bmp6 knockout mice are normal, whereas endothelial Bmp6 knockout mice 

exhibit hemochromatosis similar to global Bmp6 or Hjv knockout mice [21, 22, 28]. These 

data are consistent with a model whereby endothelial cell BMP6 has paracrine actions on 
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hepatocytes to bind HJV, activate SMAD signaling and regulate hepcidin expression. 

Although BMP6 binds directly to HJV, it may also regulate hepcidin in an HJV-independent 

fashion, since BMP ligands still induce hepcidin in Hjv knockout hepatocytes, albeit to a 

lesser extent [8, 29]. Moreover, mice with a combined deletion of both Bmp6 and Hjv 
exhibit lower hepcidin expression and more severe iron overload compared to either single 

Bmp6- or Hjv- knockout littermates [30].

More recently, BMP2 was also recognized to have an important functional role in hepcidin 

and iron homeostasis regulation. BMP2 binds with high affinity to HJV, similar to BMP6 

[11]. Liver Bmp2 mRNA expression is also regulated by dietary iron concordantly with 

hepcidin, albeit to a lesser extent than Bmp6 [31, 32]. In the liver, BMP2 is predominantly 

expressed in endothelial cells, similar to BMP6 [31]. Two groups independently published 

that endothelial Bmp2 knockout mice exhibit hepcidin deficiency and iron overload similar 

to endothelial and global Bmp6 knockout mice [31, 33].

The relative roles of BMP6 and BMP2 have been demonstrated in a mouse genetic study 

[34]. Double endothelial Bmp6 and Bmp2 knockout does not aggravate the 

hemochromatosis phenotype compared with single endothelial Bmp2 or Bmp6 knockout 

mice. These data suggest that BMP6 and BMP2 predominantly function together and that 

neither BMP2 nor BMP6 can compensate for the loss of the other in hepcidin and iron 

homeostasis regulation. It has been hypothesized that the predominant ligand species 

important for hepcidin regulation may therefore be a heterodimeric BMP2/6 protein [34]. 

There are other biologic examples where BMPs must function as heterodimeric proteins, 

whereas homodimers are not able to compensate [35, 36]. One possible advantage of 

BMP2/6 heterodimers is that BMP2 binds with higher affinity to type I receptors, whereas 

BMP6 binds with higher affinity to type II receptors; therefore, BMP2/6 heterodimers could 

bind with high affinity to both receptor types [36].

In addition to BMP2 and BMP6, other BMPs may also contribute a nonredundant role to 

hepcidin and iron homeostasis regulation. BMP4, BMP5, and BMP7 also bind with high 

affinity to HJV [11] and stimulate hepcidin expression in hepatocyte cell cultures [37]. 

Importantly, iron maintains a strong residual ability to induce liver SMAD1/5/8 

phosphorylation and hepcidin expression in mice with a combined global Bmp6 and 

endothelial Bmp2 knockout [34]. Moreover, a pan-neutralizing BMP antibody completely 

inhibits hepcidin induction by iron in Bmp6 knockout mice [31], suggesting a functional 

role for at least one other BMP ligand.

Although BMPs are much more potent inducers of hepcidin expression than most other 

TGF-superfamily members that activate SMAD2/3 signaling [37, 38], Activin B has a 

similar ability to induce SMAD1/5/8 signaling and hepcidin expression in primary 

hepatocytes compared with BMP6 [29, 39]. Activin B-SMAD1/5/8 signaling is mediated by 

BMP type I receptors ALK2 and ALK3 and is selective for hepatocytes, since it was not 

seen in several other cell lines tested [29]. However, it remains unknown what characteristics 

of hepatocytes are important to enable Activin B-SMAD1/5/8 signaling. Activin B does bind 

directly to HJV, but Activin B-SMAD1/5/8 signaling still occurred, albeit to a lesser extent, 

in Hjv knockout hepatocytes, suggesting that HJV is not required [29]. The functional 
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significance for Activin B in hepcidin and iron homeostasis regulation in vivo remains 

uncertain. Although liver Activin B and hepcidin expression are both induced by 

inflammation in vivo [29, 39], hepcidin induction by inflammation is not impaired in mice 

with a knockout of Inhbb, the gene encoding inhibin beta subunit B, which dimerizes to 

form Activin B [40].

2.3. BMP receptors in hepcidin and iron homeostasis regulation

There are 3 known BMP type II receptors (BMPR2, ACVR2A, and ACVR2B) and 4 known 

BMP type I receptors (ALK1/ACVRL1, ALK2/ACVR1A, ALK3/BMPR1A, and ALK6/

BMPR1B) [41, 42]. Among the type II receptors, in vitro experiments demonstrated that 

HJV-mediated BMP signaling preferentially utilizes ACVR2A and BMPR2, but not 

ACVR2B [43]. In addition, HJV enhances the utilization of ACVR2A by BMP2 and BMP4 

ligands that otherwise preferentially signal via BMPR2 [43]. However, only combined 

deletion of hepatocyte Actr2a and Bmpr2 leads to hepcidin deficiency and iron overload, and 

neither hepatocyte Actr2a or Bmpr2 single knockout mice display a hemochromatosis 

phenotype, suggesting ACVR2A and BMPR2 have overlapping functions in hepcidin 

regulation [44].

Mouse genetic studies have demonstrated that type I receptors ALK2 and ALK3 play non-

redundant roles in hepcidin and iron homeostasis regulation [45]. ALK2 and ALK3 are 

predominantly expressed in hepatocytes, whereas ALK1 and ALK6 are not appreciably 

expressed [45]. Hepatocyte-specific deletion of Alk3 in mice results in severe hepcidin 

deficiency and iron overload [45]. A hemochromatosis phenotype is also present in mice 

with a hepatocyte-specific deletion of Alk2, but to a lesser extent. Combined hepatocyte 

deletion of Alk2 and Alk3 worsens iron loading compared to a deletion of Alk3 alone [46]. 

Two potential explanations may contribute to the more severe hemochromatosis in 

hepatocyte Alk3 KO mice compared to hepatocyte Alk2 KO mice. First, in vitro studies in 

hepatocytes have demonstrated that ALK3 can form ligand-independent homodimers or 

ligand-dependent heterodimeric complexes with ALK2 [46]. In contrast, ALK2 was unable 

to form homodimeric complexes in the presence or absence of ligand [46]. Second, BMP2/6 

heterodimeric ligand preferentially signals via ALK3 for hepcidin induction [47].

2.4. Receptor activated SMADs and inhibitory SMADs in hepcidin and iron homeostasis 
regulation

Receptor-activated SMADs (R-SMADs), SMAD1, SMAD5, and SMAD8 (aka SMAD9), 

are required for hepcidin induction by BMP ligands via 2 specific binding elements on the 

hepcidin promoter [14–16]. Mouse genetic studies have demonstrated that SMAD1 and 

SMAD5 have a redundant, dose-dependent effect on hepcidin regulation [48]. Mice with a 

single hepatocyte knockout of either Smad1 or Smad5 exhibit reduced hepcidin levels prior 

to weaning, but hepcidin levels normalize in older mice due to the preserved inducibility of 

hepcidin by dietary iron [48]. Mice with 1 out of 4 remaining Smad1 or Smad5 alleles 

exhibit a mild iron overload phenotype, whereas double hepatocyte Smad1 and Smad5 
knockout mice exhibit more severe hepcidin deficiency and iron overload [48]. SMAD8 

contributes to hepcidin regulation in the absence of SMAD1 and SMAD5 since triple 

hepatocyte Smad1, Smad5, and Smad8 (Smad158) knockout mice exhibit more severe 
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hepcidin deficiency and iron overload compared to double hepatocyte Smad1 and Smad5 
(Smad15) knockout mice [49]. However, SMAD8 alone has a redundant role in hepcidin 

regulation since single hepatocyte Smad8 knockout mice do not show any changes in 

hepcidin expression or iron phenotype compared to littermate controls [49]. Intriguingly, 

triple Smad158 knockout mice also exhibit liver injury and fibrosis, which is not seen in 

control mice with a similar degree of iron overload due to a high iron diet [49]. These data 

suggest that SMAD1/5/8 signaling may play a protective role against liver injury and fibrosis 

in the context of iron overload.

Inhibitory SMAD (I-SMADs), including SMAD7 and SMAD6, may also play a role as 

negative feedback inhibitors of hepcidin in response iron loading. Both Smad7 and Smad6 
expression are induced by dietary iron overload in mice and activated by BMP ligands in 

primary hepatocytes or hepatocyte-derived carcinoma cell lines [18, 50–52]. Overexpression 

of Smad7 or Smad6 in primary hepatocytes suppresses hepcidin expression, whereas 

knockdown of SMAD7 induces hepcidin [50–52]. In mice, genetic ablation of hepatocyte 

Smad7 upregulates hepcidin, leading to reduced iron storage and mild iron deficiency 

anemia [51]. In contrast, hepatocyte Smad7 overexpression reduces hepcidin expression, 

resulting in iron overload [53]. Mechanistically, SMAD7 inhibits hepcidin by preventing 

SMAD4-containing activator complexes from binding to SMAD-responsive motifs of the 

hepcidin promoter [52]. Inhibitory SMADs have also been demonstrated to trigger the 

dephosphorylation and/or degradation of BMP receptors, block the phosphorylation of R-

SMADs, and mediate SMAD4 degradation in other contexts [54, 55].

2.5. The iron proteins HFE, TFR2, TMPRSS6 modulate BMP-SMAD signaling to regulate 
hepcidin

In addition to mutations in HJV, mutations in HFE (encoding human homeostatic iron 

regulator protein) and TFR2 (encoding transferrin receptor 2) also cause hemochromatosis 

characterized by hepcidin deficiency and iron overload [56–59]. Both HFE and TFR2 appear 

to functionally intersect with the BMP-SMAD pathway to regulate hepcidin. HFE is a non-

classical major histocompatibility complex class I molecule [56]. Hfe knockout mice exhibit 

impaired liver SMAD1/5/8 signaling and reduced hepcidin expression compared to wildtype 

littermate mice despite appropriate increases in Bmp6 mRNA expression in response to iron 

overload [60, 61]. Similarly, hepcidin induction by exogenous BMP6, BMP2 and BMP2/6 

ligands is blunted in Hfe knockout primary hepatocytes [34, 60]. Interestingly, mice with a 

combined knockout of Hfe or the HFE chaperone β2-microglobulin (B2m) and endothelial 

Bmp2 or Bmp6 exhibit lower hepcidin expression and increased iron overload compared 

with single knockout mice, suggesting that HFE can also regulate hepcidin independent of 

BMP2 and BMP6 [34, 62]. However, liver SMAD1/5/8 signaling is further blunted in both 

the double endothelial Bmp2/Hfe KO mice and double Bmp6/B2m KO mice in parallel with 

hepcidin, suggesting that the BMP2-and BMP6- independent effect of HFE is still 

SMAD1/5/8 dependent, presumably by potentiating signaling by another BMP ligand or 

ligands [34, 62]. Importantly, hemochromatosis patients with HFE mutations also exhibit 

evidence of disrupted BMP-SMAD signaling [63, 64]. However, although HFE might 

potentiate maximal hepcidin induction by BMPs, HFE is not required for hepcidin induction 

by BMPs, and exogenous BMP6 can still induce hepcidin and ameliorate iron overload in 
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Hfe−/− mice [65]. Mechanistically, HFE has been shown to interact with both HJV and 

ALK3 in overexpression studies in vitro [66, 67]. The HFE-ALK3 interaction is reported to 

stabilize ALK3 by inhibiting ubiquitination and proteasomal degradation [67].

TFR2 is a transferrin receptor analogous to TFR1, but with lower affinity for transferrin and 

more restricted expression (predominantly in hepatocytes) [68]. Similar to HFE, mutations 

in TFR2 result in inappropriately low SMAD1/5/8 signaling in parallel with reduced 

hepcidin expression [57, 58, 69, 70]. In vitro overexpression studies demonstrated that TFR2 

can bind to both HFE and HJV [66, 71], suggesting that these proteins may form a 

supercomplex at the membrane surface to regulate hepcidin by enhancing HJV-mediated 

BMP-SMAD signaling. However, it remains unknown whether these proteins physically 

interact at the membrane surface in vivo under native conditions. Notably, a combined 

deletion of Tfr2 and Hfe in mice significantly lowers hepcidin and induces more severe iron 

overload compared with either single Tfr2 or Hfe knockout mice [72]. Moreover, mutations 

in both TFR2 and HFE also result in more severe hemochromatosis than in patients with 

single gene mutations [73]. These data suggest that the functions of HFE and TFR2 are not 

entirely overlapping.

Contrary to HJV, HFE, and TFR2, transmembrane serine protease 6 (TMPRSS6, also known 

as matriptase-2) is a negative regulator of hepcidin expression. Mutations in TMPRSS6 
result in inappropriately high hepcidin expression and iron-refractory iron deficient anemia 

(IRIDA), which does not respond to oral iron therapy, and only partially responds to 

parenteral iron treatment [74–76]. Tmprss6 knockout mice display increased liver 

SMAD1/5/8 signaling activity in parallel with hepcidin overproduction [77], suggesting that 

TMPRSS6 plays an important role in downregulating the BMP-SMAD signaling pathway to 

suppress hepcidin production. In vitro studies demonstrate that the mechanism by which 

TMPRSS6 inhibits BMP-SMAD signaling and hepcidin is by binding and cleaving HJV 

from the hepatocyte membrane surface [78]. Consistent with this model, mice deficient for 

both Tmprss6 and Hjv display low hepcidin and iron overload similar to single Hjv 
knockout mice [77], demonstrating that HJV is required for TMPRSS6 effects on BMP-

SMAD signaling and hepcidin. On the contrary, deletion or overexpression of Hfe or 

deletion of Tfr2 in Tmprss6 knockout mice does not impact iron deficiency anemia or 

relative hepcidin excess [79–81], suggesting that TMPRSS6 is predominant over HFE and 

TFR2 in hepcidin regulation.

Other accessory proteins that are proposed to play a role in modulating BMP-SMAD 

signaling to control hepcidin expression include neogenin and FK506-Binding Protein 1A 

(FKBP12). Neogenin interacts directly with the HJV/BMP receptor complex and is thought 

to function as a scaffold protein that facilitates complex formation and localization to 

regulate hepcidin [12, 82–84]. HJV binds simultaneously to neogenin and BMP ligands via 

distinct domains, resulting in HJV-mediated clustering [12]. Neogenin deficient mice exhibit 

impaired BMP signaling, hepcidin deficiency, and iron overload [84], consistent with an 

important functional role in vivo. FKBP12 binds to ALK2 where it has an inhibitory role to 

avoid uncontrolled activation of the pathway. Treatment of mice or primary hepatocytes with 

tacrolimus to sequester FKBP12 induces hepcidin expression, consistent with a functional 

role in vivo [85].
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3. Regulation of the BMP-SMAD pathway and hepcidin by iron

The BMP-SMAD pathway is regulated by two distinct iron signals, tissue iron and 

circulating iron, to modulate hepcidin production via distinct mechanisms (Figure 2). A low 

iron diet reduces, whereas a high iron diet increases, Bmp6 and Bmp2 mRNA levels in liver 

endothelial cells, although changes in Bmp6 are greater than Bmp2 [31]. Interestingly, 

Bmp2 is more highly expressed than Bmp6, even under high iron conditions [31], suggesting 

that regulation of Bmp6 is the rate limiting step since BMP2 and BMP6 predominantly work 

together in hepcidin regulation (see 2.2, [34]). Notably, liver Bmp6 mRNA is strongly 

correlated with liver iron levels [18, 86], isolated increases in circulating transferrin 

saturation do not increase liver Bmp6 mRNA in the absence of changes in liver iron [86, 87], 

and changes in intracellular iron regulate Bmp6 mRNA expression in isolated liver 

endothelial cell cultures [88]. These data suggest that liver iron levels are sensed by liver 

endothelial cells to regulate the production of BMP6 in a cell autonomous fashion. Recently, 

it was demonstrated that one mechanism by which iron induces Bmp6 in liver endothelial 

cells is through the activation of nuclear factor erythroid–related factor 2 (NRF2) by 

mitochondrial ROS [88]. NRF2 is a transcription factor that regulates the expression of 

numerous proteins involved in the antioxidant response, and NRF2 was reported to bind 

regulatory regions of the Bmp6 gene by ChIP-seq [88]. A small molecule NRF2 activator 

induced liver endothelial cell Bmp6 mRNA both in cell culture and in mice. Moreover, liver 

Bmp6 mRNA induction by iron was blunted in Nrf2 knockout mice. However, there was still 

a residual induction of both Bmp6 and hepcidin by iron in Nrf2 knockout mice, suggesting a 

non-redundant role for other pathways [88].

A recent study has suggested that hepatocyte TFR1 plays a role in fine-tuning the hepcidin 

response to hepatocyte iron loading, while it is dispensable for basal iron uptake [89]. The 

authors found that liver and serum iron levels were lower in hepatocyte Tfr1 ablated mice 

compared to the control littermates. Although hepcidin levels did not differ between 

genotypes, hepcidin relative to liver iron levels were higher in hepatocyte Tfr1 deficient 

mice [89]. The authors postulated that the inappropriately high hepcidin levels in hepatocyte 

Tfr1 deficient mice was due to increased activation of HFE signaling to hepcidin in the 

absence of TFR1 [89], which functions to sequester HFE (discussed in more detail below) 

[90–93]. In this model, reductions in hepatocyte iron would increase TFR1 expression via 

the iron regulatory protein system, thereby sequestering HFE and lowering hepcidin 

expression. Increases in hepatocyte iron would have the opposite effect.

Isolated increases in transferrin-bound iron in the circulation also induce liver SMAD1/5/8 

signaling hepcidin expression even in the absence of liver iron loading. However, circulating 

iron induces SMAD1/5/8 signaling and hepcidin without increasing liver Bmp6 or Bmp2 
mRNA expression [32, 86, 87]. HFE and TFR2 are both thought to play a role in sensing 

circulating iron to regulate SMAD1/5/8 signaling and hepcidin (Figure 2). TFR2 binds to 

iron-bound transferrin directly and is stabilized by this interaction [94, 95]. HFE binds to 

TFR1 at the same binding site as transferrin and is displaced from TFR1 by iron-bound 

transferrin [90–92]. Mouse genetic studies suggest that HFE signals to hepcidin when not in 

complex with TFR1 [93], perhaps by favoring an interaction between HFE and TFR2 [71, 

96]. These data are consistent with a model where increases in circulating transferrin-bound 

Xiao et al. Page 8

Bone. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



iron levels stabilize TFR2 and displace HFE from TFR1, thereby enabling both TFR2 and 

HFE to induce SMAD signaling and hepcidin production.

TMPRSS6 and HJV have also been demonstrated to have a role in sensing iron deficiency 

conditions to suppress hepcidin expression (Figure 2B). Iron deficiency prevents TMPRSS6 

degradation, thereby increasing HJV cleavage, dampening HJV-mediated BMP-SMAD 

signaling and suppressing hepcidin expression [97, 98]. Iron deficiency also increases HJV 

cleavage by the furin family of pro-protein convertases [99, 100]. HJV cleavage by 

TMPRSS6 and furin generate different types of soluble HJV (sHJV). Although both 

mechanisms for HJV cleavage will suppress BMP-SMAD signaling by removing cell 

surface HJV, furin generated sHJV can also bind and sequester BMP ligands, therefore 

potentially further inhibiting SMAD singling and hepcidin expression. In contrast, 

TMPRSS6-cleaved sHJV has a low binding capacity for BMP6 [101].

4. Regulation of the BMP-SMAD pathway and hepcidin by erythropoietic 

drive.

Hepcidin suppression by erythropoietic drive in the context of anemia, hypoxia or ineffective 

erythropoiesis also depends on the BMP-SMAD signaling pathway (Figure 3). The most 

well-defined mechanism by which erythropoietic drive suppresses hepcidin expression is by 

increasing production of erythroferrone (ERFE), a recently identified hormone generated by 

erythroblasts in response to erythropoietin (EPO) via the JAK2/STAT5 signaling pathway 

[102]. Deletion of Erfe in mice partially prevented hepcidin suppression by acute blood loss 

and EPO injection, leading to a delay in recovery from anemia [102]. Deletion of Erfe also 

ameliorated hepcidin deficiency and iron loading in a thalassemia mouse model [103], thus 

demonstrating the important functional role of ERFE in hepcidin suppression by 

erythropoietic drive.

The first clue that ERFE-mediated hepcidin suppression depends on an intact BMP-SMAD 

signaling pathway was that EPO treatment in mice and ERFE treatment in primary 

hepatocytes reduced phosphorylated SMAD5 expression in parallel with hepcidin [48]. 

Moreover, EPO and ERFE failed to suppress hepcidin in Smad15 deficient hepatocytes both 

in vivo and in vitro [48]. ERFE was subsequently shown to inhibit hepcidin induction by the 

BMP5/BMP6/BMP7 subfamily of ligands, as well as by BMP2/6 heterodimeric ligand, but 

not by BMP2, BMP4, or BMP9 in cell culture studies [47, 104]. More recently, ERFE was 

shown to bind directly to BMP ligands with a relative affinity that correlates with its 

bioinhibitory properties [47, 105]. Moreover, ERFE competitively inhibited BMP2/6 from 

binding to the type I receptor ALK3 [47] (Figure 3). These data are consistent with a model 

whereby ERFE suppresses hepcidin by binding and sequestering BMP ligands to inhibit 

their interaction with the BMP signaling complex.

There are also ERFE-independent mechanisms for hepcidin suppression by erythropoietic 

drive since hepcidin suppression by phlebotomy was not fully prevented in Erfe knockout 

mice [102]. The increased utilization of diferric transferrin (transferrin bound to 2 iron 

molecules) by red blood cell precursors in the context of erythropoietic drive rapidly reduces 

circulating levels of diferric transferrin, which may also suppress hepcidin via the iron 
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sensing pathway described in section 3 [106]. Other proposed erythroid regulators of 

hepcidin include platelet-derived growth factor-BB and growth and differentiation factor 15, 

but their functional roles are less certain [1, 107, 108].

5. Crosstalk between inflammation and the BMP-SMAD pathway in 

hepcidin regulation

Inflammation induces hepcidin expression to sequester iron as a protective mechanism 

against certain infections. However, prolonged hepcidin induction in the context of chronic 

inflammatory diseases leads to iron restricted erythropoiesis and anemia. The most well-

characterized mechanism for hepcidin induction by inflammation is through IL6 stimulation 

of the JAK2-STAT3 pathway, which activates the hepcidin promoter directly via a STAT3-

binding motif [109–111] (Figure 4). Crosstalk between the IL6-STAT3 and BMP-SMAD 

pathways has been proposed to play a role in hepcidin regulation by inflammation. Although 

liver expression of many BMP-SMAD pathway components are suppressed by 

inflammation, including Hjv, Bmp6 and Bmp2, and Smad8 mRNA [32, 39, 49, 112] an 

intact BMP-SMAD pathway is critical for the maximal hepcidin response to inflammation. 

Indeed, many studies have shown that treatment with pharmacologic agents that inhibit 

BMP-SMAD signaling lower hepcidin expression, improve iron availability and ameliorate 

anemia in animals models of anemia of inflammation (see section 7).

The mechanism(s) of crosstalk between BMP-SMAD signaling and IL6-STAT3 signaling in 

hepcidin regulation during inflammation have been the subject of debate. In the hepcidin 

promoter, the proximal BMP response element is adjacent to the STAT3 binding site, and 

mutation of proximal BMP-response element weakened hepcidin promoter activation not 

only by BMPs, but also by IL6 in hepcidin promoter luciferase assays [14]. In vivo, 

hepatocyte deletion of Alk3 or Smad4, blocked hepcidin induction by IL6 [17, 113]. 

However, numerous other studies have shown that lipopolysaccharide (LPS), which induces 

endogenous production of IL6, still retains the ability to induce hepcidin in mice lacking 

other BMP-SMAD signaling components in the liver, including global Bmp6, global Hjv, 

endothelial Bmp2, and hepatocyte triple Smad158 knockout mice [30, 32, 49]. Notably, 

basal hepcidin levels were lower in these mice lacking liver BMP-SMAD signaling 

components, and therefore hepcidin levels achieved after LPS stimulation were still lower in 

knockout mice than control mice. The principal effect of the BMP-SMAD pathway therefore 

seems to be in altering the basal setpoint rather than the response to inflammatory cytokines 

per se. Although Activin B was proposed as another mechanism of interaction between the 

SMAD1/5/8 signaling pathway and the IL6-STAT3 pathway during inflammation, since 

liver Activin B expression is induced by inflammation and activates SMAD1/5/8 signaling 

to induce hepcidin in hepatocyte cell culture models [29, 39], Inhbb−/− knockout mice 

(which lack Activin B) did not exhibit any change in baseline hepcidin levels or impairment 

in maximal hepcidin achieved in response to inflammation [40] (Figure 4).

6. Hormones, growth factors, and ER stress in hepcidin regulation

Sex differences in iron loading and liver disease progression have been well-described in 

hemochromatosis patients, suggesting a potential role for sex hormones in hepcidin 
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regulation [114, 115]. In many mouse hemochromatosis models, male mice display lower 

hepcidin expression and more iron loading than female mice [28, 30, 31, 115], which has 

been attributed to a direct role for testosterone in suppressing hepcidin expression [115]. 

Although the mechanism by which testosterone suppresses hepcidin is not entirely clear, it 

requires an intact SMAD1/5/8 signaling pathway since the sexual dimorphism in hepcidin 

expression and iron loading are lost in double hepatocyte Smad15 and triple hepatocyte 

Smad158 knockout mice [49]. One model proposed that testosterone suppresses hepcidin via 

epidermal growth factor receptor (EGFR)-mediated suppression of SMAD5 phosphorylation 

[115]. However, administration of the EGFR inhibitor gefitinib, which successfully reduced 

EGFR phosphorylation, did not affect SMAD5 phosphorylation and hepcidin expression in 

wildtype mice in a second study [49]. Another model suggested that testosterone enhances 

the interaction of SMAD1 and SMAD4 with the androgen receptor, therefore reducing the 

binding to BMP-response elements in hepcidin promoter [116]. This model awaits further 

validation in vivo.

Estrogen and progesterone have also been suggested to modulate hepcidin production. 

Progesterone is reported to induce hepcidin expression [117], whereas estrogen is mainly 

proposed to suppress hepcidin synthesis [118–120], although there is also one study 

suggesting that estrogen induces hepcidin [121], and another reporting no estrogen effects 

on hepcidin [122]. For the most part, progesterone and estrogen have been proposed to act 

independent of the BMP-SMAD signaling pathway [117–119]. Progesterone has been 

proposed to induce hepcidin via progesterone receptor membrane component-1 and SRC 

family kinase signaling [117]. Two studies proposed a direct effect of estrogen to suppress 

hepcidin via an estrogen responsive element in the hepcidin promoter [118, 119]. On the 

other hand, another study reported that estrogen stimulated hepcidin expression by activating 

G-protein coupled receptor 30 to induce BMP6 production [121]. The precise role for sex 

hormones in hepcidin regulation and their mechanism of action require further study.

Several other growth factors are reported to play a role in hepcidin regulation. Both EGF and 

hepatocyte growth factor (HGF) have been demonstrated to suppress hepcidin production in 
vitro and (for EGF) in vivo [123]. Mechanistically, EGF and HGF both suppress hepcidin at 

least in part by impacting BMP-SMAD signaling. In vitro studies demonstrate that although 

EGF and HGF do not affect R-SMADs phosphorylation, they do interrupt SMAD nuclear 

localization [123]. Moreover, EGF fails to suppress hepcidin in primary hepatocytes from 

Smad15 knockout mice [49].

Endoplasmic reticulum (ER) stress has also been shown to increase hepcidin expression both 

in vitro and in vivo [124]. Although ER stress was initially proposed to induce hepcidin via a 

direct transcriptional effect of cyclic AMP response element-binding protein H (CREBH) on 

the hepcidin promoter [124], ER stress-mediated hepcidin induction was subsequently 

shown to also require a function BMP-SMAD signaling pathway [125]. Indeed, ER stress 

failed to induce hepcidin in the presence of a BMP type I receptor inhibitor or in hepatocyte 

Smad15 knockout mice [125].

Xiao et al. Page 11

Bone. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7. Targeting the BMP-SMAD pathway to regulate hepcidin for the 

treatment of iron disorders

Considering the importance of the BMP-SMAD pathway in hepcidin regulation, there are 

therapeutic opportunities for targeting this pathway to treat disorders of iron deficiency or 

iron overload due to hepcidin dysregulation. Among numerous other strategies under 

development for targeting the hepcidin-ferroportin axis [126], inhibitors of BMP-SMAD 

signaling have been demonstrated to reverse hepcidin excess and ameliorate anemia in both 

anemia of inflammation and IRIDA in numerous pre-clinical studies. Dorsomorphin was the 

first known small molecule inhibitor of BMP-SMAD signaling, which perturbs dorsoventral 

axis formation in zebrafish [127]. Dorsomorphin and its derivatives, including LDN193189, 

selectively inhibit the BMP type I receptors [127, 128] and have been demonstrated to lower 

hepcidin, improve iron availability and attenuate anemia of inflammation in rodent models 

[129, 130]. Several other BMP type I receptor inhibitors, including momelotinib and 

LJ000328, were also shown to lower hepcidin, increase iron levels and improve hemoglobin 

levels in rodent models of anemia of inflammation or the Tmprss6 knockout mouse model of 

IRIDA [131, 132]. A soluble fusion protein containing the extracellular domain of HJV 

linked to the Fc portion of immunoglobulin G and heparin derivatives, which bind and 

sequester BMP ligands, have similarly been demonstrated to lower hepcidin expression, 

improve iron availability, and ameliorate the anemia of inflammation in rodent models [130, 

133]. Hemojuvelin antibodies that inhibit the interaction between HJV and BMP ligands 

also lowered hepcidin and improved hemoglobin levels in rodent models of anemia of 

inflammation and in the Tmprss6 knockout mouse model of IRIDA [134]. Finally, 

neutralizing BMP6 antibodies that block BMP6 binding to its receptor lowered hepcidin 

expression, increased serum iron and improved hemoglobin levels in an Hfe transgenic 

mouse model of anemia due to hepcidin excess [65]. Neutralizing BMP6 antibodies also 

improved hemoglobin levels, particularly in conjunction with erythropoiesis stimulating 

agents, in a pre-clinical model of anemia of inflammation [135]. Intriguingly, neutralizing 

BMP6 antibodies also appeared to lower hepcidin levels, increase serum iron, and improve 

hemoglobin levels in patients with end stage renal disease, albeit with limited numbers 

[135].

Conversely, activators of BMP-SMAD signaling have been shown to increase hepcidin and 

ameliorate iron overload in preclinical models of hereditary hemochromatosis and 

thalassemia. Exogenous administration of BMP6 ligand increased hepcidin expression, 

lowered serum iron levels, and redistributed tissue iron to appropriate storage sites in an Hfe
−/− mouse model of hemochromatosis [65]. Inactivation of TMPRSS6 by antisense 

oligonucleotides [136] and small interfering RNAs [137], which reduce HJV cleavage, 

increased hepcidin expression and reduced serum and tissue iron loading in mouse models 

of hemochromatosis and β-thalassemia intermedia. Moreover, these therapies improved 

ineffective erythropoiesis, splenomegaly, and anemia in the β-thalassemia model [136, 137]. 

Finally, an antibody targeting the N terminus of ERFE that prevented ERFE from binding 

and sequestering BMP6, increased hepcidin, reduced liver iron, and improved splenomegaly 

and anemia in a mouse β-thalassemia intermedia model [105]. Future studies will be needed 
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to better understand the potential clinical utility of these strategies in human patients and 

their potential off-target or other adverse effects.

8. Conclusions

The iron hormone hepcidin is the master regulator of systemic iron homeostasis, and 

hepcidin deficiency or excess contributes to most disorders of iron metabolism. The BMP-

SMAD signaling pathway is the central transcriptional regulator of hepcidin expression in 

response to most of its known signals. Understanding the molecular pathways by which 

BMP-SMAD signals regulate hepcidin expression and how BMP-SMAD signaling is 

influenced by iron, erythropoietic drive, inflammation, hormones, and growth factors have 

provided new insights into the physiology and pathophysiology of iron homeostasis in health 

and disease and may lead to new therapeutic opportunities for iron disorders.
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HIGHLIGHTS

1. BMP-SMAD signaling has a central role in iron homeostasis by regulating 

hepcidin

2. Iron and erythropoietic drive modulate BMP-SMAD signaling to regulate 

hepcidin

3. Inflammation requires BMP-SMAD signaling for maximal hepcidin induction

4. Aberrant BMP-SMAD signaling and hepcidin levels contribute to many iron 

disorders

5. The BMP-SMAD pathway and hepcidin are therapeutic targets for treating 

iron disorders
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Figure 1. Systemic iron homeostasis is regulated by the hepcidin-ferroportin axis.
Iron circulates in the bloodstream mainly bound to transferrin. The majority of the iron is 

delivered to the bone marrow for the production of red blood cells, with lesser amounts 

delivered to all other tissues, and excess iron delivered mainly to the liver for storage. The 

major sources of iron are reticuloendothelial macrophages that recycle iron from 

phagocytosed senescent red blood cells and, to a lesser extent, duodenal enterocytes that 

absorb dietary iron. Iron is also released directly into the circulation from liver stores, red 

blood cells, and the kidney, which can reabsorb filtered iron from the urine. The liver iron 

hormone hepcidin controls systemic iron homeostasis by binding the iron exporter 

ferroportin (FPN) to block iron export directly and to induce FPN degradation, thereby 

inhibiting iron release into the circulation from all of these sources. Hepcidin expression in 

the liver is upregulated by iron, inflammation and endoplasmic reticulum (ER) stress to 

prevent iron overload and limit iron availability to pathogens. Hepcidin is downregulated by 

iron deficiency, erythropoietic drive and some hormones and growth factors to increase iron 

availability for red blood cell production and other body needs.
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Figure 2. The BMP-SMAD pathway and hepcidin regulation in different iron states.
(A) Two types of iron signals, tissue iron and circulating iron, can be sensed via distinct 

mechanisms to activate the bone morphogenic protein (BMP)-SMAD pathway and increase 

hepcidin production. Increases in tissue iron (via uptake of transferrin-bound iron [2Fe-Tf] 

and nontransferrin bound iron [NTBI]) are sensed by liver sinusoidal endothelial cells 

(LSEC), at least in part through increased mitochondrial reactive oxygen species (ROS), 

which activates nuclear factor erythroid–related factor 2 (NRF2) to upregulate Bmp6 
transcription. Bmp2 expression is also induced by tissue iron loading, albeit to a lesser 

extent, although the mechanism is unknown. Secreted BMP6 and BMP2 act together, most 

likely as a heterodimer (BMP2/6), to bind to BMP receptor complexes on the hepatocyte 

membrane containing 2 type I receptors (ALK3 homodimers or ALK2/3 heterodimers), 2 

Xiao et al. Page 24

Bone. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



type II receptors (ACVR2A and/or BMPR2), and co-receptor hemojuvelin (HJV). Neogenin 

(NEO) interacts with BMP/HJV receptor complex to facilitate complex formation and 

localization. The activated BMP/HJV receptor complex phosphorylates SMAD1, SMAD5, 

and SMAD8 proteins (SMAD1/5/8), which bind to SMAD4 and translocate to the nucleus to 

bind BMP response elements (BRE) in hepcidin (HAMP) promoter, thereby inducing 

transcription. Circulating 2Fe-Tf binds to transferrin receptor 2 (TFR2) and transferrin 

receptor 1 (TFR1) on hepatocytes, thereby stabilizing TFR2, displacing HFE from TFR1, 

and favoring an interaction between HFE and TFR2, which enhance SMAD1/5/8 signaling 

and hepcidin production, possibly via a physical interaction with the HJV/BMP receptor 

complex. Inhibitory SMAD7 and SMAD6 are induced by iron-mediated BMP signaling as a 

negative feedback inhibitor to prevent excessive increases of SMAD1/5/8 signaling and 

hepcidin. (B) In iron deficiency, BMP2/6 ligand production is reduced, HFE is sequestered 

by TFR1, TFR2 is degraded, and TMPRSS6 and furin cleave HJV from the membrane 

surface, thereby suppressing BMP-SMAD signaling and hepcidin production. Furin-cleaved 

soluble HJV (sHJV) may also inhibit this pathway by sequestering BMP ligands from 

activating the BMP receptor complex. FK506-Binding Protein 1A (FKBP12) interacting 

with ALK2 also plays an inhibitory role in BMP-SMAD signaling and hepcidin regulation.

Xiao et al. Page 25

Bone. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Regulation of the BMP-SMAD pathway and hepcidin by erythropoietic drive.
Conditions that increase erythropoietic drive, including anemia, erythropoietin, and 

ineffective erythropoiesis, increase the production and secretion of erythroferrone (ERFE) 

by erythroblasts. ERFE binds and sequesters BMP ligands, preventing their activation of the 

BMP receptor complex and thus reducing hepcidin transcription. The increased utilization of 

2Fe-Tf for erythropoiesis can also reduce circulating 2Fe-Tf levels, thereby suppressing 

hepcidin via the iron sensing pathway described in Figure 2B.
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Figure 4. Crosstalk between inflammation and the BMP-SMAD pathway in hepcidin regulation.
During inflammation, interleukin (IL)-6 binds to its receptor to activate Janus Kinases 

(JAK)2, which induces the dimerization and phosphorylation of the signal transducer and 

activator of transcription (STAT)3. Phosphorylated STAT3 translocates to the nucleus and 

binds to a STAT3 response element (SRE) to upregulate hepcidin transcription. An intact 

BMP-SMAD1/5/8 signaling pathway is necessary for optimal hepcidin induction by 

inflammation by controlling basal hepcidin expression. Activin B is also generated during 

inflammation. In hepatocyte cell cultures, Activin B can utilize Activin type II receptors 

(ACVR2A and ACVR2B) and BMP type I receptors (ALK3 and ALK2) to activate 

SMAD1/5/8 signaling and induce hepcidin production, although a study in Inhbb−/− 
knockout mice (which lack Activin B) did not support a role for Activin B in hepcidin 

regulation by inflammation in vivo.
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