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Key Points 

1. Fetal liver hepcidin operates cell-autonomously to enable rapid build-up of fetal liver iron 

stores in the third trimester of gestation. 

2. Placental ferroportin is not regulated by fetal hepcidin under normal physiological 

conditions. 
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Abstract 

In the adult, the liver-derived hormone hepcidin (HAMP) controls systemic iron levels by 
blocking the iron-exporting protein ferroportin (FPN) in the gut and spleen, the sites of iron 
absorption and recycling respectively. Impaired HAMP expression or FPN responsiveness to 
HAMP result in iron overload. HAMP is also expressed in the fetal liver but its role in 
controlling fetal iron stores is not understood. To address this question in a manner that 
safeguards against the confounding effects of altered maternal iron homeostasis, we 
generated fetuses harbouring a paternally-inherited ubiquitous knock-in of the HAMP-
resistant fpnC326Y. Additionally, to safeguard against any confounding effects of altered 
placental iron homeostasis, we generated fetuses with a liver-specific knock-in of fpnC326Y 
or knockout of the hamp gene. These fetuses had reduced liver iron stores and hemoglobin, 
and markedly increased FPN in the liver, but not in the placenta. Thus, fetal liver HAMP 
operates cell-autonomously to increase fetal liver iron stores. Our findings also suggest that 
FPN in the placenta is not actively regulated by fetal liver HAMP under normal physiological 
conditions. 
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Introduction 

Iron is essential for growth and development. Suboptimal iron availability at birth is 

associated with cognitive, behavioural and motor skill deficits, and increased risk of 

developing anaemia in infancy (1-7). Some of these developmental deficits are not reversible 

by oral iron therapy in the neonate (8-15). In the first 6-9 months of age, the neonate is not 

fully competent in regulating dietary iron absorption in response to iron needs (16,17), and 

depends on liver iron stores to support its growth and development (18,19). 

In the adult, the liver-derived hormone HAMP controls systemic iron availability, which in turn 

controls liver iron stores (20, 21). HAMP operates by blocking the iron export protein 

ferroportin (FPN) in the gut and the spleen, the sites of iron absorption and recycling 

respectively (20,21). Disruption of the HAMP/FPN axis, in a manner that reduces HAMP 

levels or FPN responsiveness to HAMP, leads to the iron-overload disease 

hemochromatosis. This is characterised by increased serum iron concentration, depletion of 

iron from the spleen and excess deposition in the liver (22). The hemochromatosis 

phenotype is recapitulated in adult mice harbouring ubiquitous knock-in of the HAMP-

resistant fpnC326Y allele, or liver-specific knockout of the hamp gene (23, 24).  

HAMP expression has also been detected in the fetal liver (25). In contrast to adult HAMP, 

the role of fetal HAMP in determining liver iron stores in utero is not entirely understood. One 

study reported that endogenous HAMP was not expressed in the mouse fetal liver but that 

transgenic ubiquitous overexpression of the hamp gene resulted in anaemic fetuses (26). 

Another study found that ubiquitous homozygous loss of the matriptase-2 gene in fetuses 

(matriptase-2 is a negative regulator of hamp expression) resulted in reduced body non-

heme iron levels (27). A third study comparing fetuses harbouring a homozygous deletion of 

the hemochromatosis gene hfe (HFE is a protein that is necessary for hamp expression), 

with wild type littermates did not find any difference in total liver iron stores, but reported 

higher levels of non-heme iron in hfe-ko fetuses when mothers were fed an iron-rich diet. 

(28). Based on these studies, it has been hypothesised that fetal liver HAMP controls iron 

availability to the fetus by blocking FPN-mediated iron transport into the fetal capillaries of 

the placental syncytiotrophoblast (STB) (29). However, a more recent study found that 

ubiquitous deletion of the hamp gene did not affect fetal liver iron stores under either iron-

replete or iron-deficient conditions (30).  

A common feature of the above studies is that the genetic variants in the fetuses were also 

present in the fetal part of the placenta, in the mother, and in the maternal part of the 

placenta. We sought to interrogate the role of fetal liver HAMP without these potentially 

confounding effects. To avoid those associated with altered iron control in the mother or 
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maternal side of the placenta, we generated fetuses harbouring a paternally-inherited 

ubiquitous knock-in of the HAMP-resistant fpnC326Y allele. To avoid the additional 

potentially confounding effects of altered iron control in the fetal part of the placenta, we also 

generated fetuses harbouring a liver-specific knock-in of the HAMP-resistant fpnC326Y 

allele, or liver-specific knockout of the hamp gene, through paternal inheritance of the 

hepatocyte-specific Albumin-Cre recombinase transgene. For these models, we then 

compared the levels of liver iron stores and haemoglobin between the affected fetuses and 

their littermate controls. 

Methods 

Mice 

All animal procedures were compliant with the UK Home Office Animals (Scientific 

Procedures) Act 1986 and approved by the University of Oxford Medical Sciences Division 

Ethical Review Committee. The conditional fpnC326Yfl allele was generated as described 

previously (23). Females were time-mated between 9 and 12 weeks of age and fetuses were 

harvested from first pregnancies.  

Fetal tissue 

Fetal tissues were harvested from PBS-perfused mothers at e13.5 or e17.5, washed further 

in PBS then either snap-frozen for RNA and iron measurement studies or fixed in formalin 

for histological studies. Fetal blood was collected at e17.5 by decapitation. 

Immunostaining 

Formalin-fixed paraffin-embedded (FFPE) tissue sections were stained with rabbit polyclonal 

anti-mouse FPN antibody (NBP1-21502, Novus biologicals) at 1/200 dilution. Alexa 488-

conjugated anti-rabbit antibody (ab150073, Abcam) was then used as a secondary antibody 

at a dilution of 1/500. 

Iron indices 

Determination of total elemental iron in tissues from PBS-perfused animals was carried out 

by inductively coupled plasma mass spectrometry (ICP-MS) as described previously (23). 

Concentrations were normalised to wet weight.  Haemoglobin was recorded from fresh blood 

using the HemoCue Hb 201+ system. DAB-enhanced Perls’ iron stain was carried out in 

FFPE sections as described previously (23). 

Diet provision during pregnancy 

Unless otherwise stated, mothers were fed a standard chow diet containing 200ppm iron. In 

iron-loading studies, mothers were fed a diet containing 5000ppm iron (Teklad TD.140464) 

as soon as mated. In iron-deficient studies, mothers were fed a diet containing 5ppm iron 

(Teklad  TD.99397) from weaning and throughout pregnancy.  
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Western blotting 

Tissues were snap-frozen in liquid nitrogen, crushed then lysed using RIPA Lysis Buffer 

System (Santa Cruz sc-24948), according to the manufacturer’s instructions. Tissue lysates 

were cleared by centrifugation at 15000g for 10 min at 4C. Protein concentration in the 

lysates was measured by BCA Protein Assay (Pierce 23225) and normalised to the same 

concentration for each batch. Lysates were then diluted in non-reducing Laemmli SDS 

sample buffer and heated at 95C for 5min. 30 to 50ug of protein were loaded onto Mini-

PROTEAN TGX Gels (Biorad, 4561096). After electrophoresis, protein was transferred onto 

cellulose membrane using the BioRad Translotter system, and membranes were blocked for 

an hour in blocking buffer containing 5% bovine serum albumin. Membranes were then 

stained overnight at 4C with rabbit polyclonal anti-mouse FPN antibody (NBP1-21502, 

Novus biologicals) at 1/1000 or HRP-conjugated anti beta Actin antibody (Proteintech HRP-

60008) at 1/5000. Blots were developed using the ECL prime detection kit (RPN2232, VWR 

International). Signal intensities were quantified by ImageJ, and the ratio between the FPN 

and the beta-Actin signals calculated to produce normalised intensities.   

 

Erythroid progenitors in fetal livers 

Quantitation of erythroid progenitors in fetal livers was performed according to a previously 

published method (31). Following harvest, fetal livers were dissociated in ice-cold PBS 

containing 3% FCS, then immediately co-stained with FITC-conjugated rat anti-mouse 

cluster of differentiation CD71 antibody (BD Biosciences 553266) and PE-conjugated rat 

anti-mouse TER-119 antibody(553673 BD Biosciences), both diluted at 1/1000. Cells were 

washed three times then subject to flow cytometry using the BDX20 system (BD 

Biosciences). Dot blot analysis was performed using FlowJo.  

 

Gene expression 

Gene expression was assessed by quantitative real-time PCR, using Applied Biosystems 

Taqman gene expression assay probes for fpn, tfr1, dmt1, hamp and house-keeping gene β-

Actin (Life Technologies, Carlsbad, CA). The CT value for the gene of interest was first 

normalised by deducting the CT value for β-Actin to obtain a delta CT value. Delta CT values 

of test samples were further normalised to the average of the delta CT values for control 

samples to obtain delta delta CT values. Relative gene expression levels were then 

calculated as 2-delta deltaCT. 

 

Statistics 
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Values are shown as mean± standard error of the mean (S.E.M). Paired comparisons were 

performed using Student’s T test. Multiple comparisons were drawn using ANOVA. Post hoc 

tests used the Bonferroni correction. R values reported are Pearson correlation coefficients. 

 

Results  

Fetal liver iron concentration and hepcidin expression increase in the third trimester 

In the mouse, the fetal liver forms in the second half of gestation.  We found that the total 

concentration of elemental iron in the fetal liver increased by 2.75 fold between e13.5 and 

e17.5, to levels well above those in the maternal liver at e17.5 (and similar to those in non-

pregnant females), consistent with increased liver iron stores (Figure 1A). Over the same 

period of time, fetal liver hamp mRNA expression increased by 24 fold (Figure 1B). 

Nevertheless, at e17.5, fetal liver hamp mRNA expression was ~ 18 fold lower than that of 

maternal liver hamp (Figure 1B). There was a positive correlation between the concentration 

of iron and the expression of hamp mRNA in the fetal liver at e.17.5 (Figure 1C). 

Ubiquitous loss of FPN responsiveness to hepcidin reduces fetal liver iron stores and 

haemoglobin  

To probe the role of fetal HAMP in regulating fetal liver iron stores, we used mice harbouring 

a ubiquitous knock-in of a HAMP-resistant FPN. To guard against a confounding effect of 

maternal iron overload, we set up matings using wild type fpnwt/wt mothers and fpnwt/C326Y 

fathers heterozygous for the knock-in mutation of fpnC326Y, an isoform of FPN with intact 

iron export function but which is resistant to HAMP-mediated degradation.  At e17.5 

fpnwt/C326Y fetuses had lower fetal liver iron concentration compared with fpnwt/wt littermate 

controls (Figure 2A). DAB-enhanced Perls stain demonstrated iron staining in periportal 

hepatocytes in fpnwt/wt livers that was absent in fpnwt/C326Y livers (Figure 2B). The difference in 

liver iron stores between e17.5 fpnwt/C326Y fetuses and littermate controls disappeared within 

the first week of life (Figure 2A). As expected, by 12 weeks of age,  fpnwt/C326Y mice had liver 

iron concentrations that were higher than those of fpnwt/wt littermate controls, consistent with 

the hemochromatosis phenotype reported in our previous studies (23).  Extrahepatic iron 

concentration at e17.5 (measured in the carcass) was also reduced in fpnwt/C326Y  mice 

compared with fpnwt/wt littermates, consistent with the ubiquitous expression of the fpnC326Y 

allele (Figure 2C). Extrahepatic iron concentration (measured as splenic iron) was 

comparable between mice of the two genotypes at birth (d0), and at 1 and 4 weeks of age, 

but lower in fpnwt/C326Y mice than in fpnwt/wt littermate controls at 12 weeks of age, consistent 

with the development of hemochromatosis at this later stage (Figure 2C) (23). Hemoglobin 
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levels at e17.5 and birth (d0) were lower in fpnwt/C326Y mice than in fpnwt/wt littermate controls 

(Figure 2D), although this difference disappeared by one week of age (Figure 2D). This 

finding suggests that limited fetal liver iron stores affect fetal haematopoiesis.  In late 

gestation, the liver becomes a site of hematopoiesis, with erythroid progenitor cells 

transitioning through 5 stages of differentiation (R1 through to R5) (31). We found that 

hemogblobin levels at e17.5 correlated most positively with the percentage of terminally 

differentiated cells (R5) and most negatively with the percentage of intermediate cells (R3) 

(Supplemental Figure 1A, B). Importantly, reduced iron stores in fpnwt/C326Y fetuses were 

associated with lower percentage of R5 cells in their livers compared to livers of fpnwt/wt 

littermate controls (Figure 2E, 2F). These results confirm that reduced liver iron stores limit 

the later stages of erythroid differentiation in the fetal liver. 

Having observed that ubiquitous loss of FPN responsiveness to hepcidin in fetal tissues 

resulted in reduced fetal liver iron stores and lower haemoglobin levels, we sought to 

determine whether these effects could be attributed to changes in iron transfer across the 

placenta. However, we found that placental iron concentration (Figure 2G), placental 

expression of iron-regulated transcripts transferrin receptor 1 (tfr1) and divalent metal 

transporter (dmt1) (Figure 2H), and the concentration of iron in fetal serum (Figure 2I) were 

all comparable between fpnwt/C326Y mice and fpnwt/wt littermates, suggesting that placental iron 

flux is not different between animals of the two genotypes. Additionally, FPN levels were not 

different between placentae of fpnwt/C326Y mice and placentae of fpnwt/wt littermates (Figure 2J-

K), indicating that FPN at this site is not actively regulated by hepcidin in the iron-replete 

state. To explore whether placental FPN was regulated by hepcidin in the setting of iron 

overload, we provided fpnwt/wt mothers carrying fpnwt/wt litters with iron-loaded diet containing 

5000ppm iron. Provision of iron-loaded diet raised the concentration of iron and the 

expression of hepcidin in the fetal and maternal livers and in the placenta itself 

(Supplemental Figure 2A, B). FPN was decreased in the fetal liver but increased in the 

placenta in response to the iron-loaded diet (Supplemental Figure 2C-F).  Consistent with 

this increase in placental FPN, the concentration of iron in the fetal serum was also raised by 

the iron-loaded diet (Supplemental Figure 2G). These data further confirm that fetal liver but 

not placental FPN is subject to regulation by HAMP.  

Apart from the placenta, the other major site of FPN expression is the fetal liver itself. 

Therefore, we examined whether FPN expression in the livers of fpnwt/C326Y fetuses was 

altered, and found that it was markedly increased compared to livers of fpnwt/wt littermates at 

e17.5 (Figure 2L, M). Therefore, we hypothesised that this marked increase in FPN 

expression is the cause of decreased fetal liver iron stores seen in fpnwt/C326Y fetuses. 
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Liver-specific loss of FPN responsiveness to hepcidin reduces fetal liver iron stores 

and hemoglobin 

To test the hypothesis that increased FPN in the fetal liver leads to a reduction in iron stores, 

we generated fetuses harbouring a liver-specific knock-in of the fpnC326Y allele, by mating 

fpnC326Yfl/fl mothers with fpnC326Yfl/fl fathers transgenic for Cre recombinase driven by the 

hepatocyte-specific albumin promoter (fpnC326Yfl/fl, Alb.Cre+). Liver iron concentration in 

fpnC326Yfl/fl, Alb.Cre+ livers at e17.5 and at birth was reduced relative to fpnC326Yfl/fl 

littermates (Figure 3A). This was confirmed histologically by DAB-enhanced Perls’ iron stain 

(Figure 3B). Interestingly, at 12 weeks of age, fpnC326Yfl/fl, Alb.Cre+  mice had a reduction 

in liver iron concentration suggesting a possible autocrine role for HAMP in regulating liver 

iron stores in the adult (Figure 3A). Unlike fpnwt/C326Y mice, extrahepatic iron concentration at 

e17.5 (measured in the carcass) and at later stages (measured as splenic iron) were not 

reduced in fpnC326Yfl/fl, Alb.Cre+ mice relative to the respective controls.  This confirms that 

iron loss in this setting is limited to the liver, in line with the specificity conferred by the 

Alb.Cre+ transgene (Figure 3C). fpnC326Yfl/fl, Alb.Cre+ fetuses had lower hemoglobin levels 

at e17.5, although this recovered to control levels in the first week of life (Figure 3D). Lower 

hemoglobin levels at e17.5 were also associated with a reduction in the percentage of 

terminally differentiated erythroblasts in the fetal liver (Figure 3E, F). The findings that 

hemoglobin levels and erythroid differentiation were reduced even when loss of HAMP-

responsiveness was confined to hepatocytes is consistent with a direct role for hepatocytes 

iron stores per se in supporting hematopoiesis in the fetal liver.  The reduction in fetal liver 

iron concentration could not be attributed to changes in placental iron flux, because placental 

iron concentration (Figure 3G), placental expression of iron-regulated transcripts tfr1 and 

dmt1 (Figure 3H) and iron concentration in the fetal serum (Figure 3I) were not different 

between fpnC326Yfl/fl, Alb.Cre+ animals and their littermate controls. Consistent with this, 

placental FPN protein levels were similar between animals of the two genotypes (Figure 3J, 

K).  In contrast, hepatic FPN expression was higher in fpnC326Yfl/fl, Alb.Cre+ fetuses that in 

fpnC326Yfl/fl littermates at e17.5 (Figure 3L, M).These results confirm that FPN in fetal 

hepatocytes is subject to regulation by HAMP and that this regulation is important for the 

control of fetal liver iron stores.  

Fetal liver hepcidin regulates fetal liver FPN and iron stores 

Next, we set out to identify the source of HAMP that regulates fetal liver FPN and 

consequently the liver’s iron stores. The previous observations that fetal liver hamp mRNA 

increased 24 fold between e13.5 and e17.5 and that it correlated positively with fetal liver 

iron stores (Figure 1B, D) suggest that the fetal liver is the source of HAMP that regulates 
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fetal liver FPN and iron concentration. To test this hypothesis, we deleted the hamp gene 

specifically in the fetal liver by mating hampfl/fl mothers with hampfl/fl, Alb.Cre+ fathers. We 

found that at e17.5, hamp mRNA expression was reduced by 80% in the livers of hampfl/fl, 

Alb.Cre+ fetuses relative to hampfl/fl littermates, confirming the activity of the Cre allele at this 

gestational stage (Supplemental Figure 3A).  Loss of fetal liver HAMP resulted in decreased 

fetal liver iron concentration compared with hampfl/fl littermates (Figure 4A), and this was 

further confirmed histologically by DAB-enhanced Perls’ iron stain (Figure 4B).  The 

difference in liver iron stores between hampfl/fl, Alb.Cre+ fetuses and hampfl/fl littermates 

disappeared within the first week of life, with mice of both genotypes having comparable liver 

iron stores at 1 and 4 weeks of age (Figure 4A). As expected, 12 week old hampfl/fl, Alb.Cre+ 

mice had markedly increased liver iron concentrations consistent with the well-recognised 

role for hepatic HAMP in controlling liver iron stores in the adult (Figure 4A). Extrahepatic 

iron concentration at e17.5 (measured in the carcass) was not different between hampfl/fl, 

Alb.Cre+ fetuses  and hampfl/fl littermates, consistent with the notion that fetal liver HAMP 

regulates liver iron primarily in an autocrine manner (Figure 4C). In contrast, extrahepatic 

iron concentration (measured as splenic iron) was markedly reduced in 12 week old hampfl/fl, 

Alb.Cre+mice, consistent with the re-distribution of iron from the spleen to the liver (Figure 

4C). hampfl/fl, Alb.Cre+ fetuses also had reduced hemoglobin levels at e17.5 (Figure 4D), 

associated with a reduction in the percentage of late differentiation stages R4 and R5 

erythroid cells in the fetal liver (Figure 4E, F). The reduction in fetal liver iron stores could not 

be attributed to changes in placental iron flux, as placental iron concentration (Figure 4G), 

placental expression of iron-regulated transcripts tfr1 and dmt1 (Figure 4H) and the 

concentration of iron in the fetal serum (Figure 4I) were not different between hampfl/fl, 

Alb.Cre+ fetuses and their hampfl/fl littermate controls. Consistent with this, placental FPN 

protein levels were comparable between animals of the two genotypes (Figure 4J, K). In 

contrast, FPN levels were markedly increased in the livers of hampfl/fl, Alb.Cre+ fetuses 

compared to littermate controls (Figure 4L, M).  

These results demonstrate that fetal liver HAMP operates to control fetal liver iron stores in 

the iron replete setting. Interestingly, fetal liver HAMP does not appear to protect fetal liver 

iron stores in the setting of iron deficiency.  Indeed, both hampfl/fl, Alb.Cre+ fetuses and their 

hampfl/fl littermates became severely iron-depleted when mothers were fed an iron-deficient 

diet from weaning and throughout pregnancy (Supplemental Figure 3B).  Consistent with 

this, provision of an iron-deficient diet to the mother did not affect the expression of hepcidin 

in the fetal liver (Supplemental Figure 4A), despite causing a marked reduction in fetal liver 

iron stores (Supplemental Figure 4B).  

Discussion 
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The importance of liver iron stores for neonatal growth is well recognized (1-7). As 

demonstrated in the present study, these stores also support hematopoiesis in the fetal liver. 

To ensure adequate liver iron endowment in late gestation and at birth, there is a need for a 

rapid build-up of iron levels within fetal hepatocytes.  

The first important finding from this study is that fetal liver HAMP operates in a cell-

autonomous manner to facilitate the build-up of fetal liver iron stores. The findings that fetal 

liver HAMP expression is significantly lower than that of maternal liver HAMP, and that loss 

of fetal liver HAMP does not affect extrahepatic iron levels, are consistent with an autocrine 

rather than endocrine mode of action. This autocrine mode of action is further supported by 

the findings of a previous study, in which raised HAMP in the livers of neonates with early-

onset neonatal sepsis (EONS) were associated with decreased FPN and increased iron 

sequestration in the fetal liver (32). In the present study, we found that ubiquitous, but not 

liver-specific, loss of HAMP responsiveness was associated with a transient decrease in 

extrahepatic iron in fetuses. This finding suggests that iron levels in other fetal tissues may 

well be subject to regulation by non-hepatic HAMP.  

The second important finding from the present study is that fetal liver HAMP does not exert 

endocrine effects on FPN in the placenta under normal physiological conditions. In the 

setting of early-onset neonatal sepsis, it has been reported that cord blood HAMP levels are 

raised and associated with decreased FPN levels in the placenta (32). However, maternal 

HAMP is also known to be raised in inflammatory conditions, and cross-contamination of 

cord blood with maternal blood is a well-documented phenomenon that cannot be excluded 

(33-36). Nonetheless, it would be important to determine if, under certain pathological 

conditions, fetal liver HAMP levels are sufficiently raised to exert endocrine effects on the 

placenta.   

The role of fetal liver HAMP has been explored before. One study reported that transgenic 

ubiquitous overexpression of the hamp gene resulted in anaemic fetuses (26). Another study 

found that ubiquitous homozygous loss of the matriptase-2 gene in fetuses resulted in 

reduced body non-heme iron levels (27). A third study using fetuses harbouring a 

homozygous deletion of the hemochromatosis gene hfe did not find any difference in total 

liver iron stores, but reported higher levels of non-heme iron in hfe-ko fetuses when mothers 

were fed an iron-rich diet (28). A more recent study found that ubiquitous deletion of the 

hamp gene did not affect fetal liver iron stores either under iron-replete or under iron-

deficient conditions (30). Along with the present study, these studies diverge from one 

another in terms of the conclusions drawn as to the importance of fetal liver HAMP. 

However, there are two very important aspects within the experimental approaches that may 
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underlie this divergence. First, when the deletion of the hamp, matriptase-2 or hfe genes is 

present throughout all stages of pregnancy, it can potentially affect FPN in early gestation, 

before the placenta has been formed. Indeed, before it is ever expressed in the placenta, 

FPN is present in the visceral endoderm and yolk sac, where it plays a non-redundant role in 

iron supply to the fetus (explaining why fpn null embryos are lethal by e7.5) (37, 38).  In the 

present study, the use of the Alb-Cre transgene means that fetal liver HAMP or HAMP 

responsiveness is only removed once the Albumin promoter becomes activated in the 

developing liver. Second, when the deletion of the hamp, matriptase-2 or hfe genes is 

achieved through maternal inheritance, it will also alter iron homeostasis in the mother and in 

the placenta. In this context, both maternal iron status and placental iron homeostasis are 

known to be important determinants of fetal liver iron stores (28, 30). These potentially 

confounding factors have been eliminated in the present study by the use of paternally 

inherited alleles. Nonetheless, the divergent outcomes of these studies indicate the 

complexity of the role of the HAMP/FPN axis in pregnancy, which involves HAMP from 

potentially three different sources, pre and post-placental functions of FPN, and the 

modifying effects of maternal and placental iron homeostasis.Another interesting observation 

is that, under conditions of early and sustained iron deficiency (as with the provision of iron-

deficient diet to the mothers throughout pregnancy), fetal liver iron stores are reduced to a 

similar extent regardless of the presence or absence of fetal liver HAMP. This apparent lack 

of modifying effect by HAMP is most likely explained by the profound suppression of the fpn 

transcript which we observed in this setting (Supplemental Figure C), with the implication 

that the levels of fetal liver HAMP are of little consequence in the absence of FPN.  Under 

conditions of limited iron availability, Iron-Regulatory Proteins (IRPs) act to reduce FPN 

levels, normally through translational rather than transcriptional suppression (40). Therefore, 

it will be important, in the future, to identify the mechanisms mediating suppression of fpn 

transcript by iron deficiency and to determine if these mechanisms protect fetal liver iron 

stores in the setting of severe iron deficiency.  The present study raises further questions as 

to the role of IRPs in regulating fetal liver iron stores. Indeed, despite a reduction in liver iron 

concentration, the expression of iron-regulated genes tfr1 and dmt1 were not raised in the 

livers of fpnwt/C326Y hampfl/fl, Alb.Cre+ mice and fpnC326Yfl/fl, Alb.Cre+ fetuses compared to 

their respective littermate controls (Supplemental Figure 4D,E, F). Additionally, provision of 

iron-deficient diet which produced an even more profound reduction in fetal liver iron 

concentration (Supplemental Figure 4B), failed to change the expression of tfr1 and dmt1 in 

fetal livers (Supplemental Figure 4G, H), while markedly increasing them in the placenta 

(Supplemental Figure 4G-H). These findings are consistent with a recent study reporting that 

IRP1 in the placenta is important for regulating placental iron homeostasis (30).  In that 

study, IRP1 -/- fetuses did not differ from IRP1+/+ fetuses in terms of liver iron concentration, 
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and this is also consistent with the notion that IRP1 may not be important in the fetal liver at 

this stage.   

The present study also determined the impact of the reduction in liver iron stores on fetal 

haematopoiesis. The findings that hemoglobin levels and erythroid differentiation were 

reduced in the absence of any change in fetal serum iron levels and even when loss of 

HAMP-responsiveness was confined to hepatocytes, are consistent with a paracrine role for 

hepatocytes in supporting hematopoiesis in the fetal liver. The current consensus is that 

erythroid progenitors acquire iron from nurse macrophages (39). One possibility is that fetal 

hepatocytes support hematopoeisis indirectly by supplying iron to these nurse macrophages. 

Another possibility is that fetal hepatocytes supply iron directly to erythroid progenitors. In 

the future, it would be important to establish whether hepatocyte iron stores are transferred 

to erythroid progenitors directly or indirectly and to identify the form(s) (transferrin, ferritin, 

heme) in which this iron transferred.    

In conclusion, this study demonstrates that build-up of hepatic iron stores in late gestation 

requires the autocrine action of the HAMP/FPN axis in fetal hepatocytes. Formal 

interrogation of the roles of the HAMP/FPN and of the IRP axes in the placenta depends on 

the development of genetic tools that can target specific cell populations within the placenta 

without affecting iron control in the fetus or the mother. 
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Figure Legends 

Figure 1: Fetal liver iron concentration and hepcidin expression increase in the third 

trimester. A. Total iron concentration in fetal livers harvested at e13.5 (n=27) and e17.5 

(n=28) and in maternal livers at e17.5 (n=5). B. Relative hamp mRNA expression in fetal 

livers harvested at e13.5 (n=6) and e17.5 (n=6) and in maternal livers at e17.5 (n=5). C. 

Correlation between relative hamp expression and total iron concentration in fetal livers at 

e17.5 (n=18). Values are shown as mean±S.E.M. P values are calculated using Student’s t 

test. r is Pearson’s correlation coefficient.  

Figure 2: Ubiquitous loss of FPN responsiveness to hepcidin in the fetus reduces fetal 

liver iron stores and hemoglobin. A. Liver iron concentration in fpn
wt/wt 

animals and 

fpn
wt/C326Y

 littermates at e17.5 (n=6, 5, respectively), day 0 (n=5, 5), week1 (n=5, 4), week 4 

(n=3, 3) and week 12 (n=3, 3) of age. P values are shown relative to fpn
wt/wt

 littermate 

controls at the respective timepoint. B. Representative images of DAB-enhanced Perls’ iron 

stain in the livers of fpn
wt/wt 

animals and fpn
wt/C326Y

 littermates at e17.5. C. Extrahepatic iron 

concentration in fpn
wt/wt 

animals and fpn
wt/C326Y

 littermates measured as carcass iron at e17.5 

(n=6, 11) and as splenic iron at day 0 (n=4, 6), week 1 (n=4, 4), week 4 (n=3, 3) and week 

12 (n=3, 3) of age. P values are shown relative to fpn
wt/wt

 littermate controls at the respective 

timepoint. D. Hemoglobin concentration in fpn
wt/wt 

animals and fpn
wt/C326Y

 littermates at e17.5 

(n=6, 7), day 0 (n=3, 5), week 1 (n=3, 5), week 4 (n=3, 3) and week 12 (n=3, 3) of age. P 

values are shown relative to fpn
wt/wt

 littermate controls at the respective timepoint. E. 

Representative dot plots of erythroid progenitors from livers of fpn
wt/wt 

animals and fpn
wt/C326Y

 

littermates at e17.5. F. Quantitation of erythroid progenitor populations R1-R5 from livers of 

fpn
wt/wt 

animals and fpn
wt/C326Y

 littermates at e17.5 (n=5, 3). G. Placental iron concentration in 

fpn
wt/wt 

animals and fpn
wt/C326Y

 littermates at e17.5 (n= 6, 11). H. Relative expression of tfr1 

and dmt1 mRNA transcripts in placentae of fpn
wt/wt 

animals and fpn
wt/C326Y

 littermates at e17.5 

(n=3, 5). I. Iron concentration in the serum of fpn
wt/wt 

animals and fpn
wt/C326Y

 littermates at 

e17.5 (n=5, 4). J. Representative images of FPN immunostaining in the placentae of fpn
wt/wt 

animals and fpn
wt/C326Y

 littermates at e17.5. K. Western blot for FPN in the placentae of 

fpn
wt/wt 

animals and fpn
wt/C326Y

 littermates at e17.5 (n=3, 3,). Normalised intensities are shown 

in supplemental figure 5A.  L. Representative images of FPN immunostaining in the livers of 

fpn
wt/wt 

animals and fpn
wt/C326Y

 littermates at e17.5. M. Western blot for FPN in the livers of 
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fpn
wt/wt 

animals and fpn
wt/C326Y

 littermates at e17.5 (n=3, 3). Normalised intensities are shown 

in supplemental figure 5B. Values are shown as mean±S.E.M. P values are calculated using 

Student’s t test.  

 

Figure 3: Liver-specific loss of FPN responsiveness to hepcidin reduces fetal liver 

iron stores and hemoglobin. A. Liver iron concentration in fpnC326Y
fl/fl

 animals and 

fpnC326Y
fl/fl

, Alb.Cre+ littermates at e17.5 (n=3, 3, respectively), day 0 (n=3, 4), week 1 

(n=4, 3), week 4 (n=4, 4) and week 12 (n=3, 3) of age. P values are shown relative to 

fpnC326Y
fl/fl

 littermate controls at the respective timepoint. B. Representative images of 

DAB-enhanced Perls’ iron stain in the livers of fpnC326Y
fl/fl

 animals and fpnC326Y
fl/fl

, 

Alb.Cre+ littermates at e17.5. C. Extra-hepatic iron concentration in fpnC326Y
fl/fl

 animals and 

fpnC326Y
fl/fl

, Alb.Cre+ littermates measured as carcass iron at e17.5 (n=3, 5) and as splenic 

iron at day 0 (n=3, 4), week 1 (n=4, 3), week 4 (n=4, 4) and week 12 (n=3, 3) of age. P 

values are shown relative to fpnC326Y
fl/fl

 littermate controls at the respective timepoint. D. 

Hemoglobin concentration in fpnC326Y
fl/fl

 animals and fpnC326Y
fl/fl

, Alb.Cre+ littermates at 

e17.5 (n=12, 6), day 0 (n=4, 3), week1 (n=4, 3), week 4 (n=4, 4) and week 12 (n=3, 3) of 

age. P values are shown relative to fpnC326Y
fl/fl

 littermate controls at the respective 

timepoint. E. Representative dot plots of erythroid progenitors from livers of fpnC326Y
fl/fl

 

animals and fpnC326Y
fl/fl

, Alb.Cre+ littermates at e17.5. F. Quantitation of erythroid 

progenitor populations R1-R5 from livers of fpnC326Y
fl/fl

 animals and fpnC326Y
fl/fl

, Alb.Cre+ 

littermates at e17.5 (n=5, 4). G. Placental iron concentration in fpnC326Y
fl/fl

 animals and 

fpnC326Y
fl/fl

, Alb.Cre+ littermates at e17.5 (n=11, 6). H. Relative expression of tfr1 and dmt1 

mRNA transcripts in placentae of fpnC326Y
fl/fl

 animals and fpnC326Y
fl/fl

, Alb.Cre+ littermates 

at e17.5 (n=3, 5). I. Iron concentration in the serum of fpnC326Y
fl/fl

 animals and fpnC326Y
fl/fl

, 

Alb.Cre+ littermates at e17.5 (n=11, 6). J. Representative images of FPN immunostaining in 

the placentae of fpnC326Y
fl/fl

 animals and fpnC326Y
fl/fl

, Alb.Cre+ littermates at e17.5. K. 

Western blot for FPN in the placentae of fpnC326Y
fl/fl

 animals and fpnC326Y
fl/fl

, Alb.Cre+ 

littermates at e17.5 (n=3, 3). Normalised intensities are shown in supplemental figure 5C. L. 

Representative images of FPN immunostaining in the livers of fpnC326Y
fl/fl

 animals and 

fpnC326Y
fl/fl

, Alb.Cre+ littermates at e17.5. M. Western blot for FPN in the livers of 

fpnC326Y
fl/fl

 animals and fpnC326Y
fl/fl

, Alb.Cre+ littermates at e17.5 (n=3, 3). Normalised 

intensities are shown in supplemental figure 5D. Values are shown as mean±S.E.M. P 

values are calculated using Student’s t test.  
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Figure 4: Liver-specific loss of hepcidin reduces fetal liver iron stores and 

hemoglobin. 

A. Liver iron concentration in hamp
fl/fl

 animals and hamp
fl/fl

, Alb.Cre+ littermates at e17.5 

(n=4, 4, respectively), day 0 (n=4, 4), week1 (n=4, 4), week 4 (n=4, 3) and week 12 (n=3, 3) 

of age. P values are shown relative to hamp
fl/fl

 littermate controls at the respective timepoint. 

B. Representative images of DAB-enhanced Perls’ iron stain in the livers of hamp
fl/fl

 animals 

and hamp
fl/fl

, Alb.Cre+ littermates at e17.5. C. Extra-hepatic iron concentration in hamp
fl/fl

 

animals and hamp
fl/fl

, Alb.Cre+ littermates measured as carcass iron at e17.5 (n=4, 5) and as 

splenic iron at day 0 (n=4, 4), week 1 (n=4, 5), week 4 (n=3, 4) and week 12 (n=3, 3) of age. 

P values are shown relative to hamp
fl/fl

 littermate controls at the respective timepoint. D. 

Hemoglobin concentration in hamp
fl/fl

 animals and hamp
fl/fl

, Alb.Cre+ littermates at e17.5 

(n=5, 3), day 0 (n=4, 4), week 1 (n=3, 5), week 4 (n=4, 3) and week 12 (n=3, 3) of age. P 

values are shown relative to hamp
fl/fl

 littermate controls at the respective timepoint. E. 

Representative dot plots of erythroid progenitors from livers of hamp
fl/fl

 animals and hamp
fl/fl

, 

Alb.Cre+ littermates at e17.5. F. Quantitation of erythroid progenitor populations R1-R5 from 

livers of hamp
fl/fl

 animals and hamp
fl/fl

, Alb.Cre+ littermates at e17.5 (n=4, 4). G. Placental 

iron concentration in hamp
fl/fl

 animals and hamp
fl/fl

, Alb.Cre+ littermates at e17.5 (n= 5, 4). H. 

Relative expression of tfr1 and dmt1 mRNA transcripts in placentae of hamp
fl/fl

 animals and 

hamp
fl/fl

, Alb.Cre+ littermates at e17.5 (n=4, 4). I. Iron concentration in the serum of hamp
fl/fl

 

animals and hamp
fl/fl

, Alb.Cre+ littermates at e17.5 (n=4, 4). J. Representative images of 

FPN immunostaining in the placentae of hamp
fl/fl

 animals and hamp
fl/fl

, Alb.Cre+ littermates 

at e17.5. K. Western blot for FPN in the placentae of hamp
fl/fl

 animals and hamp
fl/fl

, Alb.Cre+ 

littermates at e17.5 (n=3, 3). Normalised intensities are shown in supplemental figure 5E. L. 

Representative images of FPN immunostaining in the livers of hamp
fl/fl

 animals and hamp
fl/fl

, 

Alb.Cre+ littermates at e17.5. M. Western blot for FPN in the livers of hamp
fl/fl

 animals and 

hamp
fl/fl

, Alb.Cre+ littermates at e17.5 (n=3, 3). Normalised intensities are shown in 

supplemental figure 5F. Values are shown as mean±S.E.M. P values are calculated using 

Student’s t test.  
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